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PREFACE 

This report contains a historical review of much 
of the early development and trial uses of bonded 
concrete overlays. Also included is a detailed history 
of the use of bonded concrete pavement overlays 
performed by the State Department of Highways and 
Public Transportation (SDHPT) in Texas. Practically 
all the early-age failures in bonded concrete overlays 
are probably the direct result of delamination be
tween the old existing pavement and the newer 

overlay. Therefore, most of this report deals with 
the causes, consequences, and reduction of delami
nation in bonded concrete overlays. Delamination 
has been found to be an early-age phenomenon. 
Studies are directed toward an understanding of the 
mechanisms that initiate delamination, and then to 
construction and material combinations that reduce 
the chance of delamination during the early life of 
the pavement. 

LIST OF REPORTS 

Research Report 1205-1, "An Empirical-Mechanis
tic Design Method Using Bonded Concrete Overlays 
for the Rehabilitation of Pavements," by Willem A. 
van Metzinger, B. Frank McCullough, and David W. 
Fowler, presents the background and techniques 
used in developing a design model for bonded con
crete overlays. January 1991. 

Research Report 1205-2, "Delamination of 
Bonded Concrete Overlays at Early Ages," by James 
Ray Lundy, B. Frank McCullough, and David W. 
Fowler, presents a study of the delamination phe
nomena in bonded concrete overlays and suggests 
construction and material techniques to reduce 
delamination. January 1991. 

ABSTRACT 

A procedure is developed by which the likeli
hood of delamination of bonded concrete overlays 
on continuously reinforced concrete pavements is re
duced. The procedure compares the early-age inter
face stress to the expected interface bond strength 
for a variety of environmental conditions. When the 
calculated stress exceeds the expected strength, it is 
recommended that overlay placement be curtailed 
until the possibility of debonding is reduced. 

A fmite-element method program is used to de
termine the early-age stresses resulting from tempera
ture and shrinkage-induced volume changes. 
Stresses were determined for a variety of environ
mental and material combinations and overlay thick
nesses. Analyses show that a significant reduction in 
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stress results from the use of overlay materials which 
have a lower modulus and thermal coefficient than 
those of the existing slab. The stresses for a given 
combination of materials and environmental condi
tions are compared to the interface bond strength at 
early ages. 

Early-age interface shear and tensile strengths are 
estimated from 7-day strength test results. The esti
mated strength, together with the variability of the 
interface strength, are used to calculate the likeli
hood of delamination for a given type of overlay and 
time of placement. This likelihood can be reduced 
through the selection of a different overlay material 
or time of placement. 



SUMMARY 

A viable rehabilitation procedure for continu
ously reinforced concrete pavement is the bonded 
concrete overlay. This rehabilitation procedure is es
pecially attractive on heavily traveled urban freeways 
where long-life structures are needed and traffic de
lay for small preventative maintenance work be
comes excessive for the user. Bonded concrete over
lays have been found to perform well when properly 
designed and constructed; however, premature fail
ures have been reported. These premature failures 
are most often associated with delamination between 
the existing pavement and the new overlay. 

This report considers delamination by reviewing 
the history of previous bonded concrete overlay 
work and investigates the mechanisms which initiate 
delamination. The report also studies the interface 
stresses, studies the interface bond strengths, and 
uses a finite-element procedure to study the environ
mental and material effects. 

These studies indicate that: 
(1) successful overlays have been placed in Texas 

at 2-, 3-, and 4-inch depths; 
(2) overlays can be placed successfully using 

welded wire fabric, steel fiber, or no reinforce
ment; 

(3) the modulus and thermal coefficient of the 
overlay material should be less than that of the 
existing slab; 

( 4) shot-blasted and cold-milled surface preparation 
techniques can be used successfully, but a re
moval or texture depth should be specified; 

(5) overlays have been placed successfully with 
and without bonding agents; and 

(6) curing should be considered to reduce delami
nation, and the ACI evaporation rate of 0.2 lb/ 
sq ft/hour is recommended. 

IMPLEMENTATION STATEMENT 

Much of the information contained in this re
port is a result of close contact with State Depart
ment of Highways and Public Transportation district 
personnel in Houston and the close observation of 
construction and performance of projects placed in 
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that district. The results of these observations and 
studies have led to material, design, and construction 
recommendations as contained in this report It is 
suggested that these recommendations be imple
mented in future bonded concrete overlay projects. 
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CHAPTER 1. INTRODUCTION 

Transportation plays a vital role in the economic 
well-being of any country and a significant role in 
the lives of its citizens. For example, in the United 
States, the transportation sector accounted for an esti
mated $341 billion of personal consumption, or 
about 15 percent of all personal expenditures in 1987 
(1). Transportation-related industries employ nearly 
10 percent of the total civil work force, or 12 million 
persons (1). Although the rail, air, and water sectors 
play important roles in transportation in this country, 
nearly 88 percent of the passenger-miles logged by 
Americans are on highways and nearly 97 percent of 
these miles are in personal vehicles (1). Trucks carry 
nearly 30 percent of the total ton-miles of freight 
hauled in this country (2). Obviously, U. S. citizens 
rely heavily on highways for the transportation of 
persons and goods. 

1.1 BACKGROUND 

The U. S. highway system consists of roadways 
under the jurisdiction of local, state, and federal 
agencies totalling nearly 3. 9 million miles. These 
facilities range in function from two-lane residential 
roads carrying tens of vehicles per day to multiple
lane controlled-access freeways serving tens of 
thousands of vehicles each day. Many of the high
volume facilities in this country are included in the 
National System of Interstate and Defense Highways, 
or Interstate System. Although this System 
constitutes only 1.1 percent of all road mileage, it 
carries roughly 20 percent of all motor vehicle traffic 
(3). Thus, the System is extremely important to the 
successful movement of persons and goods in this 
country. 

The Interstate System was first authorized by the 
Federal-Aid Highway Act of 1944, which was 
adopted in 1947 (3). The selection of routes and de
velopment of design standards required approxi
mately 8 years following the adoption of the Act. 
Studies were then initiated to develop preliminary 
cost estimates and plans for financing the system, 
culminating in the 1956 Federal-Aid Act, through 
which Congress made substantial funds available. 
The System was to have been completed by 1972 at 
a cost of about $26 billion. Although not completed 
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on schedule, much of the System was constructed in 
the years between 1960 and 1970 at a cost of nearly 
$120 billion. Thus, not only is the System vital to 
the movement of persons and goods; it also repre
sents a significant capital investment in the infrastruc
ture of this country. 

In addition to the Interstate System, Congress es
tablished the Federal-Aid Primary System through a 
series of Federal Acts beginning in 1921. This aggre
gation of highways, the "A" System, now totals 
nearly 300,000 miles. In 1944, Congress authorized 
the creation of the Federal-Aid Secondary System. 
This System includes secondary state highways and 
county roads totalling 400,000 miles. A third Federal 
System was established to include approximately 
125,000 miles of urban roads. Thus, through a series 
of Federal Acts spanning 50 years, Congress has au
thorized the creation of a vast system of highways 
totalling 825,000 miles.· This network of roads is eli
gible for varying degrees of Federal aid to cover the 
cost of construction and rehabilitation. Although no 
exact dollar figure can be attached to these high
ways, the estimated cost to reconstruct this System 
exceeds one trillion dollars ( 4). 

As noted above, the years between 1947 and 
1956 were used, in part, to develop design standards 
for the Interstate System. A design life of 20 years 
was selected for the facilities. Simple arithmetic 
shows that much of the original Interstate System 
pavement is between 20 and 30 years old. Many 
roads in the Federal-Aid System are more than 50 
years old. As the roadway approaches the end of its 
design life, several problems develop which directly 
impact the travelling public and therefore are the 
concern of the transportation engineer. 

From the perspective of the public, as a roadway 
ages it simply fails to fulfill its purpose, that is, to 
provide a smooth, comfortable, and safe ride. The 
need for highway engineers to quantify this 
perception of the public resulted in the development 
of the serviceability-performance concept by Carey 
and Irick (5). Stated simply, the serviceability
performance concept relates certain physical 
characteristics of highways to the user's perception 
of comfort and convenience. The AASHO Road Test 



validated the serviceability-performance concept put 
forth by Carey and Irick Furthermore, the Road Test 
showed that roughness is the physical characteristic 
most representative of the public's perception of 
comfort (6). 

A graphic representation of the serviceability
performance concept is shown in Figure 1.1. This 
conceptual figure demonstrates that, as a roadway 
nears the end of the intended design life, the 
serviceability level drops or the roughness increases. 
This increase in roughness causes increased 
dissatisfaction among the travelling public. Increased 
roughness also escalates vehicle maintenance costs 
and accident rates and accelerates the loss of 
serviceability. Although complete reconstruction is 
an option, the construction of a six-lane freeway in 
Texas costs approximately $5 million per mile (4). 
The need for reducing roughness at an acceptable 
cost has led owner-agencies to perform maintenance 
and rehabilitation as funds allow. 

The justification for expenditures of agencies' 
monies to maintain and rehabilitate highways is 
based on the idea that these agencies exist to pro
vide a service to the public. This service is the pro
vision of a safe, comfortable, convenient roadway for 
use by the travelling public. Furthermore, it is the 
goal of the agency to provide these services at the 
lowest cost. Generally this goal of lowest cost can 
be met through timely maintenance and rehabilita
tion. To this end, virtually all the Interstate and Fed
eral-Aid System highways receive some form of on
going maintenance. 

Several options are available to the highway 
agencies as a means of reducing roughness or restor
ing structural integrity of the existing pavement. De
ciding which type of rehabilitation is most appropri
ate for a given highway is a complicated matter: 
often the personal experiences and biases of the in
dividual in charge determine the type of rehabilita
tion chosen. The intended scope of this investiga
tion does not include a thorough investigation of all 
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Figure 1.1 The serviceability-performance concept 
as developed by Carey and Irick (5) 
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the attributes of each rehabilitation option. How
ever, some discussion of the options currently in use 
is appropriate, particularly when they pertain to the 
use of bonded overlays. 

Rehabilitation of pavements often includes the 
application of an overlay to the existing pavement. 
Both rigid and flexible overlays are used to reduce 
roughness, correct structural or safety deficiencies, 
and extend the life of existing facilities. The term 
flexible is used herein as a generic term for paving 
materials made from bituminous materials. Flexible 
overlays are the most common type of rehabilitation 
used today, being used on both rigid and flexible 
pavement (7). Flexible overlays may be placed in 
layers less than 1 inch thick or in multiple layers to
talling several inches. Flexible overlays have given 
good service when placed on existing flexible pave
ments. When flexible overlays are placed on rigid 
pavements an intermediate layer consisting of a fab
ric or low stiffness material is sometimes placed to 
reduce the likelihood of reflective cracking. The 
performance of flexible overlays on rigid pavements 
is more varied than that of flexible overlays on exist
ing flexible pavements, particularly when the pave
ments are subjected to heavy traffic. 

Rigid overlays have also been placed on flexible 
and rigid pavements, although the most common ap
plication is on existing rigid pavements. Rigid over
lay designs may use either (1) continuously rein
forced, (2) jointed reinforced, or (3) plain designs. 
These overlays are further categorized into three 
types, depending on the design bond condition. The 
interface between the overlay and the existing pave
ment may be fully bonded, partially bonded, or 
unbonded. Flexible overlays on rigid pavements are 
the most common rehabilitation type due to their 
low initial cost and the minimal traffic disruption 
which results from the quick-setting properties of as
phalt (8). 

Although flexible overlays are the most widely 
used rehabilitation procedure, some problems have 
arisen from their use, particularly in very heavy traf
fic areas where the existing pavement was rigid. In 
these cases, the overlays failed earlier than expected, 
by rutting and loss of bond to the existing pavement 
(9). These premature failures led to the early place
ment of a second overlay, resulting in unexpected 
costs to the agency and added delay costs to the us
ers. In areas of heavy traffic, some agencies have 
suggested that money could be saved if less frequent 
rehabilitation could be performed as a result of using 
materials which have a longer life expectancy and, 
thereby, require less maintenance. 

When properly designed and constructed, rigid 
overlays provide a suitable alternative to flexible 
overlays on existing rigid pavements. Rigid overlays 



of existing rigid pavement have been used for some 
time and are performing well in most cases. 
However, in some instances, premature failures have 
been reported. These costly failures have been 
attributed to the delamination of the overlay from the 
existing pavement (10). The intent of this 
investigation is to develop a procedure which will 
reduce the likelihood of delamination. 

1.2 OBJECTIVE OF STUDY 

If the rehabilitation of existing rigid pavements 
using bonded overlays is to be considered a viable 
alternative to complete reconstruction or flexible 
overlays, then every effort should be made to ensure 
complete bonding. To that end, the objectives of 
this study were to investigate the mechanisms which 
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initiate delamination of bonded overlays and, based 
on an evaluation of these mechanisms, develop rec
ommendations for construction procedures, specifica
tions, and materials combinations that will ensure 
more complete bonding. 

1.3 SCOPE OF STUDY 

The majority of the investigation was directed to
ward the study of bonded overlays on existing con
tinuously reinforced concrete (CRC) pavement. 
However, where applicable, the analysis and evalua
tion were extended to bonded overlays of jointed 
pavements. Furthermore, the investigation was di
rected toward the characterization of overlays at 
early ages, that is, before the overlay was subjected 
to traffic. 



CHAPTER 2. PROBLEM DEVELOPMENT 

The technique of resurfacing concrete with con
crete was attempted as early as 1910 (11). This 
project developed bond strength that provided 30 
years of service. Despite the success of this early 
project, and many others that followed, some reha
bilitation projects using bonded concrete overlays 
have been categorized as failures due to delamina
tion at the interface. In this chapter, several bonded 
overlay projects are described. Both successful and 
unsuccessful projects are discussed; however, em
phasis is given to those projects where delamination 
occurred, in order to provide insight into the mecha
nisms that initiate debonding. The consequences 
and possible causes of debonding are discussed. Fi
nally, a hypothesis is presented which forms the ba
sis of the subsequent research, analysis, and evalua
tion. 

2.1 HISTORICAL PERSPECTIVE OF BONDED 
CONCRm OVERLAYS 

Although bonded concrete overlays have been 
used for many years as a means of rehabilitating ex
isting portland cement concrete pavements, a litera
ture review indicates there has been no nationally 
organized effort to document the performance of this 
overlay technique. Furthermore, no uniformly recog
nized design technique or construction procedure 
has been developed or implemented The lack of 
consistency in design and construction among agen
cies carries over into the reporting activities of each 
agency. Each report, documenting what is com
monly an experimental project, places emphasis on 
different aspects of the rehabilitation work. As a re
sult, if delamination occurred, detailed analyses and 
comparisons between projects are difficult to per
form. Further compounding the problem is the fact 
that most bonded overlays placed to date were used 
to rehabilitate jointed concrete pavements, which are 
not the primary focus of this investigation. Neverthe
less, a review of several publications documenting 
highway and airport rehabilitation projects provides 
insight into the possible causes of delamination and 
the types of construction techniques that tend to re
duce the chance of debonding. 
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2. J. J Use in Highway and Airport 
Rehabilitation 

In 1932, and again in 1956 and 1964, Portland 
Cement Association (PCA) engineers prepared re
ports documenting the performance of concrete 
overlays throughout the United States (11, 12, 13). 
These reports cover overlay projects dating back to 
1909. The first of these reports summarizes surveys 
of concrete resurfacing projects in various parts of 
the country (12). The very early concrete 
resurfacings (placed before 1912) consisted of 1 to 2 
inches of concrete placed directly on the existing 
pavement. While some of these overlays gave very 
good service, few details of the condition of the ex
isting pavements prior to overlay placement or the 
construction operation survive. Thus, little can be 
learned from these early projects. However, in the 
early 1930's several state highway departments 
placed experimental concrete resurfacing projects for 
which more complete information is available. 

Projects constructed in Missouri, Maryland, and 
Illinois did attempt to establish bond between the 
two layers through various means. In these projects, 
the surface was cleaned by wet or dry brushing 
which was followed by the application of a neat ce
ment paste or water on the pavement immediately 
before overlay placement. Fleming concluded that 
these special measures were not justified and that the 
removal of oil or asphalt was not necessary to secure 
a bond except in the case of very thin resurfacings 
(12). When a bond was desired, the author recom
mended a thorough washing using brooms and wa
ter, followed by a coating of cement mortar immedi
ately before overlay placement. These are the first 
recommendations made on the construction of 
bonded concrete overlays. 

Reports published by the Highway Research 
Board in 1956 and 1964 focus more specifically on 
bonded concrete overlays (11, 13). Felt, in 1956, 
used laboratory bond tests, experimental field 
projects, and surveys of existing projects to develop 
recommended practices for future bonded overlay 
placement 03). Laboratory tests were conducted on 
overlay specimens prepared on newly-constructed 



base slabs and on slabs cut from 25 year-old pave
ments. The factors evaluated in this study included 
smooth and rough surfaces, damp and dry surfaces, 
cement-sand and neat cement grouts, concrete over
lay mix design, and overlay placement technique. 
Direct shear tests were used to assess the bond 
strength of laboratory prepared overlay specimens. 
Although considerable variability in shear strength re
sults was noted, as exemplified by a coefficient of 
variation in excess of 35 percent, several conclusions 
were reached: better bond strengths were developed 
when the base slab was dry than when the base slab 
was saturated-surface dry, and the use of grout in
creased the bond strength, while surface roughness 
did not seem to have a great or consistent influence 
on bond strength. The author determined that ad
equate bond strengths could be developed with any 
typical concrete mix design using any normal place
ment technique. 

Four experimental sections were constructed be
tween 1951 and 1954 as part of the investigation by 
Felt, one on the Rhode Island State Airport runway 
and the others on city streets in Wisconsin, Illinois, 
and Minnesota. Although details of the experimental 
sections are not of interest here, two results from the 
follow-up surveys are noteworthy. First, three of the 
four projects showed some delamination. The del
amination was always adjacent to cracks or joints 
and represented a very small percentage of the total 
area. Second, on one project the effectiveness of 
sand-cement grout in increasing bond strength was 
investigated. The average strength of 10 cores taken 
from the grouted area was 275 psi, whereas the aver
age of 8 cores taken from the ungrouted area was 
197 psi. 

Felt also surveyed bonded concrete overlay 
projects in nine states in the Upper Midwest and 

Northeast constructed between 1912 and 1953 for his 
study (13). The resulL'> of bond strength tests run on 
cores taken from these projects are shown in Table 
2.1. These data demonstrate what has been shown 
by several other researchers, namely that bond 
strength test results display a high degree of variabil
ity within any given project (14, 15, 16, 17). 

Using information from laboratory and field ex
perimentation, as well as in-service projects, Felt 
concluded that bonded overlays were a reliable reha
bilitation option provided the following fundamental 
factors were observed during placement. First, 
proper surface preparation was necessary; he advised 
using hydrochloric acid when the existing surface 
was sound or mechanical scarification where un
sound concrete was present. Second, he said that 
grout should be applied as a bonding agent follow
ing careful cleaning of the surface and that, after the 
placement of quality concrete, curing with wet bur
lap covered with vaporproof paper should continue 
for a period of at least three days, preferably one 
week. 

Gillette also added to the existing body of 
knowledge by surveying 15 projects constructed be
tween 1954 and 1963 (11). The majority of the 
projects were constructed on U. S. Military Air Fields 
and were surveyed in 1964. Details of the surveys 
are not significant to this study; however, several 
conclusions reached as a result of the surveys are 
noteworthy. Gillette determined that a bond strength 
of 200 psi is adequate and that wherever loss of 
bond occurred it probably developed soon after con
struction. Furthermore, Gillette concluded that little 
or no growth in the debonded area occurred over 
time or under traffic loading. At least one project 
constructed since 1977 has shown that, although 
delamination may indeed develop soon after overlay 

Table 2.1 Bond strengths from projects surveyed in the 1950's 
(13) 

Resurfacing Bond 
Th.kkness Strength 

Project Name Date (in.) (psi) 

Ilene St, Detroit, MI 1950 1/2 256 
Tennant Co, Minneapolis, MN 1952 1 316,424,596 
Thernis St, Cape Girardeau, MO 1922 5 0, 291 
Market St, Savannah, MO 1914 3 0, 86, 208 
First St, Hastings, NE 1948 4 0, 308, 348 
Seventh St, Hastings, NE 1948 4 0, 186 
South St, Hastings, NE 1949 4 0, 168 
Bus Stop, Rochester, NY 1942 4 444,480 
Meadowbrook Rd, Rochester, NY 1942 1-1/2 0, 120, 396, 520 
U.S. 27, Suffolk Co, NY 1947 6 500,594,524 
Dublin Bridge, OH 1945 1 448 
Stratford Bridge, OH 1949 3 210,356,416 
Warsaw St, Toledo, OH 1913 1-1/2 188,320,484 
U.S. 322, Qearfield Co, PA 1938 2 348, 364, 500 
Rt. 44, Providence, Rl 1936 2 484,640 
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placement, the amount of debonding developed at 
early ages does not necessarily represent the terminal 
condition (18). 

2. J .2 OccuJTence ol Delamination 
Varying degrees of delamination have been re

ported on several overlay projects throughout the 
United States, and it might be found that it exists on 
most bonded overlay projects if one were willing to 

perform a thorough investigation. Three rehabilita
tion projects in which delamination was found are 
discussed here, and one case resulted in the project's 
being overlaid three months after construction. A 
fourth overlay project, in Texas, is investigated in 
considerable detail for clues to the cause of delami
nation. 

The Iowa Department of Transportation under
took a research project in 1977 which placed 1.3 
miles of a variety of concrete overlays in Clayton 
County. Details of the experimental sections may be 
found elsewhere (19, 20, 21). The experiment inves
tigated three main factors: (1) surface preparation 
(cold milling, sand and water blasting), (2) reinforce
ment (none and wire fabric), and (3) overlay thick
ness (2, 3, 4, and 5 inches). Delamination was dis
covered in the bonded overlays in two areas. In the 
first, water blasting had been used to prepare the 
surface. In the other area the delamination was as
sociated with secondary joint cracking (20). 

Secondary joint cracking in this context is taken 
to mean cracks that· form immediately adjacent to 
sawn transverse or longitudinal joints in the overlay. 
Darter and Barenberg have hypothesized that either 
the cracking initiates before saw cuts are made or 
that the secondary crack propagates from a spalled 
region near the joint in the existing pavement (22). 
A schematic of each condition is shown in Figure 
2.1. The concrete between the secondary crack and 
the sawn joints tends to work loose with time. This 
secondary cracking was more common in the thinner 
sections (2 and 3 inches) than in the 4- and 5-inch 
overlay sections in the Clayton County, Iowa, 
study (20). 

Delamination was also reported by the Louisiana 
Department of Transportation in a 4-inch overlay 
constructed on a 9-inch-thick jointed plain concrete 
pavement. When it was surveyed in 1986, five years 
after construction, debonding was noted along trans
verse joints and the pavement edge (23). Approxi
mately 36 percent of the joints experienced some 
form of delamination. 

Another rehabilitation project that reported del
amination is a thin bonded overlay constructed by 
the California Department of Transportation, 
CALTRANS, beginning in June 1981. The 3-inch 
bonded overlay was placed on a 1.5-mile section of 
Interstate 80 near Truckee. This section, which is at 
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a high elevation, is subjected to frequent freeze-thaw 
cycling and had considerable tire chain wear. De
tails of the site preparation and construction are 
available elsewhere (10). Debonding of the overlay 
was noted shortly after placement, and, in some sec
tions, nearly 90 percent of the overlay separated 
from the underlying slab. The entire project was 
overlaid with asphalt concrete in October 1981. De
tails of an investigation by CAL TRANS are discussed 
later. 

The Texas State Department of Highways and 
Public Transportation (SDHPT) began using bonded 
concrete overlays to rehabilitate continuously rein
forced concrete pavements in 1983 with the con
struction of a 4-lane-wide, 1,000-foot-long experi
mental section. This section, constructed on Loop 
IH 610 South in Houston, consisted of five test areas 
each approximately 200 feet long. The factors inves
tigated are shown in Table 2.2. A short section (20 
feet long by 4 lanes wide) was placed without grout. 
All other sections used portland cement grout as the 
bonding agent. Surface preparation consisted of 
cold-milling followed by sandblasting. Details of the 
construction and early monitoring may be found 
elsewhere (24). 

These test sections have been in service for 
seven years, carrying approximately 150,000 vehicles 
per day. Sounding surveys conducted in February 
and March 1990 show that some debonding has oc
curred. The results of the sounding survey are 
shown in Table 2.3. The majority of the delamina
tion was found near the longitudinal construction 

·~ 

' Figure 2.1 

BCO 

Existing 
Slob 

BCO 

Existing 
Slob 

Possible modes for the formation of 
secondary joint cracking in bonded 
concrete overlays (22) 

Table 2.2 Main factors investigated 
in the Loop IH 61 0 South 
experimental bonded 
concrete overlay test 
sections 

Reinforcement Thickness Thickness 
Type (2 in.) (3 in.) 

Plain X 
Wire Mesh X X 
Steel Fibers X X 



joint at the center of the 48-foot-wide pavement. It 
is not known if this delamination occurred shortly af
ter construction or developed over time, because no 
record can be found of soundings prior to February 
1990. 

The Texas SDHPT constructed a large-scale 
bonded overlay project in Houston consisting of ap
proximately 25 lane-miles. This project has about 
0.6 percent delamination overall, but a few station
lanes have more than 15 percent of the total area 
debonded. All delamination areas were found adja
cent to either longitudinal or transverse cracks or 
joints. A detailed investigation of the causes of del
amination is included in a subsequent section. 

A third overlay project is currently (1990) under 
construction in Houston. To date, only one experi
mental area, which used a latex bonding agent, has 
delaminated. One month after placement, about 30 
percent of the total experimental area had delami
nated. The area was removed and replaced using 
the normal overlay for this project. The failure is ex
amined in considerable detail later in this report. 

It has been shown that many bonded concrete 
overlays have some delamination. In addition, it can 
be said that delamination occurs adjacent to uncon
trolled cracks or construction joints. Also, an exami
nation of the available literature indicated that del
amination might be found at very early ages if a 
specific effort were made to locate debonding. 
Thus, given that debonding will occur to a greater or 
lesser extent in virtually all bonded overlays, it might 
seem prudent to attempt to prevent this distress. 
However, if the effect of the delamination of the 
overlay on the long-term performance of the pave
ment is minimal, then there is no need to undertake 
measures to prevent the debonding. 

2.2 CONSEQUENCES OF DELAMINATION 

As noted in the previous section, many BCO 
projects have delamination, and considerable effort 
and expense are directed toward preventing its oc
currence. However, it could be argued that if the 

consequences of debonding do not significantly alter 
the long-term performance of the overlay then there 
is no need to work toward a complete bond. It is 
therefore prudent to examine (1) the assumptions 
used in preparing bonded overlay thickness designs, 
(2) how debonding represents a violation of these 
assumptions, and (3) what effect, if any, debonding 
has on the long-term performance of overlays. 

2.2. J Bonded Overlay Design 
Procedures 

Several overlay thickness design procedures are 
in use throughout the world and, although there are 
differences in implementation, most have a common 
conceptual basis. All bonded overlay design proce
dures attempt to provide a pavement structure after 
rehabilitation that will perform in a manner equiva
lent to that of a new pavement designed for the pre
vailing conditions (25). A generic form of a common 
thickness design equation used by many agencies is 
shown below: 

where 
DA 

0 

D0 overlay thickness, 

(1) 

Dn new pavement thickness adequate 
for anticipated conditions, 

De existing pavement thickness, 
A exponent used to reflect the degree 

of bonding expected between layers, 
and 

C = coefficient used to reflect the 
condition of the existing pavement. 

The new pavement design thickness, Dn, is de
termined using any of the current rigid pavement de
sign procedures (20, 26, 27). Agency experience and 
preference play a large role in the selection of the 
design procedure. The strategy used to determine 
the value of the coefficient, C, is also determined to 
a large degree by the experience of the agency. This 
coefficient indicates the structural capacity or remain
ing life of the existing pavement. Visual inspection, 

Table 2.3 Delamination in the Loop IH 610 South experimental 
sections as of March 1990 

Section Percent of 
Test Section Thickness Reinforcentent Length Total Area 

Identification (in.) Type _QQ_ Delaminated2 

A 2 None 160 0.0 
el 2 Welded Wire Fabric 200 0.01 
c 3 Welded Wire Fabric 180 0.6 
0 3 Steel Fiber 180 0.01 
E 2 Steel Fiber 160 0.0 

1Section B includes a 20-foot length of overlay placed without grout. 
This no-grout area contains the delamination in the section. 

2Includes all four lanes. 
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agency experience, and deflection measurements are 
commonly used to establish the coefficient value. A 
complete description of the various methods avail
able for determining Dn and C is beyond the scope 
of this investigation. Additional information can be 
found in References 27 through 33. 

After the thickness of a new pavement, Dn, and 
the coefficient, C, have been determined, the type of 
overlay interface must be chosen before the final 
overlay thickness can be determined. Work by the 
U. S. Army Corps of Engineers and others has 
broadly classified rigid overlays into three categories, 
based on the degree of bonding expected. The cat
egories are (1) bonded, (2) partially bonded, and (3) 
unbonded. While this investigation is primarily di
rected to the bonded overlays, it is well to discuss 
the implied consequences of debonding as indicated 
by the thicknesses resulting from each of the three 
categories when other factors are held constant. 

The exponent, A, in Eq 1 is included in the de
sign equation to reflect the degree of bonding 
present between the existing slab and the rigid over
lay. Values of A for each of the overlay categories 
are shown in Table 2.4. 

Table 2.4 Design equations for bonded, 
partially bonded, and unbonded 
overlays (33) 

Rigid Overlay 
Interface 
Condition 

Bonded 
Partially Bonded 
Unbonded 

Coefficient 
A 

1.0 
1.4 
2.0 

Resulting 
Design Equation 

D0 • Dn- CDe 
DJA • ctl.4 CDel.4 

oJ = Ih2 - cot? 

A significant reduction in overlay design thick
ness results from the selection of the fully bonded 
condition. For example, if an 11-inch "new" pave
ment is required for a given set of circumstances and 
the CDe·term is equal to 8 inches, then the required 
bonded overlay thickness is 3 inches. However, 
when the design is for a partially- or non-bonded 
overlay, 5.3 and 7.5 inches would be necessary, re
spectively. This increase in design thickness for the 
non-bonded cases reflects the information gathered 
from the field studies conducted by the U. S. Army 
Corps of Engineers (34). Although the equations de
veloped by the U. S. Army Corps are empirically 
based, the increase in thickness indirectly recognizes 
the stress increase which results as the extent of del
amination increases. 

2.2.2 EHect ol Dehonding 
The simple example presented above indicates 

the importance of maintaining the interface bond 
throughout the life of an overlay designed as a 
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bonded overlay, if the resulting pavement is to per
form as intended. Although the analysis of stress in 
rigid pavements is the subject of considerable re
search, relatively few studies have undertaken to de
termine the change in stress resulting from delamina
tion of a previously bonded overlay. Still fewer 
studies have attempted to apply these results to esti
mate the resulting reduction in pavement life. One 

·study sponsored by the Federal Aviation Administra
tion investigated the effect of debonding on airfield 
pavement performance. The results, presented by 
van Dam et al, are discussed below (35). 

Their study analyzed combined aircraft and tem
perature loadings on typical airfield pavement which 
had been overlaid. Aircraft loadings were analyzed 
using a finite-element program, ILU-SI.AB, and tem
perature induced stresses were calculated using the 
Westergaard-Bradbury equations. This study con
cluded that the maximum tensile stress and deflec
tion caused by aircraft loadings increases as the loss 
of bond increases. The aircraft-load induced stresses 
calculated from each of the conditions investigated 
are shown in Table 2. 5. 

Thermally-induced stress proved to be a much 
more difficult analysis problem. The investigators at
tempted to apply the Westergaard-Bradbury equa
tions to the unbonded condition in order to calculate 
temperature stresses. However, as the authors point 
out, the equations are not directly applicable to the 
unbonded condition because the original assump
tions of Westergaard precluded the analysis of two 
layer systems. The existing slab was modeled as an 
extremely stiff support layer to circumvent this prob
lem. 

Westergaard assumed that full contact between 
the slab and the underlying slab was maintained 
throughout the analysis. The assumption of com
plete contact between two slabs subjected to thermal 

Table 2.5 

Slab Size 
( ft) 

12.5x 15.0 

20.0x 20.0 

Maximum tensile stresses in the overlay 
from wheel loads in 8-inch slabs with 
bonded and unbonded overlays (35) 

Overlay 
Thickness k Bonding Condition 

(in.) (pci) Bonded Unbonded 

3 200 428 
6 200 668 
9 200 24 652 
3 500 338 
6 500 538 
9 500 21 536 

3 200 426 
6 200 665 
9 200 24 654 
3 500 337 
6 500 536 
9 500 21 538 



loading was investigated by Lall and Lees (36). It 
was found that unbonded slabs separate at the inter
face when subjected to sufficient thermal gradients, 
as shown in Figure 2.2. 

Temp 
Gradient 

Cool + 

=] s;; 

) E Overlay 

Existing Slab 

Warm Roadbed 

Temp 

Warm 
Gradient 

+ 

~ 1 [ 
2 :::.~bl : 

Cool Roadbed 

Figure 2.2 Slab separation caused by differential 
curling of unbounded slab (36) 

The assumptions called for when using the 
Westergaard-Bradbury equations were not met in the 
calculation of temperature stresses shown in Table 
2.6. A second approach using ILLI-SLAB and local
ized areas of very low support was undertaken in an 
attempt ·to model the zones of separation between 
the slabs. This phase of the investigation yielded un
reasonably high stresses (in excess of 10,000 psi). 

The results of the stress calculations shown in 
Table 2.6 also must be questioned as the result of 
the use of the principle of superposition. As pointed 
out by Korovesis and Ioannides, the validity of 
superposition depends on two conditions: (1) that 
only small deformations occur and (2) that the same 
boundary conditions apply for each of the calcula
tions (37). While it may be accepted that the defor
mations are indeed small, the boundary conditions 
are probably different for wheel and temperature 
loadings, particularly in light of the study by Lall and 

Table 2.6 Total tensile stress in unbounded overlays 
from load and temperature (35) 

Overlay Tensile Stress (psi) 

Slab Size 
(ft) 

12.5 X 15.0 

20.0 X 20.0 

Thickness 
(in.) 

3 
6 
9 
3 
6 
9 

3 
6 
9 
3 
6 
9 

k 
(pel) 

200 
200 
200 
500 
500 
500 

200 
200 
200 
500 
500 
500 

ILU- Wester· 
SLAB gaard 

428 116 
668 232 
652 348 
338 116 
538 232 
536 348 

426 116 
665 232 
654 348 
337 116 
536 232 
538 348 

Lees (36). Korovesis and Ioannides implemented a 
finite-element model proposed by Huang and Wang 
(38) and Chou (39) in the ILLI-SLAB program. This 
implementation allows for the presence of gaps un
der the slab and accommodates regaining of support 
under wheel loading. The results of a limited study 
are shown in Table 2. 7. 

A comparison of the results obtained using su
perposition and the ILLI-SLAB technique shows that 
superposition underestimates ILLI-SLAB results in the 
cases of interior and edge loading when the slab is 
under a positive gradient. Superposition will lead to 
a conservative estimate of the combined stress during 
nighttime conditions (negative temperature gradient). 
Only when conditions of a low gradient and soft 
subgrade are present will the two methods yield 
similar results. 

2.2.3 Reduction in Pavement Life 
The impact on long-term performance brought 

about by the increase in stress resulting from 
debonding can be assessed through the use of fa
tigue analysis. These equations normally define fail
ure in terms of the amount of severe cracking or 
roughness present in a given area or length of high
way. Regression analysis of field studies or road 

Tot. 

54 
90 

l,OC 
45 
77 
88 

54 
85 

1 ,OC 
45 
7f. 
8i! 

Table 2.7 Comparison of superposition and ILLI·SLAB stress results for three loading 
conditions (37) 

k dT Interior Load (psi) Edge Load (psi) Corner Load (psi) 
(pel) OF L c TS Tl L c TS Tl L c TS Tl 

200 -21 384 --64 320 293 658 -26 632 579 -482 -54 -536 -413 
200 -42 384 -83 301 241 658 -32 626 511 -482 -62 -544 -418 
200 21 384 70 454 484 658 40 698 753 -482 72 -410 -378 
200 42 384 89 473 585 658 55 713 839 -482 97 -385 -322 
500 -21 329 -84 245 212 579 -33 546 456 -415 -69 -484 -435 
500 -42 329 -101 228 163 579 -36 543 387 -415 -77 -492 -449 
500 21 329 88 417 509 579 59 638 744 -415 92 -323 -330 
500 42 329 105 434 661 579 72 651 880 -415 113 -302 -268 
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tests relates the ratio of concrete tensile strength and 
tensile stress to the number of applications of load 
required to reach failure. Several researchers have 
analyzed the AASHO Road Test data or other field 
data to arrive at equations generally of the form 
shown below (27, 40, 41, 42, 43): 

where 

N=A(~ r (2) 

N number of loads which induce 
stress, s, which will yield a "failed" 
pavement, 

a = tensile stress, 
ft tensile strength, and 

A, B = regression coefficients. 
While it may be intuitive that increased stress in 
pavements will shorten the life of the pavement, 
these regression analyses confirm the supposition. 

The results of analyses by van Dam et al (35) in
dicate that delamination of overlays spedfically de
signed to remain bonded throughout the design life 
will shorten the life of the facility. The airfield life 
was presented in terms of coverages. The average 
percent reduction in life for all the conditions studied 
was 88 percent. Although, the results presented 
were from an analysis of airfield pavement, analyses 
of highway pavements would yield similar results. 

A limited study was performed to analyze the ef
fect of debonding on pavement life. The overlaid 
pavement system was modeled using a multi-layered 
elastic computer program, BISAR (Bitumen Structures 
Analysis in Roads). This program allows variable slip 
between layers. Details of the assumptions and· op
erational characteristics of the program can be found 
in Reference 44. 

The parameters included in the computational 
analysis are shown in Table 2.8. Parameters identi
fied as "variable" were determined to be the most 
important to the analysis. This should not be 
taken to imply that other factors are not im-

(

f )3.()( N= 46,000 ; (3) 

The use of the fatigue equation presented above to 
define failure in continuously reinforced concrete 
(CRC) pavements requires that the maximum tensile 
stress in the concrete layer in question be deter
mined. To that end, the pavement system shown in 
Figure 2.3 was analyzed using BISAR. 

Stress results were determined at locations 1 
through 4 for interface conditions of full friction and 
frictionless slip. Although only tensile stresses were 
of specific interest here, compressive stresses were 
also included in Table 2.9. 

The fatigue equation from Taute et al allows the 
life of the pavement to be predicted. This equation 
does not take into account the remaining life of the 
existing slab prior to overlay. In order to make the 
results applicable to overlays placed on CRC pave
ment of various ages, Table 2.10 was developed. 
Flexural strength was varied from 500 to 1,000 psi 
for each stress condition in Table 2.9. 

The number of repetitions to failure after overlay 
is controlled by the remaining life of the existing 
pavement prior to overlay. For example, if 75 per
cent of the life of the existing slab is consumed prior 
to overlay, then only 25 percent remains. The over
lay reduces the stress in the existing slab, thus pro
longing the life of the pavement. However, if the 
stress level is increased by delamination of the slab, 
the utility of the overlay is reduced. The results in 
Table 2.10 are plotted on page 12 in Figures 2.4 
through 2.6 for remaining lives of 25, 50, and 75 per
cent. 

The linearly elastic analysis of fully-bonded and 
delaminated concrete overlays of continuously 
reinforced concrete pavements shows the importance 
of a thoroughly bonded overlay in prolonging the 
life of CRC pavements. Stress increases of between 
35 and 55 psi result when the overlay is debonded if 

portant to an overall evaluation of bonded Table 2.8 
concrete overlay (BCO) failure mechanisms. 

Factors included in analysis of effects of 
debonding using BISAR 

Due to the limited nature of the investiga
tion, some parameters were held constant or 
not included to reduce the problem to a 
manageable size. Spedfic values selected for 
use in the analysis were taken from Refer
ence 45. 

The equation derived by Taute et al was 
used to estimate the expected number of 18-
kip equivalent single axle loads (ESAL) the 
pavement will carry before failure occurs 

Parameter 
Overlay Thickness 
Existing Slab Thickness 
Remaining Life 
Concrete Modulus 
Flexural Strength 
Subbase Modulus 
Roadbed Modulus 
Loading 
Percent Steel 
Steel Location 

(41). The fatigue equation is shown below Bonding Agent 
using variables as defined in Eq 2: Environmental Stress 
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Variable/Constant 

Variable 
Constant 
Variable 
Constant 
Variable 
Constant 
Constant 
Constant 
Not Included 
Not Included 
Not Included 
Not Included 

Levels 
2, 3, 4 in. 
8 in. 
25, 50.75% 
3.6 (ldi) psi 
500, 750, 1,000 psi 
190 ksi 
19 ksi 
9,000 lbs, 6.0 in. 



E • 3,600 ksi 
'I>• 0.15 
h • 2, 3, 4 in. 

: Overlay 

2 
E • 3,600 ksi 
'I>• 0.15 

I 3 Existing 
Slob 

h • 8 in. 

E·190ksi 
'1>•0.30 
h •6 in. 

E • 19 ksi 
u-0.45 
h. 00 

Figura 2.3 

• 4 

CTB 

'~""'i 
Roadbed 

Locations where stresses were 
determined using BISAR 

the interface is assumed to be completely frictionless. 
In fact, some resistance to the relative movement 
between slabs would result even if the overlay is 
completely delaminated, and the stress would be 
lower. 

The use of the fatigue equation from Taute et al 
(41) assumes that failure will occur in BCO pave
ments in the same manner as in the pavements in 
the Taute study. The actual mechanism by which 
BCO pavements fail is as yet unknown; however, a 
study by van Metzinger ( 46) provides considerable 
insight into the probable mode of failure. If the 
overlay remains fully bonded, then it could be con
jectured that failure will follow patterns established 
in CRC pavements. However, as the overlay 
deborids, additional factors may control the mode of 

Tabla 2.9 

Analysis 
Position 

1 
2 

3 
4 

Stress at analysis locations in bonded 
concrete overlays, in psi 

Fully Bonded 

119 
63 
63 

-89 

108 
39 
39 

-77 

100 
23 
23 

-67 

Complete Slip 

.!:.!!.!: 3-in. 4-in. 

50 76 92 
-42 -67 -83 
152 147 136 

-118 -112 -103 

failure, such as wheel loading, thermal stresses, stress 
concentration due to steel position, and others. 
Therefore, these results should be used only as an 
indication of the relative imponance of maintaining a 
bonded interface. 

The studies by van Dam et al and by Korovesis 
and Ioannides, as well as the analysis described 
above, expose two important points regarding 
bonded overlays and the study of the effects of del
amination. First, within the limits of the studies, 
debonding significantly increased the stress and de
flection compared to a completely bonded situation. 
The increase in stress results in a reduction in pave
ment life. Therefore, if bonded concrete overlays are 
to remain an economically viable form of rehabilita
tion, then steps should be taken to determine the 
causes of delamination and the means of mitigating 
debonding. Second, these studies show that the 
modeling of delaminated overlays is extremely com
plex. Further discussion of this complexity is under
taken in a subsequent chapter, where the approach 
used in this investigation is developed. 

2.3 CAUSES OF DELAMINATION 

Potential causes of delamination have been ex
amined by researchers for some time. In early 
projects debonding was common, in pan because no 
genuine effort was made to obtain complete bond
ing. As greater effon was made to insure bonding, 
several hypotheses were advanced to explain the 
presence of delamination. Many failures on these 
early projects were attributed to inadequate surface 
preparation. On some projects constructed in the 
1970's and 1980's, debonding was noted within two 
days after placement and again inadequate surface 
preparation was deemed to be the cause. However, 
as more sophisticated measurement and analysis 
techniques have been developed, research has been 
directed to more specific causes. 

All of the potential causes identified by research
ers thus far may be grouped into two categories. 
The distinguishing characteristics used to separate 

Tabla 2.10 Expadad repetitions to failure, In millions, for 
various combinations of thickness and remaining 
life 

the factors are based on the hismry of 
the overlay itself. The first category, 
hereinafter called early-age characteris
tics, includes all factors influencing per
formance from the time the overlay is 
placed until it is first trafficked. The 
second category begins when the over
lay is trafficked and continues until fail
ure. Early-age characteristics of bonded 
overlays are the main focus of this in
vestigation. The impetus for selection of 
this topic is based on an examination of 
both categories of potential causes in re
lation to the development of delamina
tion in three overlay projects. 

Remaining 
Life 

0.25 

0.50 

0.75 

Flexural 
Strength 

500 
750 

1,000 

500 
750 

1,000 

500 
750 

1,000 

2-in. 

2.0 
6.9 

16.3 

4.1 
13.8 
32.6 

6.1 
20.6 
48.9 

Bonded 
3-in. 

3.2 
10.6 
25.2 

6.3 
21.3 
50.4 

9.4 
31.9 
75.6 

4-in. 

4.8 
16.1 
38.2 

9.6 
32.3 
76.5 

14.3 
48.4 

114.7 

Unbonded 
2-in. 3-in. 4-in. 

0.9 1.0 1.3 
2.9 3.45 4.4 
7.0 8.2 10.5 

1.8 
5.9 

14.0 

2.6 
8.8 

21.0 

2.04 2.6 
6.9 8.9 

16.4 21.0 

3.1 
10.4 
24.5 
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Figure 2.6 Expected repetitions to failure when 
the existing slab has 75 percent 
remaining life 

Failure of bonded overlays at early ages is 
thought to be initiated when the tensile or shear 
stress at the interface exceeds the available bond 
strength. These stresses develop when differential 
volume changes occur. Volume change can be initi
ated by temperature changes or shrinkage in the cur
ing slab. The shear and tensile failure modes are 
shown schematically in Figure 2.7. Under normal 
circumstances these two failure modes work in com
bination to cause failure. 

The most complete investigations of bonded 
overlay delamination and the mechanisms of 
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Figure 2.7 Schematic representations of tensile 
and shear failure modes in bonded 
concrete overlays 

debonding are available for three projects, one in 
California and two in Texas. These projects were 
descnbed briefly earlier, but here they lead to the se
lection of early-age characteristics as the primary mo
tivating force in the development of debonding. 

2.3. I Interstate Highway 80; 
Truckee, California 

In June 1981, the California Department of Trans
portation, CAL TRANS, began work on the placement 
of a 3-inch bonded overlay of a 1.5-mile section of 
Interstate 80 near Truckee. This section, which is at 
a high elevation, is subjected to frequent freeze-thaw 
cycling and has considerable tire chain wear. Details 
of the site preparation and construction are available 
elsewhere (10). Debonding of the overlay was 
noted shortly after placement, and in some sections 
nearly 90 percent of the overlay separated from the 
underlying slab. The entire project was overlaid 
with asphalt concrete in October 1981. 

Following the discovery of debonding, an inves
tigation to determine the reasons for the bond failure 
was undertaken. Field investigations of the project 
showed no clear trends, except that a defmite corre
lation existed between the amount of aggregate ex
posed after the surface was prepared and the 
amount of delamination, i.e., there was less delami
nation with more aggregate exposed (10). Labora
tory experiments were initiated to study the mechan
ics of the overlay failure. Grout thickness, 
temperature cycling, aggregate type, and surface 
roughness were included in the laboratory analysis. 
Some seclions of the field overlay had been sub
jected to 50"F temperature differentials in the first 
night following placement. Therefore all laboratory 
slabs were subjected to large temperature differen
tials, in some cases as high as 60 degrees. In all 



cases, delamination occurred within 
two weeks without traffic-like loadings. 

These experiments and their field 
experience led California researchers 
to conclude that bond failure occurs in 
shear due to thermal stresses caused 
by high daily temperature fluctuations. 
Furthermore, they concluded that pro
viding greater surface area on the ex
isting slab (through the use of cold
milling) apparently allows the 
development of shear keys which are 

Table 2.11 

Aggregate 
Type 

Limestone 

Siliceous River 
Gravel 

Siliceous River 
Gravel 

Siliceous River 
Gravel 

better able to resist bond failure. They also found 
that the abnormally high rates of cracking found in 
some areas were due to a high evaporation rate (0.3 
lb per sq ft per hour) and high diurnal temperature 
differentials (greater than 50°F). They concluded 
that, for California conditions, thin bonded overlays 
using cement grout should not be used unless future 
studies indicated the debonding problem has been 
successfully addressed (10). 

2.3.2 Loop Interstate Highway 6l 0 
North; Houston, Texas 

A large-scale bonded overlay project was con
structed in Houston on Loop IH 610 in 1985. This 
project, completed in 1986, consisted of approxi
mately 28 lane-miles of 4-inch-thick bonded concrete 
overlay placed on an 8-inch CRC pavement. Surface 
preparation consisted of shot-blasting followed by air 
blasting immediately before the application of port
land cement grout The vast majority of the overlay 
was constructed using siliceous river gravel aggregate 
and welded wire fabric reinforcement, but some ex
perimental sections were included. The main factors 
included in this project are shown in Table 2.11. 
Details of the construction can be found elsewhere 
(16, 47, 48). 

Shortly after construction was completed, but af
ter limited trafficking, delamination was discovered 
in some atypical areas placed in the vicinity of sign 
structures. The discovery of debonding in these 
long, narrow sections prompted the SDHPT to ini
tiate an investigation to determine the location, ex
tent, and cause of the delamination throughout the 
project. Details of the methods used to collect the 
data are available (49). A summary of the results 
from condition surveys conducted in March 1987 is 
presented in Table 2.12. 

Experimental factors investigated in the Loop IH 610 
North bonded concrete overlay 

Reinforcement 
Type 

Bonding 
Agent 

Length of Section 
(Lane-Stations) 

Welded Wire Fabric PCC Grout 88 

Steel Fibers PCC Grout 40 

Welded Wire Fabric PCC Grout 1,440 

Welded Wire Fabric None 16 

companion project currently under construction, that 
early-age characteristics of overlays were identified 
as being important to the initiation of delamination. 

Delamination was not discovered on the North 
Loop project until sometime after the overlay had 
been reopened to traffic. As a result, most of the 
study was conducted through a post-construction 
evaluation of paving reports, weather bureau 
records, and engineering diaries. After a review of 
available literature, several factors were identified as 
possibly having influence on the formation of 
debonded regions within the project: 

(1) Thermal properties of overlay and existing slab, 
(2) Temperature cycling in the first 24 hours, 
(3) Seasonal temperature cycling, 
( 4) Moisture losses during the curing period, and 
(5) Condition of existing slab prior to overlay. 

From available records, data were collected in 
the following areas for each station-lane on the en
tire project where delamination data were available 
(i.e., the two inner lanes): 

(1) Percent delamination, 
(2) Aggregate type, 
(3) Reinforcement type, 
(4) Concrete temperature at placement, 
(5) Air temperature at placement, 
(6) Bonding agent used, 
(7) Minimum daily temperature, 
(8) Maximum daily temperature, 
(9) Wind speed, 

(10) Relative humidity, and 
(11) Time, or traffic, since placement. 

In addition to these data, information on concrete 
slump, flexural strength, alkali content of the cement, 
and air content were collected from Texas SDHPT 

These data, along with results Table 2.12 
from condition surveys in 1988 and 

Percent delamination on the two inside lanes of 
Loop IH 61 0 North as of March 1987 (47) 

1990, have shown the extent and 
location of debonded areas but do 
not address the third, and perhaps 
most important, issue-the cause of 
the delamination. It is through the 
investigation of this project, and a 

PCC Grout 
No Grout 

Steel Fiber Reinforcement 
Crushed Siliceous River 

Limestone Gravel 
0.1 

13 

Welded Wire Fabric 
Reinforcement 

Crushed Siliceous River 
Limestone Gravel 

0.0 1.1 
1.6 



records. Traffic loadings from the time of placement 
to the March 1987 survey were estimated from avail
able data in terms of 18-kip ESALs for each lane. 
These data are summarized in Table 2.13. Beyond 
the obvious differences in the percent delamination 
between overlay types, no dear trends are apparent 
from the averages shown in the Table. It is notewor
thy that surveys conducted in March 1988 and March 
1990 show that there has not been any significant in 
delamination since the first survey in 1987. 

When the same parameters are examined for dif
ferences between delaminated and non-delaminated 
areas, the importance of early-age influences may be 
seen. The data for the siliceous river gravel overlay 
only is shown in Table 2.14. One-factor analysis of 
variance CANOVA) tests were run to determine if the 
differences between the parameter averages noted in 
Table 2.14 were statistically significant at the 5 per
cent level. All parameters were significant except 
those associated with construction quality control 
(i.e., slump, flexural strength, and air content) and 
time between overlay placement and the occurrence 
of the minimum temperature during curing. 

Early-age characteristics of particular note in
dude the magnitude of the differential temperature 
that occurred during the first 24 hours following 
placement. Non-delaminated sections had only a 15 
degree differential while delaminated sections had a 
20 degree differential. Also the evaporation rate, as 
calculated by the American Concrete Institute (ACI) 
recommended equation (50), was 40 percent higher 
for debonded sections than for sections that re
mained intact. The evaporation rate uses a combina
tion of the concrete and air temperatures, wind 
speed, and relative humidity to estimate the loss of 
water from the fresh concrete. While these factors 
indicate that delamination may be initiated during 
the early stages of the curing, traffic appears to be a 
factor, because the delaminated areas have been ex
posed to more 18-kip equivalencies than the non
delaminated sections. Subsequent surveys in 1988 
and 1990 have shown that the percent delamination 
is not increasing in the areas surveyed. Based on 
the results from four years of data in the Houston 
area, it would appear that traffic is not a factor in the 
propagation of delamination. Additional information 

Table 2.13 Values of various parameters identified as impacflng the formaHon of 
delamlnaflon of Loop IH 61 0 North 

Parameter SRG Limestone Steel Fibers 
Standard Standard Standard 

Percent Delamination Average Deviation Average Deviation Average Deviation 

March 1987 1.1 4.2 0.0 0.0 01 0.5 

March 1988 1.1 4.6 0.1 0.2 0.1 0.3 

March 1990 1.1 4.6 0.1 0.2 0.1 0.3 

Evaporation Rate Ob/ft2!hr) 0.11 0.04 0.12 0.04 0.11 0.02 

Concrete Temperature (0 F) 80 3.9 78 3.8 84 4.2 

Wind Speed (knots) 7 1.7 10 0.3 7 0.5 

Relative Humidity (%) 56 16.2 68 11.6 52 13.2 

Placement Temperature (°F) 76 6.2 73 1.6 85 6.3 

Average Temperature COP) 71 4.8 71 4 81 2.9 

Maximum Temperature (OF) 82 4.2 79 1.0 92 1.9 

Minimum Temperature (°F) 60 7.2 53 0.5 68 2.1 

Slump(in.) 2.8 0.4 2.5 2.7 0.0 

Flexural Strength (psi) 940 50 880 - - -
Air Content (%) 4.9 0.7 5.3 - 4.1 0.2 

Traffic to 3/87, 18 kip ESAL (105) 2.9 1.2 3.0 0.9 4.2 1.2 

Differential Temperature in 1st 
15 7.5 20 1.3 17 5.1 

24 hours following placement 

Time in hours to minimum 
18 3.0 18 4.6 17 2.8 

temperature (1st 24 Hours) 

Number of Station-lanes in sample 618 - 20 - 45 -
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on the long-term performance of this project is con
tained in Reference 46. 

2.3.3 Loop Interstate Highway 6 J 0 
South; Houston, Texas 

In 1989, the Texas SDHPT undertook the con
struction of a third bonded concrete overlay of an 
existing 8-inch CRC pavement. This project consists 
of approximately 40 lane-miles of 4-inch bonded 
overlay. Again, test sections were included in the 
project The lengths of the various bonded overlay 
types are shown in Table 2.15. 

Delamination was discovered within 18 hours af
ter placement in the two test areas using latex-modi
fied grout This delamination had progressed in a 
period of six weeks to the extent that these two test 
sections were removed and replaced and no further 
use of latex-modified grout is planned. A detailed 
analysis of the cause and progression of the 
debonding follows. 

Five of eight test sections and a control section 
were constructed on the inside lanes in July 1989. 
These test sections were to allow several surface 
preparation techniques to be evaluated. A plan view 

Table 2.14 Values of various parameters identified as impacting the 
formation of delamination of Loop IH 61 0 North
siliceous river gravel only 

Parameter Non-Delaminated DeJaminated 
Standard Standard 

Percent Delamination Average Deviation Average Deviation 

March 1987 0.0 0.0 1.1 4.2 

Evaporation Rate (lb/ft2/hr) 0.10 0.06 0.14 0.04 

Concrete Temperature (0 F) 80 3.9 81 3.4 

Wind Speed (knots) 7 2.2 8 2.0 

Relative Humidity (%) 58 16.6 51 17.9 

Placemem Temperature (OF) 76 9.2 74 6.8 

Average Temperature (0 F) 72 9.1 68 5.5 

Maximum Temperature (OF) 83 7.8 79 4.7 

Minimum Temperature (0 F) 61 57 7.2 

Slump (in.) 2.8 0.4 2.5 0.3 

Flexural Strength (psi) 940 50 880 60 

Air Content(%) 4.9 0.7 5.3 0.6 

Traffic to 3/87, 18 kip ESAL (lo5) 5.14 2.6 6.33 2.3 

Differential Temperamre in 1st 
15 7.5 20 1.3 24 hours following placement 

Time in hours to minimum 
5.6 temperature (1st 24 hours) 18 3.7 19 

Number of Station-lanes in sample 443 - 175 -

Table 2.15 Type and length of experimental test sections originally proposed for use 
on Loop IH 61 0 South 

Aggregate Reinforcement Bonding Surface No. of Station· 
Type Type Agent Preparation Lanes in Project 

Limestone Steel Fibers PCC Grout Cold Milled 16 
Limestone Welded Wtre Fabric No Grout Cold Milled 16 
Limestone Welded Wtre Fabric PCC Grout Cold Milled 16 
Limestone Welded Wtre Fabric Epoxy Light Shot Blast 16 
Limestone Welded Wire Fabric Latex-Modified Grout Light Shot Blast 16 
Limestone Welded Wtre Fabric Latex-Modified Grout Heavy Shot Blast 16 
Limestone Welded Wtre Fabric PCC Grout Heavy Shot Blast 16 
Limestone Welded Wire Fabric No Grout Heavy Shot Blast 16 
Limestone Welded Wire Fabric PCC Grout Cold Milled 1952 
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Figure 2.8 Test section plan view for eastbound Loop IH 61 0 South, Houston 

of the test sections is shown in Figure 2.8. Delami
nation was found in the latex-modified grout sections 
(Test Sections 5 and 6) within 18 hours following 
placement and it continued to expand in area during 
the monitoring period of approximately 6 weeks. 
The progression of delamination can be seen in Fig
ure 2.9. The progression of delamination for Section 
5 is divided into parts (A and B) because the con
tractor placed this section on two successive days. H 
is noteworthy that adjacent sections placed under 
nearly identical drcumstances did not debond. Also, 
no traffic was allowed on the overlay for a period of 
7 days after placement, yet Section 5 had an average 
of 17 percent delamination. These two sections and 
about 100 feet of the adjacent section were removed 
and replaced with bonded overlay using PCC grout. 

2.4 SUMMARY 

There are benefits to be derived from the use of 
bonded concrete overlays for the rehabilitation of ex
isting rigid pavements. These benefits can be real
ized through reduced fadlity maintenance and users 
delay costs. However, if these overlays delaminate, 
the resulting structure cannot function as planned. 
Felt (13) concluded portland cement grout increased 
bond strength, based on laboratory and field testing. 
He also concluded that increasing roughness of the 
surface beyond a general cleaning did not increase 
bond strength and that the dry surfaces yielded 
higher strengths than wet base slabs. While these 
measures may enhance the interface bond strength, 
some bonded overlays still delaminate. 

Field experience has shown that bonded over
lays do indeed debond, and some require complete 
replacement as a result. Limited work has been 
completed investigating the causes of delamination. 

16 

An investigation conducted by CAL TRANS identified 
delamination as an early age problem with delamina
tion occurring as a result of high interfacial shear 
stresses. They also identified the cause of excessive 
cracking as the high evaporation rate during and im
mediately after overlay placement. The fact that del
amination is an early-age phenomenon was corrobo
rated by field experience in Houston, Texas. 

While the work by Felt and CALTRA..~S and the 
experience gained in Houston aid in the understand
ing of delamination, many questions remain unan
swered. It is believed that through an understanding 
of the mechanisms that initiate delamination, con
struction procedures and material combinations that 
reduce the chance of delamination can be devel
oped. 
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CHAPTER 3. MODELING OF BONDED OVERLAY BEHAVIOR 

The previous chapter has shown that bonded 
overlays are subjected to a variety of conditions in 
the first few days following placement which may 
cause debonding. Although it has not been 
demonstrated conclusively, many researchers have 
identified thermal stresses and adverse curing 
conditions (e.g., excessive moisture loss) as likely 
initiators of delamination (18, 22). It was also shown 
in the previous chapter that the analysis of a bonded 
concrete overlay-existing pavement system is a 
complex undertaking. This chapter develops the 
system to be modeled, describes several modeling 
techniques, and discusses the applicability of each 
technique to bonded overlays. Finally, several of the 
inputs required to effectively model the pavement 
system are described. 

Before the various modeling techniques are dis
russed, it is appropriate to describe in some detail 
the system to be modeled. As noted in the section 
on scope (Chapter 1), only early-age characteristics 
of bonded overlays are investigated; therefore wheel 
loads, fatigue, and the eventual failure mechanisms 
are not included in the modeling scheme. Most del
amination noted in bonded overlays has been associ
ated with an edge, joint, or crack in the overlay. 
Figure 3.1 shows a plan view of a section of South 
Loop IH 610 in Houston that experienced delamina
tion within 24 hours after placement. All the 
debonded areas discovered in this project are assod
ated with the longitudinal construction joint or early
age transverse and longitudinal cracks. The assoda
tion between cracks or joints and delamination has 

Approximate Length • 50 f't 
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Figure 3.1 Plan view of bonded overlay section in 
Houston showing delaminated areas 
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also been noted in overlays placed in Iowa, Califor
nia, and Louisiana (21, 23, 24). This association 
confirms the need to investigate the development of 
stresses in the vicinity of cracks or joints. 

It has already been shown that delamination oc
rurs without traffic loading; therefore, other causes 
of the stress at the interface between the two layers 
must be investigated, partirularly that stress near 
joints and cracks. Thermal and early shrinkage 
stresses have been identified by other researchers as 
possible reasons for delamination (51, 52, 53). In or
der to investigate the development of thermal and 
shrinkage stresses at early ages, two cross sections 
were identified for modeling. These sections were 
selected by taking longitudinal and transverse cross 
sections of the pavement shown in Figure 3.2. 

A transverse cross section of the pavement edge 
immediately after the placement of a bonded con
crete overlay is shown in Figure 3.3. This figure 
does not include the reinforcement which, in the ex
isting slab, would normally be 'located slightly above 
mid-depth. If the overlay contains reinforcement, it 
could be distributed (steel fibers) or located at or be
low mid-depth, depending on the thickness of the 
overlay (steel fabric). A longitudinal cross section is 
shown in Figure 3.4. Again, reinforcement is not 
shown, but transverse cracks are indicated in the ex
isting slab. 

Either of the two cross sections set forth above 
will allow the stresses of interest to be calrulated 
provided an approach can be developed which will 
model the various constraints of the system. These 
constraints include (1) the physical boundaries of the 
existing pavement and the overlay, (2) the presence 
and location of reinforcement, (3) the existence of 
cracking in the original and overlay pavement, and 
( 4) the changing physical properties of the overlay 
material. Several modeling techniques are examined 
and the most appropriate one is selected. 

3.1 MODELING TECHNIQUES 
Several different modeling techniques are 

available for the analysis of a bonded overlay. 
These techniques range from closed-form solutions 



Figure 3.2 Cut-away section of CRC pavement Immediately after placement of the bonded overlay 

of simplified pavement systems to three-dimensional 
finite-element analysis of pavement with overlays. 
As applied to the current problem, the most 
appropriate modeling technique must evaluate the 
stress regime at or near the interface between two 
dissimilar materials bonded together, with possible 
emphasis given to the stresses in the vicinity of the 
vertical discontinuities. Several methods are 
described below and the merits of each are 
discussed. 

lane 
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ROCJdbed 

Transvene crou section of the 
bonded-overlay and existing· 
pavement system Immediately 
after overlay placement 
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3.1.1 Closed-Form Solutions 
A closed-form solution would, of course, provide 

the most accurate solution to the determination of 
the stress distribution near cracks in multi-layered 
pavement systems. However, for systems as com
plex as a pavement, very few closed-form solutions 
exist. All require the user to make several simplify
ing assumptions. Two early studies of thermal 
stresses in pavements or layered systems that are re
lated to the present problem are the work of 
Westergaard and Timoshenko. 
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Some of the fl!St work on the stress analysis of 
dissimilar materials subjected to changing thermal 
conditions was done by Timoshenko in 1925 (54). 
In this work, Timoshenko fl!St derived equations for 
the stress in a simply supported beam composed of 
two dissimilar materials subjected to a uniform tem
perature change. He extended this analysis of bi
metal thermostats to other support conditions, in
cluding a fully restrained beam constructed of two 
different materials. Timoshenko assumed the follow
ing conditions during all the derivations contained in 
Reference 54: (1) the thermal coefficients remained 
constant during heating; (2) the width of the strip 
was very small compared to the length; and (3) the 
friction at the supports could be neglected. The 
derivation of Timoshenko, as summarized herein, is 
commonly referred to as the separate section 
method. While the derivation by Timoshenko does 
not directly address all the constraints of the bonded 
overlay problem, it is included because the solution 
provides an excellent base from which to judge the 
fmite-element program discussed later. 

The deflection in a narrow, simply supported bi
metal strip shown in Figure 3. 5 is subjected to uni
form heating. Timoshenko assumed that any cross 
section remains planar and perpendicular to the axis 
of the strip after bending. Consider an element far 
removed from the ends: if the thermal coefficient of 
Layer 2, a2, is greater than the thermal coefficient of 
Layer 1, a 1, then the deflection will be convex down, 
as shown in Figure 3.5(c). The forces on Layer 1 

•o-....t 

Layer 1 a.l 

Layer 2 11:2 > a., 

(a) 

can be represented by a tensile force, PI> and a 
bending moment, M1. For Layer 2, P2 will be com
pressive. All forces must be in equilibrium, so 

Ph I 2 

Letting p = radius of curvature and 

(1) 

(2) 

E1I1 - the flexural rigidity of Layer 1 and 

then 
E2I2 the flexural rigidity of Layer 2, 

M1 = E1I1 I p and 
M2 "" E2I2 I p . 

Substituting into Equation 2 yields 

Ph I 2 = CE1I1 + E2Iv I p . (3) 

Considering the deformation of the strip, the unit 
deformation of Layer 1 at the interface must equal 
that of Layer 2; therefore 

Using (1) and (3) 

f... ~j_ 
-r-

~ 

~ h 

r 2 
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' (b) 
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Figure 3.5 Deftec:Hon of a bi-metal strip while uniformly heated (54) 
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Simplifying, results in 

h 
p 

Letting 
a1 I a2 = 
Et I E2 

It 
I2 

m, 
n, 
a13 I 12, and 
a~ I 12 , 

the following general equation for curvature results: 

h 
p (4) 

The deflection, o, can be easily found by remember
ing that the deflection is small in comparison to the 
radius of curvature, 

o = 12 I 8p 

Using elementary beam theory, Timoshenko de
veloped equations to determine the internal stresses 
that result from heating the bi-metal strip. These 
stresses consist of two parts: (a) the stress due to the 
axial force and (b) the stress due to bending. For 
Layer 1 at some distance from the supports, 

Pmax = (PI a1) + ( a1E1 I 2p) (5) 

. An examination of Equation 4 shows that, if the 
thermal coefficients of the layers are equal, there will 
be no differential movement. If there is no 
differential movement, then no bending and hence 
no stress will develop in the beam. Timoshenko 
assumed that the bending in the beam was caused 
by the different thermal coefficients of the layers. 
While this is certainly appropriate for an investigation 
of bi-metal thermostats, the concrete overlay and 
existing slab will have similar thermal coefficients if 
the same concrete aggregate is used in each layer. 
When materials with similar thermal coefficients are 
considered, curvature results if differential 
movements occur between the layers. Differential 
movements would occur if a temperature gradient 
exists in the beam. This gradient would cause the 
layer exposed to the higher temperature to move 
relative to the other layer. As will be discussed in 
the section on environmental conditions a non
uniform temperature change is more rep~entative 
of the conditions present in pavements. 

A second problem associated with the use of the 
derivation by Timoshenko is particularly 
troublesome. As stated by Timoshenko, the shearing 
stress near the ends of the composite beam cannot 
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be determined using elementary beam theory. 
Timoshenko goes on to say that these stresses are of 
a "local" nature, concentrated near the ends of the 
beam, and that the stress decays to nearly zero along 
a distance equal to the thickness of the beam. Yet, 
from field experience with bonded overlay 
delamination, it is the area near the ends of the 
beam, or in pavement at cracks and joints, that is 
most susceptible to debonding. Other researchers 
have confirmed the concentration of shear stress 
near the .ends of bea~ and several have attempted 
to analytically determme the magnitude of this end 
effect 

Hess (51) extended the results of Timoshenko by 
superimposing another stress field on that derived by 
Timoshenko so that the outer surfaces of the beams 
remain stress free. The details of the method by 
which Hess derived this stress field may be found in 
Reference 51. The results show that the solution by 
Timoshenko is valid everywhere except within a dis
tance from each end equal to the total thickness as 
p~edicted by the St. Venant's effect and stated' by 
Trmoshenko (54). The solution developed by Hess 
gives the correct shape of the interfacial stresses, but, 
as declared by Hess, the solution is not correct 
within a distance of the end equal to 0.05 times the 
thickness of the beam. As with the derivation given 
by Timoshenko, the system used in the derivation is 
a simply supported beam in which stress is induced 
by means of a uniform temperature change. In con
clusion, Hess noted that the stress field near each 
end of the laminated strip includes transverse normal 
and shear stresses and that these stresses may be suf
ficient to induce delamination through adhesive fail
ure or cracking (51). 

Grimado used elementary beam theory to solve 
for the end stresses in a laminar system by consider
ing the bond layer as a separate layer (55). Thus, 
the two-layer system examined by Timoshenko is 
transformed into a three-layer system. In the central 
portion of the beam, the normal stresses were similar 
to those calculated by Timoshenko. However, high 
shear stresses were found to exist near the ends of 
the beam. These stresses diminished to near zero at 
a distance approximately equal to the height of the 
beam, as suggested by Timoshenko. Chen et al (56) 
also considered the bond layer to be a separate layer 
in their analysis. They, and many others (57, 58, 59), 
have studied the behavior of adhesive-bonded joints 
analytically and experimentally. All these studies 
show stresses to be concentrated near the end of the 
beam or in the region of a joint. 

Several other researchers have attempted to 
solve for the interfacial stresses near the end of a 
multi-layered beam using another approach. A 
method, termed the composite section method, was 



developed separately by Branson and Roll (52, 53). 
In this method the shortening of one layer is re
strained by the composite beam. Referring to Figure 
3.6 and following the derivation of Birkland (60), the 
external force on the top layer due to a temperature 
change is 

p = & A1 E1 

where 

& = Ca2 - a 1) .:1T . 

( 6) 

This force, P, is of sufficient magnitude to cancel 
the differential movement and is applied at the cen
troid of the top layer. A compressive force of the 
same magnitude is applied on the top layer cancel
ing the first applied force. The beam is then consid
ered an eccentrically loaded column where the nor
mal stresses are 

cr = ( P I A ) ± ( McY I lc ) 

where 

The eccentricity, ec, is measured from the cen
troid of the composite section, and the moment of 
inertia, Ic, is that of the transformed section. The 
stresses at the top and bottom of the overlay are 

where 

-{....!:._ ___f_ ~}§ 
<11 - A1t - Ac - lc E2 

(8) 

<r1 stress in the overlay, 
A1t transformed sectional area of Layer 

1; A1 CE1 I Ei), 
Ac composite beam area; Ac = A1t + A2, 

and 

Most of the analysis techniques discussed thus 
far are the result of research by materials engineers 
working with multi-layer laminates. These engineers 
have identified a phenomenon, frequently call the 
free-edge effect, which is considered to result from 
the presence and interactions of geometric 
discontinuities of the composite and material 
discontinuities through the laminate thickness (61). 
The high stresses that develop at the free edge have 
been observed to be responsible for the initiation 
and growth of delamination under static and cyclic 
fatigue loading (62, 63,64). Beginning in the 1920's, 
pavement engineers have also been investigating 
thermal stresses in materials. 

In 1926, a paper by Westergaard was published 
which described a procedure for calculating the 
stresses in concrete pavements due to temperature 
variations (65). Westergaard investigated two cases: 
(1) a seasonal temperature change in which the tem
perature was assumed to be uniform throughout the 
depth of the pavement, and (2) a diurnal tempera
ture variation in which a temperature gradient was 
assumed throughout the pavement, with the tem
perature unchanged at the mid-plane of the pave
ment. The seasonal variation of temperature is not 
considered herein; however, the daily temperature 
variation results are applicable to this problem. De
tails of the derivation and the assumptions made by 
Westergaard can be found in Reference 65. 
Westergaard presents the following equation for the 
deflection, z, at some distance, y, from the edge of 
an infinitely long slab of thickness, h, subjected to a 
temperature gradient, t: 

c (Lr_ ..e l _:f._ z = - z0 ;L. cos c + e- c 
1;2 4 lv2 

(10) 

y distance from the composite beam 
centroid to the location where the where 
results are desired 

The stresses at the top and bottom of Layer 2 are 

<1 ={-P ±~} (9) 
1 Ac lc 

where P, Ac, Me, y, and Ic are as previously defmed. 

Laver I I -. ----.. 
p 

Layer 2 

Figure 3.6 Section used for the derivation of the · 
composite section method of 
analysis (60) 
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The derivation by Westergaard shows the edge, or 
corner, to be the critical stress location when the 
temperature of the top of the slab is lower than that 
of the bottom. 

Each of the closed form solutions developed to 
analyze stresses in laminar beams predicts high inter
facial stresses near the edge of the beam, as a result 
of the material differences between layers when the 
beam is subjected to a temperature change. Al
though most analyses were directed to temperature 
changes, the force causing the movement could just 
as well be drying shrinkage or any other mechanism 
which induces volume change. These high stresses 
may help to explain the occurrence of debonding at 



or near edges and cracks in the overlay. The work 
of Westergaard shows that pavements are subjected 
to thermal gradients, which results in significant ther
mal stresses, again concentrated near the edge of the 
structure. These analyses demonstrate that curling of 
the overlay after debonding could be a factor in the 
propagation of delamination. 

While these methods can estimate the maximum 
stress at the edge of the beam, they cannot predict 
stresses due to complex temperature distributions 
typically found in pavements. Moreover, pavements 
are continuously supported structures with cracks, 
not simply supported beams, as assumed in the in
terfacial stress analysis. Therefore, it was decided 
that the finite-element method would be used to 
analyze the bonded-overlay and existing-slab system, 
with the dosed form solutions serving as a check on 
the reasonableness of the resulting solutions. 

3. J .2 Finite-Element Method 
The fmite-element method was determined to be 

the most appropriate modeling technique because it 
is able to address the following issues in the overlay
original pavement system: (1) continuous support of 
the original pavement, (2) cracks in the original 
pavement or overlay, (3) development of variable in
terfacial shear stress as a result of differential material 
characteristics, (4) reinforcement in the pavement, 
and (5) complex temperature distributions in the 
pavement. No other method is capable of address
ing all these needs simultaneously. 

Ideally, the analysis of the stress state at the 
overlay-original pavement interface requires a three
dimensional modeling of the system shown in Figure 
3.2. However, based on the work of other 
researchers and practical considerations, the system 
will be modeled as a two-dimensional, plane strain 
problem. Several researchers (66, 67) have used 
two-dimensional plane strain analysis to model 
thermal stresses in layered systems. 

The finite-element method computer program 
used to analyze the overlay-existing pavement sys
tem was developed at Texas Tech University as part 
of a federally funded project to study the characteris
tics of bonded overlays. A general description of the 
fmite-element method can be found elsewhere (68, 
69, 70). The following description of the specific ap
plication of the fmite-element method to the current 
problem is based on a report by the developers of 
the program (71). 

A two-dimensional analysis finite-element com
puter program was adapted from existing computer 
code to analyze stresses and deformations in a con
crete pavement system containing concrete overlays. 
Eight-noded isoparametric quadrilateral elements are 
used in the model. This program permits the addi
tion of slip elements between, or within, the old 
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concrete and the overlay to allow the materials to 
displace relative to each other. These four-noded el
ements can be oriented between normal eight-noded 
elements on either horizontal or vertical planes. 
When the stress associated with the relative displace
ment of adjacent layers reaches a critical value, the 
limiting shear strength, a complete dislocation can 
occur. As noted earlier, failure may occur due to 
tension as well as shear near the edges of the over
lay. This fact was taken into account by specifying a 
limiting tensile strength for these slip elements. Steel 
reinforcement can also be incorporated into the 
discretization through the use of a bar element lo
cated at any height within the eight-noded element 
Bar elements cannot be located immediately adjacent 
to slip elements. 

During the operation of the program, an iterative 
procedure allows the formation of vertical cracks or 
horizontal delaminations through the failure of the 
slip element in either tension or shear. The stress
deformation relationships for the vertical and hori
zontal slip elements are shown schematically in Fig
ure 3.7. As can be seen, after the tensile strength 
limit has been exceeded, no tension is transmitted by 
the slip element to the adjacent element, while if the 
shear limit is exceeded that limiting shear continues 
to be transmitted The reason for this formulation is 
that after a tensile failure the layers will be physically 
separated and therefore unable to transfer stress, 
while after a shear failure the layers will still be in 
contact, allowing shear to be transmitted between 
layers. This formulation allows the possible 
debonding mechanisms discussed earlier to be inves
tigated by allowing the interfaces to fail progres
sively. 

Several inputs and their importance to the solu
tion must be discussed before proceeding with the 
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investigation. The required inputs to the fmite-ele
ment program include: (1) steel and concrete moduli; 
(2) thermal coefficients of the overlay, existing slab, 
and steel; (3) ultimate shrinkage and the rate at 
which shrinkage accumulates; (4) temperature distri
bution in the overlay and slab before and for some 
time after placement; and (5) interfacial shear and 
tensile strength development rates. All these inputs 
depend in part on the season of placement and are 
influenced by the test methods used to obtain the 
values. The input values selected for analysis are 
discussed in the next chapter. Here, the intent is to 
describe briefly the nature and importance of each 
variable. 

3.2 TIME-DEPENDENT CHARACTERISTICS OF 
THE PROBLEM 

An investigation into the early-age characteristics 
of bonded concrete overlay implicitly requires con
sideration of the effects of time on the problem. The 
time of analysis certainly plays a role, given that del
amination was discovered within the fltSt 24 hours 
following overlay placement Time plays an impor
tant role in the development of the problem for two 
additional reasons: (1) material properties of the 
overlay undergo substantial change during the first 
few days following placement, and (2) environmental 
conditions also change as the overlay cures and in
terfacial bonds form. Ideally, then, the problem so
lution would include a continuous time function 
which would allow the incorporation of the changing 
environmental conditions and material properties. 
However, from a practical standpoint this is not pos
sible. It is therefore necessary to examine the nature 
of the changes for a variety of conditions and select 
critical times for further investigation. The time ef
fects on the material properties of the overlay and 
the influence of the environment are discussed, par
ticularly as they affect the inputs to the analysis pro
gram. The values which are used in subsequent 
analyses are described in Chapter 4. 

3.2.1 Material Properfifd 
Four material properties of the concrete are of 

particular interest relative to the development of 
interfacial stresses at early ages in overlays. These 
are (1) concrete modulus, (2) coefficient of thermal 
expansion and contraction, (3) rate of and amount of 
ultimate shrinkage, and ( 4) temperature associated 
with the time at which the concrete begins to take 
stress, hereinafter referred to as the curing 
temperature. A fifth parameter, the rate of 
development of interfacial tensile and shear strength, 
is extremely important to the success of bonded 
overlays. Although this last factor cannot be defined 
properly as a material property, it nonetheless is 
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influenced by the material properties and therefore is 
included in the discussion that follows. 

Modulus 
The modulus of concrete is important in deter

mining the stress regime at the interface between the 
overlay and the existing slab. The derivations of 
Timoshenko (54) and Grimado (55) show that differ
ences in moduli between the layers have a signifi
cant influence on the thermally induced stresses. 
The modulus increases as the concrete hardens from 
a semi-fluid to a fully hardened state. Concurrently, 
the ratio of the overlay modulus to the base slab 
modulus undergoes considerable change. Factors in
fluencing the ultimate modulus at later times and test 
methods used to determine the modulus are de
scribed before discussing the early-age modulus. 

The factors influencing the modulus of concrete 
include essentially all the factors affecting strength: 
(1) water-cement (w/c) ratio, (2) aggregate type and 
gradation, (3) age at the time of testing, (4) curing 
conditions, (5) moisture content at the time of test
ing, (6) specimen size and shape, (7) rate of loading, 
(8) test method, (9) test apparatus, (10) operator, 
(11) specimen handling, (12) admixtures, and (13) 
temperature at the time of testing. It is beyond the 
scope of this investigation to thoroughly examine 
each of these factors in detaiL However, it is known 
that for concrete mixes used in pavements and under 
standardized test conditions, the effect of many of 
these factors on bonded overlays will be minimal. 
When standardized test procedures are used the ef
fect of specimen size and shape, rate of loading, test 
method, test apparatus, operator, and curing condi
tion are minimized. Therefore, only aggregate type, 
water-cement ratio, and age are discussed further 
here. 

The modulus of concrete is substantially affected 
by the type of aggregate used in the mixture. 
Aggregates typically constitute about 70 percent of 
the volume of the mix and may have widely varied 
physical properties, as shown in Table 3.1. The 
influence of aggregate on modulus of concrete can 
be seen in Figure 3.8 (72). It can be reasoned from 
Figure 3.8 and Table 3.1 that, the higher the modulus 

Table 3.1 Mocfulu1 of elasHcfty for 
CONI taken from 
varlau• rock 
lyp4u (73) 

Type of 
Rock. 

Trap 
Granite 
Sandstone 
Limestone 

Modulus of 
Elasddty 

(psi) 

13,300,000 
8,660,000 
7,400,000 
4,000,000 
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Stress-strain relationships from cement 
paste, aggregaht, and concrete (72) 

of the aggregate, the higher the modulus of the 
concrete made using that aggregate. 

An increase in modulus can also be expected 
from a decrease in the water-cement ratio. It is well 
known that, as the water-cement ratio decreases, the 
strength of the concrete mix increases. Several re
searchers have correlated concrete strength to modu
lus and, although a variety of regression equations 
exist, all relate an increase in strength with an in
crease in modulus. Noble (7 4) demonstrated the re
lationship between water-cement ratio and modulus 
for several different aggregate typeS (see Figure 3.9). 
It should be noted that the work by Noble also indi
cates that increasing the aggregate modulus results in 
an increased concrete modulus. 

Modulus testing may be conducted using a vari
ety of methods, but most standardized test methods 
require that the test specimens be held under sped
fled curing conditions for a period of from 3 to 28 
days. The rate of modulus gain with time is as
sumed normally to follow the form of the hyperbolic 
function shown in Figure 3.10. Modulus tests have 
been conducted on normal concrete mixtures after 
only one day of ruring; however, these test results 
appear to be affected adversely by early handling 
and normally exhibit higher coefficients of variation 
than tests conducted after longer curing times (75). 
1herefore, if one is to obtain modulus data at times 
of less than 7 days, it is necessary to rely on the ex
trapolation of 7-, 14-, and 28-day measurements, as 
shown by the dashed line in Figure 3.10. It is com
mon practice to extrapolate to longer ages since 
most of the change in modulus has already occurred. 
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Figure 3.9 Effect of water-cement ratio and type 
of aggregate upon modulus 
of eiastldty. Mixes contained six 
sacks of cement per cubic yard. Age 
at htstwas 56 days (74) 

Furthermore, data are available for concrete several 
years after placement These data show the hyper
bolic function is reasonably accurate at ages greater 
than 28 days. 

The rates of modulus gain reported by several 
researchers (72, 73, 76) are averaged in Table 3.2. 
Tile average of these researchers places the one-day 
modulus at about 30 percent of the 28-day value. 
For a concrete with a 28-day modulus of 5,000,000 
psi, the one-day modulus would be 1,500,000 psi. 
Similar percentages are found for the rate of com
pressive strength gain (72, 73, 76). 

Another method of determining modulus at very 
early ages has been developed recently. This 
technique, adapted from geologic formation testing, 
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Table. 3.2 Rate of modulus gain with time 
(72, 73, 76) 

Peta:ntof 
11me 28-day 

(days) Modulus 

0.5 15 
1 30 
2 45 
3 55 
7 80 

14 87 
28 100 

utilizes the capadty of continuous media to transmit 
seismic waves at velodties which can be related to 
the modulus of the material. This non-destructive 
method, termed spectral analysis of surface waves 
(SASW), analyzes the transmission times of surface 
waves over a known distance to back-calculate the 
shear wave velocity and, in turn, the shear and 
elastic moduli (71). Additional discussion of the 
theory and details of the test procedure can be 
found in Reference 77. 

The SASW method allows modulus values to be 
calculated less than four hours after concrete place
ment. The rate of increase in modulus with time can 
be determined by repeated testing of the same loca
tion in the slab or on the same cylinder. Typical re
sults from SASW testing are shown in Figure 3.11 
(71). 

A comparison of compression modulus results 
and those obtained from SASW shows fair agreement 
(71). As pointed out by Rix et al, the seismic test 
moduli were 13 percent higher than the compression 
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Figure 3.11 Varfatfon In surface wave velocity of 
the PCC layer during curing for 
pavement at El Paso, Texas (77) 
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modulus results. The authors speculated that differ
ent cure rates for the cylinders and slab may contrib
ute to differences between the methods. They also 
suggested that the differences may be attributed to 
the use of the initial tangent modulus in the SASW 
method (small strains) and the use of the secant 
modulus in compression testing. Unfortunately at 
this time only limited data are available from the 
SASW technique. The available data tend to support 
the use of the hyperbolic function to extrapolate 
from later test data to early ages, as suggested from 
compression testing. Therefore, modulus values 
used in this investigation are extrapolated from ASTM 
C39 compression test data, as shown in Table 3.2. 
Where appropriate, the influence of aggregate type is 
included. 

Coefficient of Thermal Expansion 
The coeffident of thermal expansion, also, is im

portant to the successful determination of stresses in 
the bonded overlay system. Many of the same fac
tors affecting modulus influence the coefficient of 
thermal expansion. However, research at The Uni
versity of Texas at Austin (75) has shown that the 
age of the concrete is not an important factor. The 
type of aggregate used in the mixture does have a 
significant effect on the thermal coefficient. As ex
plained by Troxell et al, the linear coeffident of ther
mal expansion for neat cement paste varies from 6 to 
12 millionths per degree Fahrenheit (73). The nor
mal range for air-cured concrete is 4 to 6 millionths, 
depending on the aggregate type. The reduction in 
the coefficient results from the restraining effect of 
the aggregate; as the paste tends to contract the ag
gregate is put into compression. This results in less 
total movement Typical values are shown in Table 
3.3 (72). Although values of the coeffident for lime
stones are commonly reported to be 4(10-6) 
in./in./°F, Troxell noted that some limestones may 
have coeffidents approaching 7 millionths, depend
ing on the hardness of the limestone (73). Coeffi
dent values are given for air-dried, water-cured, and 
mixed cured concrete to emphasize the influence of 
moist curing on the coeffident of thermal expansion. 

Table 3.3 shows that for all aggregate types, the 
coefficient of linear expansion decreases with 
increasing exposure to moisture during curing. The 
influence of the moisture condition applies mainly to 
the paste because the total movement is made up of 
two components - kinetic movement and swelling 
pressure. Powers and Brownyard (79) reason that, 
as the temperature increases, the surface tension of 
the pore water decreases and swelling takes place. 
Obviously, the swelling pressure will not occur if the 
concrete is saturated or dry. Therefore for the paste 
shown in Figure 3.12, the "kinetic" coefficient of 
thermal expansion is about 6 millionths but the 



Table 3.3 Coefficient of thermal expansion of 1 :6 
concretes made with different aggregates 
(72) 

Air-CUred 

Air-CUred Water-CUred and Wetted 
Concrete Concrete Concrete 

Type of .Aggregate lO.(;per °F to-' per op lO.(;per °F 

Gravel 7.3 
Granite 5.3 
Quartzite 7.1 
Dolerite 5.3 
Sandstone 6.5 
Limestone 4.1 
Portland Stone 4.1 
Blast Furnace Slag 5.9 
Foamed Slag 6.7 

measured coefficient at normal humidity would be 
almost 12 millionths. Figure 3.12 also shows that, as 
the paste ages, both the relative humidity at which 
the maximum thermal coefficient occurs and the 
maximum thermal coefficient are reduced. These 
decreases are due to the increase in crystalline 
structure of the older paste as additional hydration 
occurs (80). 

The factors discussed above help explain the 
variability of coefficients for the different moisture 
conditions. However at early ages, if adequate cur
ing has been provided, the relative humidity of the 
concrete will be near 100 percent. Therefore, the in
fluence of moisture content on the thermal coeffi
cient may be neglected. 

Other factors also affect the thermal coefficient 
of the paste. However, Neville states that the chemi
cal composition, fmeness of the cement, and air void 
content do not affect the thermal coefficient (72). 
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Figure 3.12 n.. linear coefficient of thermal 
expansion of neat cement paste at 
diHerent ages (80) 
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6.8 6.5 
4.8 4.3 
6.8 6.5 
4.7 4.4 
5.6 4.8 
3.4 3.3 
3.4 3.6 
5.1 4.9 
5.1 4.7 

The thermal coefficient is important because it is 
used to estimate the movement associated with a 
given change in temperature. The thermal strain, £, 

is defined by 

£ = a ~T 

where 

a = the thermal coefficient, and 
~T = the change in temperature from some 

reference condition. 

The determination of the strain implies not only that 
the thermal coefficient and the temperature at the 
time in question are knoWf\, but that some reference 
temperature is known. This reference temperature is 
commonly referenced to a set or curing temperature. 
The curing temperature is essential to the calculation 
of the thermally-induced stresses. This curing tem
perature forms the reference point from which the 
temperature differential, ~ T, is calculated. 

Curing Temperature 
The curing temperature has different meanings 

to different people. Structural engineers commonly 
define the curing temper<)ture as the temperature at 
which concrete test specimens are held for the first 
28 days following casting. While this temperature 
does not necessarily represent the temperature at 
which the structural concrete itself is held, in many 
cases the deviations are relatively small. Pavement 
engineers are confronted with a more difficult prob
lem because concrete pavements are subjected to 
constantly changing conditions during the first few 
days. Intuitively, the curing temperature should be 
that temperature at which the concrete starts to act in 
an elastic way, or, in other words, when it is able to 
resist loads induced by shrinkage or changing tem
peratures. The curing temperature is often selected 
as the fresh concrete temperature at placement. 



However, l:he temperature of l:he fresh concrete in
creases as l:he hydration of l:he cement proceeds and 
sometime during l:he first 24 hours following place
ment l:he concrete can be said to be cured There
fore, l:he curing temperature is above the placement 
temperature in most cases. Several mel:hods have 
been developed to determine l:he time at which l:he 
cure, or set, occurs. 

Most test mel:hods developed to monitor l:he pro
gression of l:he hardening of concrete are used to as
sure !:hat adequate time is available for placement 
and finishing. The curing temperature must be mea
sured separately. Measurements of electrical resis
tance, consistency, wave velocity, bleeding charac
teristics, heat of hydration, volume change, and 
resistance to penetration have all been used to esti
mate the time to set. The technique used most 
commonly is ASTM C403 (81). This method uses 
the resistance to a series of plungers wil:h different 
surface areas to determine the time of set Two re
sistance levels, 500 psi and 4,000 psi, were chosen 
to represent initial and final set, respectively. The 
test is conducted on mortar sieved from l:he concrete 
mix. For normal concrete mixtures, initial set occurs 
between 2 and 4 hours after l:he addition of water 
while frnal set is from 5 to 8 hours after. Obviously, 
!:here is considerable variability in l:he temperature of 
l:he concrete during !:his time period due to hydra
tion of the cement alone. Environmental conditions 
also play an important role in l:he temperature gain 
of the curing concrete. For example, on a 4-inch 
bonded concrete overlay placed in Houston, Texas 
during l:he summer, the concrete temperature in
creased from 85 to 106°F in l:he first 4 hours follow
ing placement. The same mix design placed in the 
winter varied from 6o to 66op in l:he flfSt 4 hours. 

The time of placement also influences the tem
perature of the concrete. The effect of time of 
placement can be seen in Figures 3.13 and 3.14, 
which show l:he concrete and air temperatures in a 
4-inch overlay placed in l:he morning and afternoon 
of May 5, 1990. Several features are noteworthy in 
l:hese graphs. First, l:he maximum temperature rise 
in l:he overlay concrete was about 10 degrees higher 
for l:he morning placement !:han for the afternoon 
placement. If l:he curing temperature is assumed to 
be equal to !:his temperature, !:hen, for a given tem
perature drop, l:he overlay placed in the morning 
will develop higher stresses. Second, the top of the 
overlay placed in l:he morning peaked at a tempera
ture 5 degrees higher than that of l:he bottom of l:he 
overlay, while the temperature of l:he overlay placed 
in the afternoon remained constant wil:h depth. 
This temperature gradient will further increase l:he 
stresses caused by temperatures of l:he type found in 
l:he pavements in the morning (i.e., lower surface 
temperatures). Finally, the temperatures in l:he over-
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lay began to cycle wil:h l:he air temperature approxi
mately 24 hours after l:he overlay is placed. Some 
time within l:he flfSt 24 hours, l:he concrete begins to 
take stress and l:herefore l:he curing temperature must 
be found within l:he first 24 hours. The question 
arises as to whel:her l:he initial or l:he final set is rep
resentative of l:he time, and hence temperature, at 
which the concrete begins to resist thermal and 
shrinkage movements. 
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Mindess and Young 06) deftne initial set as the 
indication that the paste is beginning to stiffen and 
ftnal set as an indication that the cement has hard
ened to the point at which it can sustain load. Using 
these defmitions, it would appear that the tempera
ture corresponding to ftnal set would be most indica
tive of the temperature from which thermal stresses 
should be determined. Again, referring to Figures 
3.13 and 3.14 and assuming ftnal set occurs from 5 
to 8 hours after the addition of water, morning place
ments result in higher curing temperatures and there
fore higher thermal movements for a given tempera
ture drop. 

Another approach has been suggested which 
would utilize the SASW technique described earlier 
in regard to modulus testing. Rix, Bay, and Stokoe 
(77) have attempted to correlate penetration-resis
tance values to early modulus values obtained from 
the SASW technique described above. As shown in 
Figure 3.15, the initial set occurs when the modulus 
is approximately 50,000 psi, while the fmal set oc
curs at a modulus of 4,000,000 psi. However, it must 
be remembered that the SASW induces very small 
strains and therefore overestimates the secant modu
lus normally used in analysis. The temperatures as
sociated with the increase in modulus and penetra
tion resistance were measured on a single slab (82). 
Strain measurements were also collected on the 
specimen, using embeddable strain measurements 
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Figure 3.15 Comparison of Young's modulus and 
penetration resistance measured 
during curing of the concrete slab at 
Balcones Research Center, AusHn, 
Texas (77) 
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devices. These results are case speciftc but indicate 
that the measurement of temperature, strain, and 
penetration resistance can be correlated to a modu
lus measured by the SASW technique. While it may 
be ultimately possible to correlate the onset of strain 
and stress to a temperature, current experience and 
the state-of-the-art do not allow more elaborate or 
exacting measurements than those provided by 
AS1M C403 (81). 

Shrinkage 
Other material properties that affect the perfor

mance of bonded overlays at early ages are the ulti
mate shrinkage and the rate at which shrinkage oc
curs. Mindess and Young 06) defme shrinkage as 
the volume changes that accompany a loss of mois
ture from either fresh or hardened concrete. Four 
categories of shrinkage are commonly identified: (1) 
drying, (2) plastic, (3) carbonation, and (4) 
autogeneous. Autogeneous shrinkage results from 
the self-desiccation of the concrete and is rare except 
in mass concrete placements (76). Carbonation 
shrinkage develops as the hardened cement paste re
acts with atmospheric carbon dioxide. This phenom
enon occurs very slowly under normal conditions 
and will not be considered further. Only drying and 
plastic shrinkage are considered here. 

The main cause of drying shrinkage is the vol
ume change in concrete due to moisture changes in 
the hardened paste. Plastic shrinkage, on the other 
hand, results from moisture losses in fresh concrete 
and, because of the early-age formation of 
debonding, is of particular concern in this analysis. 

Plastic Shrinkage 
Plastic shrinkage is defmed by Lerch 08) as vol

ume change that occurs in the surface of fresh con
crete within the fust few hours after placement. This 
shrinkage is not objectionable in itself, provided the 
concrete is still plastic enough to accommodate the 
volume change without cracking. However, when 
the strains developed exceed the tensile capacity of 
the fresh concrete, then cracks develop at the sur
face. Although these cracks may extend to depths of 
4 inches, most are shallow Oess than 1 inch) and 
have little or no discernable pattern. Mindess and 
Young 06) report that cracks may develop from the 
lower surface of the fresh concrete if sufficient mois
ture is lost to formwork or subgrade materials. Shal
low surface cracks are objectionable in normal con
crete pavements because they allow the inftltration of 
water which can lead to surface deterioration and 
corrosion of the reinforcing steel. In addition to 
these concerns, bonded overlays are normally 2 to 4 
inches thick, and, therefore, a l-inch-deep crack may 
constitute 25 to 50 percent of the total thickness. 
This weakened zone may allow the propagation of 
the crack through the overlay to the existing slab. 



This crack then becomes effectively another edge 
and a potential site of delamination. Thus, the pre
vention of plastic shrinkage cracking is important 

Laboratory and field studies have been con
ducted by many researchers to determine the cause 
of plastic shrinkage cracking (78, 83, 84, 85). Re
searchers disagree as to the mechanism of the vol
ume change, but most agree that rapid evaporation 
of water from the surface is the chief cause of plastic 
shrinkage. One hypothesis is that the removal of 
water from the hardening paste causes negative cap
illary pressures which force the paste to contract. If 
the paste is still plastic, this strain can be accommo
dated without cracking; however if the paste has 
some degree of rigidity, but little strength, cracking 
will result 

The Portland Cement Association (PCA) reports 
that the nomograph shown in Figure 3.16 may be 
used to estimate the rate of evaporation from fresh 
concrete. An allowable upper limit of 0.2 lbfft2/hr is 
recommended by the PCA to minimize plastic shrink
age cracking (86). Most modern construction of 
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pavement relies on liquid membrane-forming curing 
compounds to reduce the loss of moisture from the 
surface. Many pavements placed today receive one 
or two coatings of compound at a combined applica
tion rate of between 150 and 200 square feet per gal
lon (107). This coverage rate appears to be ad
equate to reduce the chance of plastic shrinkage 
cracking in all but the most severe conditions (107). 
In these cases, fogging or flooding of the slab is 
used to limit early age moisture losses. It would ap
pear that, if cracking does not occur, then plastic 
shrinkage is of little consequence to the performance 
of the overlay. 

Although plastic shrinkage may be severe 
enough to cause cracking, most investigators believe 
that drying shrinkage constitutes the largest portion 
of the early volume change in concrete (72, 73, 76). 
Neville defines drying shrinkage as the volume 
change associated with the loss of water from hard
ened concrete in unsaturated air (72). As shown in 
Figure 3.17, part of the initial volume change is irre
versible and must be distinguished from the revers
ible portion resulting from alternating wet and dry 
conditions. The main focus in this investigation is 
on the causes and effects of the initial drying rather 
than on the mechanics of the reversible movements. 

Several potential causes of and factors related to 
initial drying shrinkage have been identified. Al
though shrinkage is the volume change associated 
with the loss of moisture, it is not the loss of free 
water, or capillary water, that causes the volume 
change. Most researchers agree that the loss of the 
adsorbed water from the cement gel particles causes 
the change in volume 02). Tilis has been shown by 
Powers (89) by adding increasing quantities of silica 
sand to cement pastes. The relationship between the 
weight of water lost and shrinkage is shown in Fig
ure 3.18. For neat pastes, the shrinkage and loss of 
moisture are proportional to one another because no 
capillary water is present and only adsorbed water is 
removed. However, as the percentage of silica is in
creased, the water lost before appreciable volume 
change occurs increases. This moisture is assodated 
with the water in the capillaries. Once the capillary 
water is lost, shrinkage begins at a rate approxi
mately equal to the rate of neat paste. 

In concrete specimens, the aggregate serves to 
restrain the total amount of shrinkage. The degree 
of restraint appears to be a function of the modulus 
and shrinkage characteristics of the aggregate. For 
example, aggregates with high moduli and 
characteristically low volume changes with varying 
moisture conditions generally produce low shrinkage 
concretes. Quartz aggregates are an example of 
these aggregates. Conversely, high shrinkage 
aggregates, such as sandstone, result in high 
shrinkage concrete. In Figure 3.19, the influence of 
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aggregate on the shrinkage is dearly shown. Data 
from concrete made with single-sized aggregates of 
various types are shown in Table 3.4. Here, 
sandstone had the highest shrinkage while me glass 
spheres had the lowest shrinkage. 

The same trends are evident when normal gra
dations of aggregate are used, as shown in Figure 
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Table 3.4 Effect of type of aggregate of a single 
size on the shrinkage of concrete 
(after 91) 

A. Mixed Gravel 
B. Slate, from A 
C. Granite, from A 
D. Quartz, from A 
E. Sandstone 
F. Solid Glass Spheres 
G. Limestone 

% 
Absorption 

1.0 
1.3 
0.8 
0.3 
5.0 

0 
0.2 

1-Year Shrinkage 
in Air at SOo/o 

Relative Humidity 
(10..0) 

560 
680 
470 
320 

1,160 
250 
410 

3.20. These data clearly show limestone and quartz 
to have the lowest shrinkage of the aggregates 
tested; however, as noted previously, limestone has a 
high variability in modulus, depending on the source 
of the material. These results should therefore be 
considered only as an indicator of trends. 

In addition to aggregate type, other properties of 
the mix and its components have varying degrees of 
influence on the ultimate shrinkage. Neville states 
that entrained air and properties of the cement have 
little effect on the volume change characteristics of 
the concrete (72). Clay coatings on the aggregates, 
however, have been shown to increase shrinkage by 
as much as 70 percent (89). Normal concrete aggre
gate quality control testing will limit the problem of 
clay coating. Most other factors have only a minor 
effect on the ultimate shrinkage, provided construc
tion controls are followed and normal pavement 
mixes are used. While the ultimate shrinkage is of 
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figure 3.20 Shrinkage of concretes of fixed mix 
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concern when the long-term performance of bonded 
overlays is considered, the rate at which shrinkage 
occurs is also of concern in this investigation. 

Troxell et al (78) have shown that although 
shrinkage may occur even after 28 years, the rate of 
shrinkage decreases rapidly with time. Figure 3.21 
shows that about 20 percent of the 20-year shrinkage 
occurs in the first 14 days and 60 percent occurs 
during the first <.X) days. While prolonged moist cur
ing will delay the advent of shrinkage, the effect of 
moist curing on the magnitude of the ultimate 
shrinkage is small (72). The decreasing rate of 
shrinkage with time is corroborated by data collected 
from field and laboratory cured samples made from 
Texas aggregates (83). In this study high-strength 

• • • •• Upper Limit 
-Average 
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Figure 3.21 Range of shrinkage-time curves for 
different concretes stored at relative 
humidities of 50 and 70 percent (78) 

concrete using crushed limestone and siliceous river 
gravel were used to cast test spedmens. Details of 
the experiment can be found in Reference 83. 
Shrinkage data were collected for about 500 days, 
and hyperbolic regression equations were developed 
for each series of tests, as shown in Table 3.5. 

The work of Ingram and Furr (83) in this area 
shown in Table 3.5, corroborates the work of other 
researchers. Most of the measured shrinkage oc
curred in the first few weeks. The values in the de
nominators of the regression equations shown in 
Table 3.5 indicate that the time, in days, for one-half 
the shrinkage to occur is between 10 and 25 days. 
The average for all the mixes tested was about 3 
weeks. The mixtures used by Ingram and Furr had 
different cement factors, but research by the U. S. 
Bureau of Reclamation has indicated that cement 
content has only a minor influence on shrinkage 
(84). However, these data have been disputed by 
the work of Haller (85), as shown in Figure 3.22. 
Haller shows an effect of water-cement ratio, but the 



Table 3.5 Total shrinkage at 500 days and estimated shrinkage-time 
functions for field cured specimens (after 83) 

Aggregates Shrinkage 

Size Type (lcfin./in.) Function 

Fine Limestone and Siliceous Sand 
Coarse Crushed Limestone 300 \F(315T, 20+1') 

Fine Limestone and Siliceous Sand 
Coarse Siliceous and Limestone Gravel 510 \F(525T, IO+T) 

Fine 70% Limestone Sand/3Q1Al Siliceous Sand 
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Figure 3.22 EHect of water-cement ratio on the 
rate of and ultimate shrinkage of 
cement pastes (85) 

effect does not appear until after 28 days. It can 
therefore be said that for purposes of this study the 
water-cement ratio will not affect the shrinkage. 

Additional information on the rate of shrinkage 
development in concrete is available from work by 
Jones and Hirsch (92). In their study, several con
crete mixtures containing limestone or siliceous grav
els were tested at early ages. Shrinkage measure
ments were included in the testing program. 
Shrinkage data from several mixtures are shown in 
Figures 3.23 and 3.24 for gravel and limestone aggre
gate concretes, respectively. Regression analysis, us
ing the hyperbolic relationship shown previously, 
yields these two equations: 

Gravel: 240T I (12+1') (11) 
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Figure 3.24 Shrinkage of crushed limestane 
aggregate concrete (92) 



Limestone: £5 = 440T I (14+T) (12) 

where 

£5 = shrinkage strain, (l0-6 in./in.), and 
T = time since placement, days. 

The equations developed above show shrinkage de
veloped more quickly (50 percent of the ultimate 
shrinkage in 2 weeks) than it did in the concretes 
used by Ingram and Furr. The ultimate values were 
approximately equal. For the fust seven days follow
ing placement, the estimated shrinkages for lime
stone and gravel concretes are shown in Table 3.6. 

The data from jones and Hirsch agree favorably 
with field data collected from bonded overlay con-

Table 3.6 Shrinkage estfmahld for the first week 
after placement using regression 
analyses of data from Jones and 
Hirsch (92) for limestone and 
gravel concreN 

Sbr')nkage 

Time (taO ln./in.) 

(days) Umes1Dne Gravel 

0.5 15 10 
1 29 18 
2 55 34 
3 78 48 
4 98 60 
5 116 71 
6 132 80 
7 147 88 

..50 
0 ~ ~ ~ 0 
9' 9" 
.... - - t»' ...; .... -
1 

N 

~ 1 1 1 

structed with limestone aggregate. Strains were col
lected with embeddable strain devices at the Loop IH 
610 South site described in Chapter 2. Details of the 
data collection may be found elsewhere (94). The 
results from two sites for the first 60 days following 
placement, after thermal movements were accounted 
for, are shown in Figure 3.25. It should be noted 
that the shrinkage values for the limestone aggregate 
concrete after 60 days agree with the values obtained 
by jones and Hirsch and are in reasonable agree
ment with those obtained by other researchers. 

The average shrinkage strains for all strain 
gauges are shown in Figure 3.26 for the first 7 days 
after placement. These results indicate a slower rate 
of shrinkage than that estimated by Hirsch and 
Jones. This slower rate of shrinkage is corroborated 
by researchers at The University of Texas at Austin 
(75). Shrinkage data were collected for concretes 
made using limestone and siliceous river gravel ag
gregates. Regression equations were developed 
which allow the shrinkage to be estimated as a func
tion of time. This equation was used to prepare 
Table 3. 7. These shrinkage strains agree with the re
sults from the strain gauges placed in the bonded 
overlay in Houston. 

All discussion thus far has assumed that the 
moisture losses and the associated shrinkage strains 
are uniformly distributed with depth through the 
pavement. Intuitively, it seems that the region 
closest to the surface will lose moisture more rapidly 
than the underlying areas. This implies that a 
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Figure 3.25 Shrinkage strains from bonded overlay placed In Houston, Texas 
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Figure 3.26 

Table 3.7 

Average shrinkage during the first 7 
days following a winter placement of 
a 4-lnch bonded overlay In Houston, 
Texas 

Estimated shrinkage strains at early 
ages In concrete prepared from 
llm•ton• and slliatous 
aggregates (75) 

11me Limestone SJJ.keous 
(days) Aggregate Aggregate 

0.5 5 6 
1 11 13 
2 21 25 

28 197 189 

moisture gradient exists in the pavement. The 
existence of this gradient was confumed by the work 
of L'Hermite (90). L 'Hermite charted the progression 
of shrinkage with time and distance from the surface, 
as shown in Figure 3.27. For the time period under 
consideration here, i.e., less than one week, only 
about the top 1 inch shrinks, while the remainder of 
the specimen expands slightly. 

3.2.2 fnYironmenlal Conditions 
Beyond the effect of the environment on the rate 

of change of each of the material properties 
discussed above, the environment determines the 
temperature of the pavement which, in turn, 
determines the thermal stress in the pavement. The 
purpose of this section is to describe the diurnal and 
seasonal temperature variations that might be 
expected and model the temperature distribution 
within the overlay and existing-slab system. Because 
corroborating data are available from bonded 
overlays in Texas, special attention is given to the 

environmental conditions in Texas. It is believed 
that, except for very special conditions, the 
conditions in Texas are representative of the most 
adverse conditions that might be expected during or 
subsequent to any overlay placement. Before 
proceeding to describe the environmental variation 
that might be expected, it must be shown how these 
conditions affect the problem under consideration. 

Environmental conditions affect the bonded 
overlay stress in several ways. The season of place
ment determines curing temperature, rate of strength 
and modulus gain, and maximum and minimum tem
peratures the overlay is subjected to in the first few 
days. The maximum and minimum temperatures to 
which the overlay or existing pavement is exposed 
will determine the thermal stresses developed at the 
interface. These interfacial stresseS at early ages are 
particularly critical because the interfacial bond 
strengths are lowest at early ages. It is therefore im
portant to know the temperature distribution in the 
pavement to determine the stress at the interface. 

The technique chosen for estimating the 
temperature distnbution assumes adiabatic conditions 

· and is adapted from Fintel and Khan (95). Following 
the lead of Fintel and Khan, the surface temperature 
is assumed to follow the sinusoidal variation with 
time shown schematically in Figure 3.28. The time 
at which the actual maximum and minimum 
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temperature fluctuaHon used to derive 
the temperature with depth function 

temperatures may vary ±1 hour from the times 
shown in the figure (96). Field data suggest the 
surface temperature is approximately 13°F warmer 
than the air temperature under normal conditions 
(97). Using the procedure from Fintel and Khan the 
following equation was developed for the 
temperature at some depth, z, at some time, t: 

where 

T (z, t} = Tavg + T0 e -kz sin [ ~= -kz] (13) 

T(z,t) temperature at depth, z, and time, t; 

Tavg = average surface temperature, °F; 
-1.2 + 1.136Tair; 

Tair temperature of the air, °F; 
T0 amplitude of surface temperature 

function, °F; 

k ~ 1t I toh2 ; 
to 2 (cycle period), hours; 
h thermal diffusivity, ft2/hr; 

time, hours; and 
z = depth to the point in question. 

An examination of Equation 13 shows that the tem
perature at any given depth depends on a number of 
material properties and the minimum and maximum 
temperatures of the pavement surface. 

Weather records for the 30-year period from 
1951 to 1980 were reviewed and the minimum and 
maximum air temperatures for each of three cities in 
Texas were recorded (98). From these data, the dif
ferentials for each month in Houston, El Paso, and 
Dallas were computed (see Table 3.8). The calcu
lated differentials assume that the maximum and 
minimum temperatures occur on successive days. 
While this is possible, it is highly unlikely and there
fore these differentials overestimate the true average 
differential. Therefore, the extreme value of 30°F is 
used for subsequent analysis. 

It should also be noted that these differentials 
represent the difference in air temperature, not in the 
pavement surface temperature. However, as noted 
before, the surface temperature is approximately 13 
percent higher than the air temperature, which 
results in the same differential. The average 
temperature of the pavement surface, Tavg. is 13 

Table 3.8 Thirty-year average maximum and minimum tamperaturu for selected 
dHuin Texas (98) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Max 62 66 72 79 85 91 94 93 89 82 72 65 

Houston MJn 41 43 50 58 65 70 72 72 68 58 49 43 

Dlff 21 23 22 21 20 21 22 21 21 24 23 23 

Max 58 63 70 79 87 96 95 93 88 79 66 58 

ElPaso MJn 30 34 40 48 57 66 70 68 61 49 37 31 

Dlff 28 29 30 31 30 30 25 25 27 30 29 27 

Max 54 59 67 77 84 93 98 97 90 80 66 58 

Dallas MJn 34 38 45 55 63 71 75 74 68 56 45 37 

Dlff 20 21 22 22 21 22 23 23 22 24 21 21 
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percent higher than the average of the minimum and 
maximum air temperatures. 

Having defined the temperature to which the 
pavement will be exposed, the material properties of 
the concrete must be determined. The term, k, in 
Equation 13 includes material properties of the con
crete which represent the ability of the concrete to 
dissipate heat. Diffusivity, as defined by Troxell (73), 
is the fadlity with which concrete will undergo tem
perature change upon being heated or cooled. The 
diffusivity, h, is a function of the conductivity, spe
cific heat, and density of the concrete. The 
diffusivity is 

h=K/(sd) 

where 
K - thermal conductivity, Btufft2Jft/hr/°F; 
s = spedfic heat, Btu/lbJOF; and 
d density, lb/ft3. 

Diffusivity varies from 0.02 to 0.08 ft2/hr 
according to Troxell, changing mainly with aggregate 
type. Values for limestone and siliceous gravels 
range from 0.03 to 0.07 ft2Jhr. The effect of 
changing diffusivity within this range on the 
pavement temperature is relatively minor, as seen in 
Table 3.9. Therefore, a diffusivity value of 0.05 ft2Jhr 
was chosen for subsequent analysis. It can also be 
seen from the data in Table 3.9 that no change in 
temperature occurs below a depth of approximately 
4 inches when the distribution is calculated using 
Equation 13. 

Table 3.9 Effect of diffuslvity variation on 
calculated temperature in 12-inch 
pavement 

Depth summer 
Below Winter Morning1 Afternoon1 

Surface DJffusivity DJffusivity 

(ln.) ~ ~ 0.07 ~ ~ 0.07 

0 22 22 22 112 112 112 
1 36 32 29 98 102 104 
2 40 38 35 95 96 99 
3 39 40 38 95 94 97 
4 39 40 39 95 94 94 
5 39 39 40 95 95 94 
6 39 39 40 95 95 95 
7 39 39 39 95 95 95 
8 39 39 39 95 95 95 
9 39 39 39 95 95 95 

10 39 39 39 95 95 95 
11 39 39 39 95 95 95 
12 39 39 39 95 95 95 

1 Assumed di.IIerence between maximum and minimum 
temperature equals 30°P 
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Equation 13 was used to determine the tempera
ture distribution with depth in an 8-inch existing 
pavement, assuming a diurnal temperature differen
tial of 30 degrees. Figures 3.29 and 3.30 show the 
distributions for morning and afternoon conditions in 
the summer and winter seasons, respectively. 

Temperature distributions with depth taken from 
existing concrete pavements show fair agreement 
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Figure 3.29 Moming and afternoon winter 
temperature distribution in an 8·inch 
concrete pavement calculated using 
Equation 13 

with the calculated distribution. Figure 3.31 shows 
the temperature distribution in an 8-inch CRC 
pavement which was overlaid with 4 inches of 
limestone aggregate concrete. The original concrete 
has siliceous river gravel aggregate. The maximum 
and minimum daily air temperatures remained 
relatively constant for a period of about five days 
prior to the collection of. these data. The maximum 
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Figure 3.30 Morning and afternoon summer 
temperature distribution in an l-Inch 
concrete pavement calculated using 
Equation 13 
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Figure 3.31 Comparison of actual and measured 
temperature distributions from a 
12-inch pavement in Houston, Texas 
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and mmtmum temperatures in the slab were 
approximated well, using the procedure by Fintel 
and Khan (95). The actual temperature distribution 
is less severe than that calculated, that is, there is a 
smaller temperature change per inch of concrete. 
Thus, the use of the calculated temperature will 
overestimate the thermally induced stresses in the 
critical region near the interface between the overlay 
and the existing slab. 

When an overlay is placed on an existing pave
ment, the temperature distribution in the existing 
pavement will change. The nature of this change 
will depend on the time and season of placement 
and the temperature of the fresh concrete. Eventu
ally, the resulting composite pavement will again fol
low a temperature distribution similar to that de
scribed by Equation 13. Temperature data from 
bonded overlays placed in the summer and winter 
seasons in Houston, Texas, indicate that the compos
ite pavement begins to follow the temperature distri
bution within 24 to 48 hours after placement. 

All the discussion thus far has centered on the 
parameters that affect the development of stress in 
the pavement. Obviously, there must be some 
mechanism that resists this stress. It is now neces
sary to undertake to determine the nature of the de
velopment of interfacial bond strength between the 
existing slab and the overlay. 

3.2.3 Interface Bond Strength 
Stresses are induced in the overlay-existing slab 

system as a result of the temperature and material 
property differences between the layers and re
strained shrinkage of the overlay. All of these stress 
"inducers" must be resisted by the interface bond 
strength if the overlay is to remain bonded. The 
bond strength is commonly divided into shear and 
tensile strength components and various test meth
ods are available to assess this strength. Many of the 
test methods are conducted on core or cylinder 
specimens some time after the overlay is placed. 
Therefore, as was the case for early-age modulus and 
strength values, early-age bond strength results rely 
on extrapolation from tests conducted at ages later 
than those of interest in this study. However, unlike 
the concrete material properties discussed previously, 
the interface strength tests assess the strength of 
bond between two dissimilar materials, that is, the 
overlay and the existing pavement. 

It is well to briefly discuss the development of 
strength in concrete as measured by more common 
test procedures before discussing the interface 
strength. Test results are available from compression 
and indirect tension tests at ages of less than 12 
hours (87). Typical results are shown in Figure 3.32. 
These results show the characteristic hyperbolic func
tional form of strength gain similar to that seen for 
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Figure 3.32 Comp .... alon and tension teat results at 
early ages (87) 

modulus gain. When expressed as a percentage of 
the 28-day strength, strength percentages at early 
ages are similar to those shown in Table 3.2. 

Researchers testing the tensile strength of 
concrete at very early ages found that for ordinary 
portland cement concrete the development of 
strength followed the logistic growth form shown in 
Figure 3.33 (99). Tests were conducted on several 
different blends of cementitious materials, including 
high early strength cement, furnace slag cement, and 

Age 

Figure 3.33 Development of tensile strength at 
very early ages (99) 
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fly ash cement, at different water/ cement ratios. All 
tests demonstrated the characteristic slow strength 
gain initially, followed by a period of rapid gain, 
eventually slowing to some asymptotic value. These 
results have not been corroborated by other 
researchers. 

However, this form of strength gain in concrete 
does not necessarily apply to the interface. Further
more, strong concrete as measured by test method 
AS1'M C31 (81) does not necessarily indicate that the 
interface strength will be adequate. In fact it is quite 
probable that the concrete strength of the overlay is 
not statistically different between debonded and fully 
bonded areas and this was the case on a bonded 
overlay in the Houston area (49). Obviously, normal 
measures of strength cannot be taken as being in
dicative of overlay interface strength. For this rea
son, other tests have been developed. 

At least five test methods have been used to 
measure interface strength. Two tests assess the 
shear strength at the interface and two other tests 
measure the tensile strength. These tests are typi
cally conducted on cores or cylinders at ages greater 
that 3 days. A fifth test, developed at The University 
of Texas at Austin, attempts to assess the torsional 
strength at early ages. The advantages, disadvan
tages, and applicability to field conditions of each of 
these test methods are discussed below. 

Shear Tests 

Two shear tests, the slant shear and direct shear, 
have been used extensively to determine the inter
face shear strength of bonded overlays. Both tests 
are run in the laboratory according to standard pro
cedures. The slant shear test relies on compression 
testing on a specimen in which the interface be
tween the two materials lies at an angle of 30 de
grees to the applied load, as shown in Figure 3.34. 
These specimens are virtually impossible to obtain 
from pavements and therefore most tests are run on 
laboratory prepared samples. Obviously, it is very 
difficult to apply surface preparation and bonding 
agents to this slanted face inside a standard compres
sion cylinder. Coefficients of variation for these tests 
typically range from 30 to 50 percent (94). 

Direct shear tests use a force applied parallel to 
and. theoretically, coplanar with the interface to in
duce failure as shown in Figure 3.35. Although the 
applied load is intended to be coplanar with the in
terface, practical limitations prevent this. As a result, 
a degree of eccentricity exists in virtually all tests and 
the failure is not in pure shear as intended. Also, 
the orientation of the core affects the results, particu
larly in the case of coldmilled slabs which have defi
nite striations associated with the direction of milling. 
These features of the test method tend to produce 
coefficients of variation ranging from 25 to nearly 5Q 



Figure 3.34 SchemaHc of slant shear test specimen 

Figure 3.35 SchemaHc of direct shear test 

percent Some researchers (100) report low coeffi
cients of variation Oess than 20 percent) when test
ing is conducted by professional laboratories. Typi
cal coefficients of variation on test series conducted 
at The University of Texas at Austin were 35 percent 
(94). 

Tension Tests 
Two forms of direct tension tests have been used 

by researchers to determine tensile strength of 
bonded overlay interfaces. The direct tensile test is a 
laboratory test run on either cores or cylinders, 
although most results are from field cores. 
Theoretically, tensile stress to failure is applied 
uniaxially through endcaps bonded to the specimen. 
As with the direct tension test, alignment is critical if 

eccentric loadings are to be avoided. Results from 
testing at The University of Texas at Austin indicate 
relatively low coefficients of variation (less than 20 
percent) are possible with this procedure (94). 

A second form of tension test, the ACI 503 pull
out test (93), can be used in the laboratory or in the 
field. In this test, a partial depth core is cut to be
low the interface and a bonding cap is applied with 
epoxy, as shown in Figure 3.36. This test is run us
ing a 2- or 4-inch-diameter core barrel. Field tests 
can be run at relatively early ages provided the cor
ing operation does not damage the interface. Test 
results to date indicate a higher coefficient of varia-

. tion for the pullout test than the coefficient of varia
tion of the direct tension test. 
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The final test method to be described is the 
torsion test. This procedure, developed at The 
University of Texas at Austin, was conceived as a 
means for determining the early-age interface 
strength of bonded overlays. In this procedure a 
cylinder of concrete the thickness of the overlay is 
failed in torsion, as shown in Figure 3.37. Only 
limited testing has been completed using this 
equipment To date, results have been very erratic, 
with a high coefficient of variation (greater than 50 
percent) (94). As with the direct tension and shear 
tests, eccentricity and a resulting moment are likely 
without extreme care on the part of the operator. 
These tests can be run at very early ages, less than 3 
hours. However, because of the limited capacity of 
the torque wrench (200 ft-lb) and the operator, only 
a short time-window is available for testing (i.e., less 
than 6 hours). These early test results have not been 
correlated to the other, more common bond strength 
evaluation methods. Field application of this 
method requires that the paving-train pass and the 
apparatus shown in Figure 3.37 be inserted through 
the overlay. Substantial disturbance of the overlay is 
necessary, . and the impact of this operation is not 
known. Thus far, this procedure has not yielded 
useful information on the rate of interface strength 
gain. 

Overlay 

------~---- --------
Base Slab 

Figure 3.36 SchemaHc of pull-out test 
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Figure 3.37 Torsion equipment showing compte .. assembly (aft8r 94) 

Beyond the effects of the strength testing proce
dures themselves and the obvious influence of time, 
the interaction of the overlay and the existing slab 
play a significant role in the resulting interface 
strength. The type of surface preparation, bonding 
agent, and reinforcement affect the strength. Results 
from laboratory tests on samples prepared using the 
factors shown in Tables 3.10 and 3.11 are described 
in Reference 94. Interface strengths were obtained 
using three of the five methods described above (ex
cluding torsion and slant shear testing). All tests 
were conducted at 7 days following placement of the 
overlay. The procedures and the statistical analysis 
are described elsewhere (94). 
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It is interesting to note that the tensile strength is 
approximately one-half the shear strength at the 
interface for the results shown in Tables 3.10 and 
3.11. It is not possible to measure pure shear in 
concrete directly because, in the presence of "pure 
shear" in the normal hollow cylinder test specimens, 
a principal tensile stress equal to the shear stress 
develops at a 45-degree angle to the shear. Failure 
occurs because of this tension rather than because of 
the shear. A reliable estimate of shear strength can 
be obtained through combined stress testing, as 
represented by the Mohr rupture diagram shown in 
Figure 3.38. The strength of concrete in pure shear, 
'to, is represented by intersection of the failure 



Table 3.10 Average Interface strength results1 for various test procedures and 
bonded overlay types (94) 

Bonded. OVerlay Type Direct Shear I DlrectTenslon Pull-Out Tension 
( 4 Jn. Cores) ( 4 Jn. Cores) (2 Jn. Cores) 

Surface Bonding Standard Standard Standard 
Preparation Agent Avg Deviation Avg Deviation Avg Deviation 

Latex 638 228 171 68 190 99 
Light Shot Blast Eooxv 661 252 335 12 224 76 

PCC 471 269 175 48 169 55 
Latex 605 103 278 17 203 56 

Heavy Shot Blast Eooxv 608 255 289 25 199 44 
PCC 746 282 283 45 220 70 
Latex 679 172 239 39 202 55 

Cold Milled Eooxv 654 276 313 62 172 89 
PCC 530 227 210 55 172 70 

Table 3.11 Average Interface strength results for various test procedures for 
bonded overlays placed without grout (94) 

Bonded OVerlay Type Dftct-~ Dk<a~Wn Pull-Out 
Tension 

Surface Surface Avg Std Dev Std Dev Avg StdDev 
Preparation Moisture 

Dry 488 204 200 58 142 68 Light Shot Blast 
Wet 430 

Heavy Shot Blast Drv 695 
Wet 527 

Cold Milled Dry 460 
Wet 476 

envelope with the vertical axis. The shearing 
strength determined in this way was found to be 
approximately 20 percent of the compressive 
strength (76). Tensile strength of concrete is 
commonly assumed to be about 12 percent of the 
compressive strength (73). Thus, the ratio of one
half noted above is reasonable. Discrepancies may 
be attributed to the eccentricities introduced in the 
shear and tension testing. 

Unfortunately, very little data are available docu
menting the rate of interface strength gain. Felt (13) 
tested an overlay cast on a 25-year-old base slab us
ing the direct shear technique. Tests were per
formed at 3, 5, 7, and 28 days after placement The 
results, shown in Figure 3.39, indicate a function 
similar to that assumed for modulus gain with time 
may be appropriate for interface strength. Owing to 
the lack of data available for the rate of increase in 
interface strength and the need for early strength 
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193 263 55 194 20 
105 188 74 214 54 
156 231 42 182 60 
245 163 48 132 95 
170 215 36 158 45 

data, the following assumptions were made: (1) the 
rate of increase of interface strength can be modeled 
using the hyperbolic function; (2) the 28-day direct 
shear test results represent 100 percent of the inter
face strength attainable; and (3) the rate of strength 
gain is such that 50 percent of the 28-day strength 
will be obtained in 2 days. The assumptions result 
in the normalized equation for strength gain shown 
below: 

S'f • lOOT I (2+1') 

where 

S'f = percentage of the 28-day interface 
strength at time T, psi, and 

T = time of placement, days. 

The percentages of the 28-day strengths are shown 
in Table 3.12. These assumptions allow the early
age strengths to be estimated for a variety of overlay 
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Figure 3.38 Typical Mohr rupture diagram for 
concrete (76) 
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Figure 3.39 Early-age direct shear test results 
(after 13) 
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types. The technique used herein is crude, because 
it does not account for the environmental conditions 
during curing. However, the percentages shown 
agree well with the rate of strength and modulus 
gain given for normal concrete (72, 73, 76). 
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3.3 SUMMARY 

Several closed-form solution techniques available 
for the analysis of thermally induced stresses in 
dissimilar materials is discussed. All have limitations 
which preclude their use for an accurate analysis of 
the delamination of bonded concrete overlays. 
Finite-element analysis is identified as the most 
appropriate method for use in the investigation of 
debonding at early ages. Background information 
on several important variables is described, 
particularly with regard to the time dependent 
characteristics of the problem. The modulus, curing 
temperature, and plastic and drying shrinkages of the 
overlay and existing slab were identified. The 
influence of the environmental conditions at the time 
of and immediately after placement is discussed A 
technique is presented to describe the temperature 
distribution in the pavement for a given sinusoidal 
air temperature. Various measures of interface bond 
strength are discussed. 

Table 3.12 Estimated 
percentage of 
28-day strength 
attained in the first 
week following 
placement 

Percent 
of 

llme 28-Day 
(days) Strength 

0.5 20 
1 33 
2 50 
3 60 
4 67 
5 71 
6 75 
7 78 



CHAPTER 4. METHOD OF SOLUTION 

Ideally, the evaluation of the delamination in 
bonded overlays at early ages would involve the 
analysis of the overlay and existing-slab system con
tinuously, from the placement of the overlay to the 
time the overlay is first trafficked. However, the 
methodology for combining the models of the tem
perature changes in hydrating cement, the support of 
the existing slab, moisture and temperature changes 
in the existing and overlay concrete, and the devel
opment of interface strength over time does not ex
ist. Therefore, it is necessary to combine individual 
models with the finite-element analysis tool to allow 
critical times to be investigated. This section de
scribes the method used to arrive at a solution to the 
problem of delamination in bonded overlays. 

The finite-element method (FEM) program to be 
used in the analysis of the bonded overlay-existing 
pavement system has been described previously. 
Before proceeding with the evaluation of bonded 
overlays, results from this program must be com
pared to closed-form solutions. This comparison is 
the first task in the evaluation of the phenomenon. 
Second, an analysis factorial which will efficiently ad
dress the problem of delamination of bonded over
lays must be developed. Obviously, from the discus
sion in the previous sections, the analysis of the 
bonded overlay-existing pavement system is com
plex, with many different parameters influencing the 
development of early-age stress. The approach un
dertaken herein relies on an examination of the ex
tremes in the environment and material characteris
tics which, when taken in combination, may cause 
delamination. When compared with the attainable 
interface strengths, a determination of the conditions 
under which overlays may be safely placed can be 
made. Some of the parameters or levels of param
eters will be eliminated or combined by means of se
lective analyses, resulting in a more compact analysis 
factorial. Before proceeding with these analyses, it is 
necessary to demonstrate both the robus.tness and 
the limitations of the finite-element program NSLIP. 

43 

4.1 EVALUATION OF NSLIP 

The effectiveness of any FEM program must be 
judged on one criterion, namely, whether or not the 
program determines the stress, strain, and deflection 
of interest within an acceptable tolerance at a rea
sonable cost. The acceptance of the stress, strain, 
and deflection calculated by the program is based, 
when possible, on a comparison of stress, strain, and 
deflection determined by a closed-form solution for 
some representative, albeit, simpler system. Once 
the accuracy of the program is determined, the eco
nomics of the program can be established. When 
using the finite-element method, increasingly accu
rate results are nonnally obtained by reducing the 
size of the elements. However, the cost of the analy
sis is inversely proportional to the size of the ele
ments. Thus, increasing accuracy comes at an in
creased cost. Very small elements were used by 
Al-Negheimish (66) to analyze thermal stresses in 
bonded polymer concrete overlays. Although not di
rectly related to this investigation, the work of Al
Negheimish provides a basis for an analysis of the 
effect of element size on accuracy. 

4. J .l Closed-Form Solution Comparison 

The results of two closed-form solution 
techniques are compared to the results of a finite
element analysis for similar conditions. Timoshenko 
developed a closed-form solution for two
dimensional analysis of dissimilar materials subjected 
to a uniform temperature change (54), and it will be 
used to compare results. The simply-supported 
beam shown in Figure 4.1 was analyzed using the 
NSLIP computer program. Figure 4.2 shows the 
stresses along a vertical cross section at the midpoint 
of the beam computed using the Timoshenko 
technique and the finite-element program. The 
derivation by Timoshenko precluded the application 
of the result to the zones near each end of the beam. 
These results demonstrate good agreement between 
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Figure 4.1 Simply-supported beam analy.z:ed to 
compare the closed from solution of 
nmoshenko and the finite-element 
program, NSLIP 
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Figure 4.2 Comparison of the distribution of 
stresses along a vertical cross section 
taken at the midpoint of a composite 
beam as calculated using the 
nmoshenko derivation and NSLIP 

the stresses calculated by NSLIP and those calculated 
using the Timoshenko derivation. 

Temperature-induced stresses and deflections in 
pavements were analyzed by Westergaard (65). The 
Westergaard solution assumed that the temperature at 
the mid-plane of the pavement remains constant and 
that the temperature varies linearly between the top 
and bottom of the pavement, as shown in Figure 4.3. 

A temperature difference of 30 degrees was used 
for this analysis. The pavement system shown in 
Figure 4.4 was analyzed using the Westergaard and 
NSLIP procedures. Material properties of the layers 
are shown in Table 4.1. The material properties of 
Layers 2 and 3 were combined into a composite k-
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Figure 4.3 Temperature distribution assumed by 
Westergaard to calculate the thermally 
induced stresses (65) 

Figure 4.4 Pavement system analy.z:ed using the 
Westergaard solution and 
finite-element analysis 

value for use in the Westergaard analysis using tech
niques described in the AASHTO Design Guide 
(101). The maximum deflection and stress calculated 
using the Westergaard technique were 0.022 inch and 
500 psi, respectively, while those determined by the 
FEM program were 0.016 inch and 312 psi. The 
lower deflection calculated by the FEM program re
sults from the restraint provided by the interface. 

Table 4.1 Material properties used in the FEM 
program to compare NSUP to the 
Westergaard solution 

Material Properties Layer 1 Layer2 Layer 3 
Modulus (psi) 6,000,000 500,000 50,000 
Thermal Coeff 0.000006 
Poisson's Ratio 0.2 0.2 0.4 
Thickness (in.) 12 6 36 



4. r .2 Finite-Element Comparison 
Work by Al-Negheimish (66) evaluated bonded 

polymer concrete overlays of existing concrete mate
rials using the finite-element method. The nature of 
the materials and configuration of the system ana
lyzed by Al-Negheimish necessitated the use of a fine 
mesh in order to assess the stresses due to tempera
ture changes. Figure 4.5 shows one of the meshes 
used by Al-Negheimish (66). A comparable mesh, 
shown in Figure 4.6, was used to assess the results 
provided by NSUP. 

IIIII I I I I I I I I 

I 

Having assessed the accuracy of the program in the 
analysis of temperature-induced stresses in 
continuous media, it is necessary to develop an 
analysis factorial which will efficiently address the 
chief factors thought to cause delamination in 
bonded overlays. Several of the important factors 
have been identified previously. It remains to select 
the levels of each factor and, where appropriate, 
minimize the size of the factorial through selective 
analyses without reducing the effectiveness of the 
investigation. 

30 in. 

Figure 4.5 Finite-element m••h uted for thermal ttr••••• analytiJ by AI·Negheimith (66) 
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Figure 4.6 Meth uted In NSUP to compare thermal ttreJJeJ to tho•• obtained uting the finer meth of 
AI·Negheimlth 

As shown in Figures 4.7 and 4.8, the two analy
ses yield similar results. The chief differences are 
near the pavement edge. This difference is under
standable since the maximum stress from the theo
retical calculations occurs at the pavement edge. 
Therefore, a small mesh size would more accurately 
reflect the increase in stress near the edge of. the 
pavement. The greater accuracy provided by the 
finer mesh comes at a higher computing cost. Given 
the inaccuracy of many of the other finite-element 
inputs; e.g., shear strength gain, temperature distribu
tion in the pavement, and early-age material proper
ties, it was decided that the coarser mesh available in 
NSUP would provide the necessary results with suffi
cient accuracy. 

It can be seen that the finite-element program 
used herein yields results which compare favorably 
with closed-form solutions of simpler systems. 
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Figure 4.8 Comparison of normal stress calculated 
using different numbers of elements 

4.2 DEVELOPMENT OF THE ANALYSIS 
FACTORIAL 

The efficient analysis of the stresses at the inter
face between an existing concrete pavement and a 
recently placed overlay involves a variety of factors. 
The factors that specifically influence the early-age 
stress development are shown in Table 4.2. Each of 
these parameters influences the development of 
stress at the interface between the overlay and the 
existing concrete pavement. 

Table 4.2 Factors considered important in the 
analysis of inNrfacial stresses in 
recently placed bonded overlays 

Categories Factor 

General Time of Analysis 
2-D Representation of Problem 

Season of Placement 
Environmental 

Daily Temperature Change Conditions 
Time of Placement 
Curing Temperature 

Thermal Coefficient 
Elastic Modulus 

Bonded Overlay 
Shrinkage Coefficient 

Properties Interface Strength 
Thickness 

Location of Steel Reinforcement 
Amount of Steel Reinforcement 
Thickness 

Elastic Modulus 
Thermal Coefficient 

Existing Slab Location of Steel Reinforcement 
Properties Amount of Steel Reinforcement 

Curing Temperature 
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An evaluation including all these factors, with 
each at only two levels, would require over 500,000 
computer runs, an onerous task. The importance of 
many of these features has been discussed in the 
previous chapter and, as noted earlier, this analysis 
will focus on the extremes of various parameters 
which may cause debonding. The intent of this 
section is to select levels of each factor and, where 
possible, combine or eliminate factors. The 
discussion of the general factors, the time of analysis, 
and the 2-D representation, will be deferred. 

4.2. J Environmental Conditions 
The environment at the time of placement is ex

tremely important to the development of stresses at 
the overlay and existing-slab interface. The environ
ment can have a direct or indirect influence on the 
development of stresses. Direct influences determine 
the temperature and moisture distribution and there
fore the distribution of stress within the pavement. 
Indirect effects include the determination of the cur
ing temperature and the rate of interface strength 
gain. Both direct and indirect effects can be charac
terized, within the limits of current knowledge, if the 
temperature distribution of the pavement is known. 

Extremes in seasonal temperature variation were 
chosen for evaluation because the extremes repre
sent the conditions under which delamination is 
most likely. Seasonal extremes, hereinafter for sum
mer and winter, were chosen to represent the time 
of the year when the temperature of the existing slab 
was highest or lowest. These extremes may or may 
not occur during the traditional summer and winter 
season depending on where the overlay is placed. 
Maximum air temperatures of 100°F and 50°F were 
selected from Table 3.8 for the summer and winter 
seasons, respectively. The determination of the tem
perature variation in the slab requires that the diur
nal temperature fluctuation be known. 

A diurnal temperature variation of 30°F was 
selected after consideration of several factors. First, 
Table 3.8 shows that over the last thirty years the 
differences between the maximum and minimum 
average monthly temperatures are between 20 and 
30 degrees, assuming the extremes occur on 
successive days. Second, evaluation of paving 
records and construction data from two bonded 
overlay jobs in the Houston, Texas, area shows that 
the average air temperature differential between the 
temperature at the time of placement and the 
minimum the following morning was about l5°F. 
However, values as high as 30°F were recorded. 
Finally, using an air temperature differential higher 
than the actual differential, coupled with the 
distributions calculated with the Fintel and Khan 
equation gives a very high gradient in the top 4 
inches. This feature was shown in Figure 3.31. It is 



the temperature differential and the associated strains 
that induce stresses in the pavement. Thus by 
forcing the high differential to the top 4 inches, 
account can be made of the shrinkage differentials 
described in Chapter 3. 

Two additional environmental factors of interest 
are the time of placement of the overlay and the 
time of the analysis. The time of placement was 
chosen to coincide with the minimum and maximum 
air temperatures to expose the overlay to the greatest 
temperature differential possible. An examination of 
weather records shows that the minimum tempera
ture occurs at approximately 6 a.m., while the maxi
mum occurs at about 5 p.m. (98). The maximum 
was shifted to 6 p.m. to allow the use of the pave
ment temperature distribution modeling scheme dis
cussed earlier. This temperature model allowed the 
temperature distribution of the existing slab before 
placement and the temperature distribution of the 
overlay-existing slab some time after placement to be 
estimated. 

Ideally, the overlay-pavement system stresses 
should be analyzed continuously from placement; 
however, this exceeds the capacity of the current 
analysis tools. Therefore, times of analysis were se
lected to represent critical times in the early life of 
the overlay and existing-slab system. Given that 
debonding has sometimes been discovered less than 
24 hours after placement and temperature within the 
slab begins to cycle with the air temperature at ap
proximately 48 hours, analysis was planned for 12 
and 24 hours after placement. The lower limit of 12 
hours was chosen because at less than 12 hours ma
terial properties are highly variable and poor!~ de
fined. Selected analyses will be performed on the 
system 48 hours after placement to confirm that the 
critical times for the formation of delaminated zones 
are less than 48 hours. 

Having selected the times for analysis, the next 
step is to determine the temperature distribution 
within the pavement at each of these times. Tern-· 
perature distributions within the pavement system at 
times equal to 0, 12, 24, and 48 hours after place
ment of a composite 12-inch pavement are shown in 
Figures 4.9 through 4.12 for all combinations of sea
son and time of placement. These distributions were 
developed from consideration of the initial slab tem
perature, time of placement, and the assumption that 
the resulting slab would begin to cycle normally after 
48 hours. It is the stresses that result from these 
temperature distributions relative to the cure tem
perature that will be analyzed for this investigation. 

4.2.2 Pavement Properties 

Properties of the pavement system, i.e., the over
lay and existing slab, may be divided into two cat
egories. First the physical attributes of the system 
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must be considered, specifically layer thickness and 
reinforcement location and type. Second, materials 
properties have a major impact on the development 
of interfacial stresses and are discussed in detail be
low. The level, or levels, of each factor necessary to 
effectively model the overlay-existing slab system are 
discussed. 

Physical System 
The thickness of the overlay is particularly im

portant to the development of stresses at the inter
face. This can be seen by examining Figures 4.9 to 
4.12, where it is readily apparent that the majority of 
the daily temperature fluctuation occurs in the top 4 
inches of the pavement. Bonded overlays range in 
thickness from approximately 0.5 to 6 inches. Over
lays placed at thicknesses of less than 2 inches are 
normally specialized materials, i.e., polymer concrete 
or proprietary products, which have specialized 
needs that are not within the scope of this investiga
tion. A notable exception to this are thin-bonded 
overlays of bridge decks. Portland cement concrete 
in thin sections of 1 to 2 inches have been used suc
cessfully for some time in rehabilitation of bridge 
surfaces. However in these cases, special care can 
be taken in surface preparation and specialized cur
ing is practical due to the relatively small area of 
most bridges. Under normal circumstances, these 
measures are not practical for use on long highway 
sections. Bonded overlays of pavements are com
monly placed in thicknesses of 2 to 4 inches. Four 
inches represents the upper limit under most circum
stances because when thicker overlays are used 
more cost is incurred raising overhead signs and 
structures and guardrails. Thus, only overlay thick
ness of 2 and 4 inches are considered. 

The thicknesses of most existing highway CRC 
pavements range from 8 to 12 inches. However, be
cause of the limited temperature fluctuation below a 
depth of about 4 inches, only 8-inch slabs are con
sidered herein. When a 2-inch bonded overlay is 
placed on an existing slab, temperature distributions 
different from those described for a 4-inch overlay 
(Figures 4.9 through 4.12) will develop because less 
heat of hydration results from the thinner overlay 
and the heat is lost more quickly. Curves similar to 
those shown for the 4-inch overlays were developed 
for a 2-inch overlay on an 8-inch existing CRC pave
ment. 

The remaining physical characteristic of the sys
tem to be considered is reinforcement. Reinforce
ment in the existing slab is axiomatic, but bonded 
overlays of CRC pavements have been placed suc
cessfully without reinforcement, with steel fibers, and 
with steel mesh reinforcement. Prior to cracking, the 
amount or location of steel has very little effect on 
the pavement stress distribution, based on analysis 
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using the FEM program NSUP. This was shown by 
analyzing the pavement system shown in Figure 4.4 
with steel reinforcement located at three levels. Steel 
bar elements were located 2 inches below the sur
face for one run, 8 inches below the surface for a 
second run, and at 2 and 8 inches for a third run. 
As can be seen in Table 4.3, the presence of steel 
had very little effect on the maximum deflection or 
stress in the pavement system. These results confirm 
the common pavement design philosophy that the 
presence of steel reinforcement does not add mea
surably to the structural integrity of the pavement 
prior to cracking. 

Table 4.3 Effect of steel reinforcement at various 
depths In an uncracked 12-lnch pavement 

concrete. Lower compressive strengths result in 
lower bond stress. At the early ages under 
investigation in this study (less than 48 hours), 
concrete strengths range from 15 to 50 percent of the 
28-day values. Price (102) concluded that, for 4,000-
psi concrete, a bond stress of approximately 800 psi 
could be attained at 0.01 inch slip. However, for 
1,000-psi concrete, only about a 200-psi bond stress 
could be developed. These results are not directly 
applicable to the bonded overlay problem, but they 
indicate the level of reduction in the attainable bond 
stress transfer for concrete at early ages. An 
additional reduction in the bond stress will result 

from the low concrete modulus at early ages, 
which will allow greater deformation in the 
concrete at lower stress and therefore less stress 
transfer to the steel reinforcement. The 
modeling technique used to incorporate 

Pavement System 

Maximum 
Tensile 
Stress 
(psi) 

Maximum 
Deflection 

On.) 

reinforcement in the FEM program introduces 
another problem in the analysis of the effect of 
steel on interface stresses. 

This problem is associated with the transfer 
of stress from concrete to steel. Several re
searchers (103, 104) have developed models de
scribing the nature of stress transfer between 
steel and concrete in pavements. All indicate a 
zone of slippage between the steel and con
crete exists in the vicinity of the crack. The 

No Steel 
Steel 2 in. Below Surface 
Steel 8 in. Below Surface 
Steel 2 in. and 8 in. Below Surface 

312 
318 
313 
319 

.0008 

.0008 

.0008 

.0008 

However, after the formation of a crack, both the 
amount and the location of the steel influence the 
distribution of stress in the overlay. The systems de
scribed above were analyzed after a crack was intro
duced 6 inches from the pavement edge. The analy
sis results are shown in Table 4.4. Obviously the 
presence of steel reinforcement in a cracked pave
ment has a substantial influence on the development 
of stresses. 

Table 4.4 Effect of steel reinforcement at various 
depths In a cracked 12-lnch pavement 

FEM program used herein does not attempt to ac
count directly for this slippage. The inclusion of lo
cal, low moduli elements adjacent to the steel in an 
attempt to model this zone of slippage is not pos
sible in the analyses, if the interface delamination 
potential is to be considered. This is due to the rela
tively limited number of total elements allowed by 
the program. In addition to the limit on the total 
number of elements, it is not possible to place steel 

along a line that is adjacent to slip elements. 
This limitation precludes a thorough analysis of 
the influence of the steel on the interface 
stress, since in most bonded concrete overlays 

Pavement System 

MaxJmum 
Stress 
(psi) 

Maximum 
Deflection 

(in.) 

in Texas the overlay steel reinforcement is 
placed directly on the existing pavement This 
limitation is not considered critical because the 
low concrete strength and modulus values at 
early ages investigated in this study limit the 
transfer of stress from the concrete to the steel. 

No Steel 
Steel 2 in. Below Surface 
Steel 8 in. Below Surface 
Steel 2 in. and 8 in. Below Surface 

262 
366 
250 
375 

0.016 
0.001 
0.002 
0.001 

This analysis is based on pavements with fully 
developed strengths and moduli and, therefore, 
assumes fully developed stress transfer between the 
steel and the concrete. Neville (72) points out that 
the development of bond stress in concrete is 
proportional to the compressive strength of the 
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Therefore, steel is included in the analyses 
only when cracks are present or the formation 
of cracks is anticipated This has particular sig
nificance for both of the two-dimensional sys-

tems originally identified for analysis (see Figures 3.3 
and 3.4). When analyzing the edge condition, it is 
assumed that no longitudinal cracking is present in 
the existing slab or, if longitudinal cracking was 
present, that it was repaired prior to the placement 
of the overlay. Furthermore, it is assumed that no 



longitudinal cracking forms in the overlay during the 
first 48 hours following placement. Thus, reinforce
ment is included in neither the overlay nor the exist
ing slab for the analysis of the edge condition. 

Although the edge condition can be successfully 
analyzed without including reinforcement, this is not 
the case for the perpendicular cross section. The 
two-dimensional cross section shown in Figure 3.4, 
the interior condition, warrants additional consider
ation. As with the edge condition, longitudinal 
cracks need not be considered since the cross sec
tion is taken parallel to and some distance from any 
longitudinal cracking that might be present. How
ever, all transverse cracks are included in the cross 
section and in order for the impact of these cracks, 
in conjunction with the reinforcement, to be assessed 
the pavement systems shown in Figures 4.13 and 
4.14 are analyzed. These systems represent the two 
types of cracking found in bonded overlays, namely 
reflective and non-reflective cracking (49). Reinforc
ing steel is included in the existing slab, but not in 
the overlay, for the reasons dted above. Figure 4.13 
shows a situation in which a crack may reflect 
through the overlay or may form at either side of the 
existing crack. The second pavement system allows 
the influence of the non-reflective crack to be inves
tigated. This crack may have been initiated in the 
overlay by shrinkage or temperature induced volume 
change. 

Material Properties 

Material properties of the overlay and the exist
ing slab also play an important role in the determina
tion of the overlay interface stresses. Properties of 
the existing slab are discussed first, followed by a se
lection of the levels of analysis for the overlay. 
Three major factors related to the existing slab are of 

ll'otenlial <.racks I 

Ht ---
n--+--~ ,_. ~ -· = -- --1--
C H Slip Lines Existing Crack 

~-~ 
Overlay 

Existing 
Slab 

Roadbed 

Figure 4.13 Two-dimensional representation of 
Interior condition used to assess the 
Influence of reflective cracking 
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concern. These are the modulus, curing tempera
ture, and thermal coefficient of the concrete. It is as
sumed that drying shrinkage of the existing slab is 
no longer a factor. 

Existing Slab 
Two moduli values were selected for this analy

sis to represent the range of values assodated with 
normal weight concrete. The values of 4,000 and 
6,000 ksi are indicative of concretes commonly used 
in pavements. These values are coincidentally repre
sentative of concretes constructed with the limestone 
and siliceous river gravel aggregates available in 
Texas. Thermal coefficients of 0.000004 and 
0.000006 in./in./°F were also chosen, to be represen
tative of the extremes in normal concrete. These are 
also the thermal coefficients representative of lime
stone and siliceous gravel concretes. The lower ther
mal coefficient would normally be associated with 
the limestone aggregate and the higher coeffident 
with the siliceous gravel aggregate; however, in or
der that the inference space of this study be as large 
as possible, all combinations of thermal coefficient 
and modulus were included. With the selection of 
modulus, thermal coefficient, and temperature distri
bution in the pavement, only the temperature from 
which the thermal movements was to be calculated 
remained to be determined. The selection of the 
curing temperature from which to calculate the tem
perature induced stress was more difficult than the 
selection of the levels of modulus and thermal coeffi
dent. 

The determination of the curing temperature is a 
difficult process, as discussed in the previous 
chapter. This problem is compounded by the fact 
that, for the most pan, the season and time of 
placement of the existing slab cannot be easily 
determined. Even if the date and time of placement 
were known, the curing temperature would have to 
be estimated based on engineering judgment as to 

c HSiip Lines .... 
~ 

Existing Crack J:::: ) 
Overlay 

Existing 
Slab 

Roadbed 

Figure 4.14 Two-dimensional representation of 
interior condition used to assess the 
influence of non-reflective cracking 



the time and associated temperature at which the 
concrete began to resist thermally induced 
movement. The curing temperature is effectively 
determined when the concrete begins to take 
stresses as a result of the imposed restraint. The 
magnitude of the thermally induced stress is 
determined from the degree of restraint present and 
the change in temperature from the curing 
temperature. It is sometimes assumed that the 
curing temperature is uniform with depth. However, 
this situation is altered substantially by the placement 
of an overlay. 

A new restraint condition is imposed when the 
overlay is placed. Consider the beam shown in Fig
ure 4.15(a), which is initially stress-free at a constant 
temperature equal to the cure temperature, to· If the 
unrestrained beam is subjected to a 30°F temperature 
gradient, the beam will move to the position shown 
in Figure 4.15(b). If the beam is now fully restrained 
in this new position, and then returned to the origi
nal curing temperature, to, the effective temperature 
differential is as shown in Figure 4.15(c). Under the 
condition shown in Figure 4.15(d), no stress would 
exist in the beam. However, after the restraint is im
posed, even though the temperature is constant with 
depth and equal to the original curing temperature, 
to. there is an effective temperature differential of 
30°F resulting from the imposition of a new cure 
temperature. This "new" cure temperature was de
fined by the temperature at the time the restraint was 

(o) 

"' .L 7 
(b) 

/~ 
~,, 

~. L 7 (c) 

·'" "0 z ~' %/, 
(d) ,0 

Figure 4.15 lmpoaition of a n.w cure temperature 
by mean• of rfttraint 
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imposed. This same concept can be applied to the 
existing slab following the placement of an overlay. 

Consider Figure 4.16 in which an 8-inch pave
ment serves as the base slab for a 4-inch overlay. If 
the base slab has the temperature distribution shown 
by Curve A when the overlay sets, then the imposi
tion of the restraint by the overlay effectively de
scribes the "new" cure temperature, against which all 
subsequent thermal movements are based. Thus, if 
the temperature distribution in the slab at some later 
time is as described by Curve B, then the tempera
ture differential in the 8-inch CRC is positive rather 
than negative, as it would be if the original curing 
temperature were used. 

em perature .. 
85 11 

4 in. BCO 
'-B 

A 
, r ----Original Cure 

8in.CRC em perature 
of Base Slab 

Figure 4.16 Development of a "new" cure 
temperature In an exiating alab 
band on the placement of a 
bonded overlay 

From the discussion above it is apparent that the 
original cure temperature of the existing slab is not a 
factor in this analysis. Thus, the temperature distri
bution in the slab at the time the overlay begins to 
restrain the underlying slab must be determined. 
However, as discussed previously, the time at which 
the overlay begins to take stress cannot be deter
mined using current technology. It is therefore as
sumed that the temperature distribution in the exist
ing slab 6 hours after placement is most 
representative of the new curing temperature. This 
value was selected as representing the time when the 
fmal set occurs, as per ASTM (81). Using the tem
perature distributions shown in Figures 4.9 through 
4.12 and the temperature distribution at 6 hours, the 
temperature differentials shown in Table 4. 5 were 
determined for a 4-inch overlay at all combinations 
of season and time of placement to be considered. 
Similar techniques were used to determine the tem
perature differentials for 2-inch bonded overlays 
('Table 4.6). 

Examination of these temperature distributions 
shows that the summer and winter morning 
placements induce generally more severe thermal 
gradients near the surface than the afternoon 
placements. Furthermore, the 24-hour temperature 



Table 4.5 Estimated temperature differentials with depth at 12 and 24 hours after 
placement in a 4·inch BCO on an &·inch CRC 

Depth Below Surface (in.) 

Hours 
Season Time After 0 1 2 3 4 5 6 7 8 9 10 11 12 

PJaclng 

12 +1 +1 0 +2 +12 +10 +8 +5 +3 +2 0 0 0 
AM 

24 -33 -28 -26 -21 -8 -4 0 +1 0 0 0 0 0 
Winter 

12 
PM 

-5 -6 -6 -7 -10 -1 +2 +1 +1 0 0 0 0 

24 0 -5 -9 -12 -14 -4 +1 +1 0 0 0 0 0 

12 +15 +10 +5 0 -3 -4 0 0 0 0 0 0 0 
AM 

24 
Summer 

-27 -19 -16 -14 -10 -7 -2 0 0 0 0 0 0 

12 -8 -6 
PM 

-5 -2 -1 0 +1 0 0 0 0 0 0 

24 1+161 +4 -1 -6 -6 -3 -1 0 0 0 0 0 0 

Table 4.6 Estimated temperature differentials at 12 and 24 hours after placement in a 
2·inch BCO on an &·inch CRC 

Depth Below Surface (in.) 

Hours 
Season Thne After 0 1 2 3 

PJaclng 

12 +4 +3 +2 -4 
AM 

24 -32 -23 -15 -6 
Winter 

12 -16 -12 -4 -2 
PM 

24 +12 +4 0 -2 

12 +15 +6 +4 +2 
AM 

24 -22 -12 -4 +2 
Summer 

12 -8 -6 -2 -2 
PM 

24 +18 +6 0 -4 

gradient is steeper than the 12-hour distribution. 
This will probably result in higher stresses at 24 
hours than those at 12 hours after placement These 
higher stresses may be offset by the interface 
strength gained with the passage of the 12 hours 
between the two times of analysis. Having 
determined the temperature distribution for the slab 
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4 5 6 7 8 9 10 11 12 

0 0 0 0 0 0 0 0 0 

-2 -1 0 0 0 0 0 0 0 

-2 -1 0 0 0 0 0 0 0 

-2 -1 -1 0 0 0 0 0 0 

+2 +1 0 0 0 0 0 0 0 

+2 +1 0 0 0 0 0 0 0 

-2 0 0 0 0 0 0 0 0 

-4 -1 0 0 0 0 0 0 0 

at the analysis times, the materials properties at the 
corresponding times must be determined. 

Overlay 
The material properties of the overlay included 

in the analysis are: (1) modulus, (2) thermal coeffi
cient, and (3) curing temperature. Each of these 



properties is discussed below. The initial dJYing 
shrinkage is taken into account through the use of a 
30°F temperature differential, as previously dis
cussed. 

The modulus at a given time after placement can 
be determined as discussed in Chapter 3. Concrete 
moduli at 28 days of 4,000 and 6,000 ksi were se
lected to represent the range of concretes used in 
normal pavement construction. Using the rate of 
gain of modulus from Table 3.2, modulus values 
were estimated for 12, 24, and 48 hours. These 
modulus values are shown in Table 4.7. 

Thermal coefficients of 0.000004 and 0.000006 
in./in.fOF are used in the analysis to represent the 
range of values common in concrete. As noted pre
viously, thermal coefficients are not time-related 
functions and therefore no adjustment for the time of 
analysis is required (94). 

Curing temperature of the overlay is assumed to 
be constant with depth. However, due to the in
creasing air temperatures to which overlays placed in 
the morning are exposed, the cure temperatures are 
normally somewhat higher, as shown in Figures 3.13 
and 3.14. Therefore, the winter morning and 
evening overlay cure temperatures are 65 and 60"F, 
respectively. Those for summer morning and after
noon are 110 and lOO"F, respectively. These values 
were selected based on field measurements of the 
early-age temperature distributions in 4-inch bonded 
overlays placed in the Houston, Texas, area in Febru
aJY and July. 

All of the factors influencing the development of 
stress at the interface between an overlay and the 
existing CRC pavement have been identified and 
appropriate values selected for the analysis. The key 
feature remaining to be discussed is the interface 
strength for various combinations of surface 
preparation and bonding agent. The rate of gain of 
the interface strength must also be determined for 
each combination so that appropriate strengths can 
be selected for each time of analysis. Research 
conducted at The University of Texas at Austin 
investigated several different combinations of surface 
preparation methods and bonding agents (see Tables 

Table 4.7 Early-age modulus 
values for limestone and 
siliceous river gravel 
concretes 

Modulus (ksi) 

nm.e Lhnestone Siliceous Gravel 

12 hours 600 900 
24 hours 1,200 1,800 
48 hours 1,700 2,700 
28 days 3,800 5,900 
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3.10 and 3.11). These results show a high degree of 
variability in shear and tensile strength for the 
bonding agent-surface preparation combinations 
considered. 

Rather than consider directly each of the possible 
combinations of surface preparation and bonding 
agent, a 7-day interface shear strength of 200 psi is 
assumed. This value is approximately one-half to 
one-third the average of the shear strength results 
obtained in the laboratoJY (94). Field tests of cores 
taken from a 4-inch bonded overlay in Houston, 
Texas yield an average shear strength of approxi
mately 385 psi (49). In the event that the analyses 
show that debonding has occurred, the analyses will 
be repeated using a seven-day interface shear 
strength of 400 psi. The strength values at 12, 24, 
and 48 hours were estimated for seven-day shear 
strengths of 200 and 400 psi using the percentages 
shown in Chapter 3. These values are shown in 
Table 4.8. Tensile strengths are assumed to be one
half the shear strength. 

Table 4.8 Estimated interface shear 
strength at early-ages 
based on the 7 ·day 
strengths 

Interface 
Shear 

Strength 
at7-days 

rune (psi) 

(hours) 200 400 -12 50 100 
24 85 170 
48 130 26o 

All of the considerations discussed above led to 
the development of the analysis factorial for the edge 
condition shown in Figure 4.17. A similar factorial 
will be developed for the interior analysis; however, 
the system is somewhat more complex. The analysis 
of the interior condition also relies on the results 
from the edge analysis and is therefore discussed in 
greater detail in the next chapter. 

4.3 SUMMARY 

Results from the FEM program NSLIP compare 
favorably with those obtained from the closed-form 
solutions of Timoshenko and Westergaard based on 
the maximum deflection and stress. Sufficient accu
racy can be obtained in the critical free-edge region 
with the limited number of elements allowed by 
NSLIP. The inclusion of steel reinforcement in the 
analysis of an uncracked pavement was found to be 
unnecessaJY. However, when cracks are present, 
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Figura 4.17 Analysis factorial for the edge condition 

steel does influence the stress distribution. H was 
detennined that the inclusion of steel in the overlay 
is not required due to the material properties at early 
ages and the implementation of the bar elements in 
the computer program. 

Environmental conditions to be evaluated were 
selected. A model which reassigns the curing tem
perature for the existing slab based on the overlay 
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placement time and temperature was developed. 
This method was used to develop the temperature 
differentials throughout the overlay and existing slab 
at the times of analysis. Material properties were se
lected using laboratory-based relationships for the 
rate of modulus gain. All of these factors were com
bined and an analysis factorial was developed for the 
edge condition. 



CHAPTER 5. ANALYSIS OF BONDED OVERLAYS 

An evaluation of the results of a computer analy
sis conducted using the program, NSUP, is presented. 
Analyses were performed on perpendicular cross 
sections of the pavement system shown in Figure 3.2 
using the combinations of environment and materials 
shown in Figure 4.17. The maximum interfacial 
shear and tensile stresses are of principal concern 
because it is these stresses that cause delamination. 
In addition to the analyses of the crack-free edge 
condition, the presence of cracks in the existing 
pavement or in the overlay is evaluated through 
analyses of a cross section taken parallel to the di
rection of vehicle travel. Before the results are dis
cussed, a typical set of data from a single computer 
analysis is discussed in considerable detail. This dis
cussion points out several important features com
mon to each set of results. Then, the results from all 
the edge condition analyses are evaluated, with par
ticular attention given to the combinations of materi
als and environmental conditions that are most likely 
to cause delamination. Next, the interior condition 
analysis results are presented and evaluated. These 
evaluations lead naturally to the discussion of the ap
plication of the results of this investigation to the de
sign, specification, and construction of bonded over
lays, which is included in the next chapter. 

5. 1 TYPICAL RESULTS 
Several general features of the analysis must be 

discussed before the results are evaluated. The 
decision to present the complete results for only one 
combination of material properties and 
environmental conditions was made for two reasons. 
First, given the number of analyses required for this 
study it is not practical to present the. complete 
results for each run. Second, as will be shown, there 
is considerable similarity among the results. Because 
of this similarity, there is no need to belabor each 
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computer analysis. Although the magnitude of the 
maximum stress changes from run to run, the nature 
of the stress distributions resulting from the edge 
condition is common to all analyses conducted. The 
distribution of stresses which develops in the interior 
of the pavement system is somewhat more complex 
and these analyses will be treated separately. 

The cross section used to assess the distribution 
of stresses developed near the edge of a bonded 
overlay is shown in Figure 5.1. The overall dimen
sions of the existing CRC pavement and all layers be
low remain constant whether a 2- or 4-inch bonded 
overlay is being analyzed. Material properties and 
environmental conditions were changed according to 

the factorial set forth in the previous chapter. 
Figures 5.2 through 5.4 show contour plots of 

the normal, transverse, and shear stresses from an 
edge condition analysis of a 4-inch bonded overlay 
placed on an 8-inch CRC pavement similar to that 
depicted in Figure 5.1. These figures are not drawn 
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Figure 5.1 Mesh configuration used to analyze the 
bonded overlay edge condition 
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Figure 5.2 Normal stress contour for a 4-inch BCO on an 8-inch 
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to scale. The values shown represent the stresses 24 
hours after the overlay was placed. The overlay was 
placed on a winter morning and, at the time of 
analysis, the temperature distribution was as shown 
in Figure 5. 5. 

Examination of these plots shows several 
interesting features . First, the thermal stresses in the 
subbase and roadbed material are minimal. This is 
due, in part, to the fact that below depths of about 6 
inches ve ry little temperature change occurs in 
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Figure 5.3 Transverse stress contour for a 4·inch BCO .on an 8-inch 
CRC pavement 24 hours after placement 
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Figure 5.4 Shear stress contour for a 4-inch BCO on an 8-inch CRC pavement 24 
hours after placement. 
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Figure 5.5 Temperature distribution with depth 24 
hours after a winter morning 
placement 

sponse to diurnal changes. Also, very little stress is 
transferred through shear across the interface be
tween the existing slab and the subbase. It is as
sumed that over the service life of the existing slab, 
much of the initial bond between the subbase and 

the slab has deteriorated through water and fines in
filtration and years of cyclic thermal movements. 
Therefore, the shear stress at the interface is low. 

The width of the analysis section can have an 
important effect on the calculated stresses. If the 
section is too narrow, then the boundary conditions 
have an undue influence on the interface stresses. If 
the section is wo wide, then computer time is used 
unnecessarily. As can be seen from the contour 
plots (Figures 5.2 through 5.4) there is a region of 
relatively constant stress for a given depth beginning 
some distance from the pavement edge. 1bis indi
cates the pavement width selected for analysis (6 
feet) is sufficient to minimizes the influence of the 
boundary conditions. 

Since the subbase and roadbed have low stresses 
throughout the area of inte rest and delamination 
occurs at the interface, Figures 5.2 through 5.4 were 
redrawn to allow the stresses in the concrete to be 
examined more closely. 
show the normal, transve 

~ ....... ,~.:~ 1·· ,, ... ,:,.: 
. . . . . ~ . 

the concrete layer, respectively. The normal and 
shear stress plots are of particular interest, since it is 
these stresses that initiate debonding. The plots of 
normal and shear stress (Figures 5.6 and 5.8) show 
regions of high stress concentrated near the interface 
at the free edge. Although the magnitude and exact 
location of this zone of high stress varies with the 
combination of environmental condition and material 
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Figure 5.6 Contour plot of the normal stresses in the concrete 
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Figure 5.7 Contour plot of the transverse stresses in the concrete 

considered, each analysis of the edge condition had 
a similar stress pattern. 

Grimado (55), Al-Negheirnish (66), Branson (52), 
and Roll (53) all reported that the stress is the high
est at the free edge and will approach zero within a 
distance approximately equal to the ... v.uu,u•~u 
ness of the layers under consideration. 

what was a consistent pattern 
distribution along the interface for all edge 

analyses. This stress regime is consistent with the re
sults from closed form solutions and other finite-ele
ment analysis. It is also consistent from an observa
tional perspective, since all delaminated _areas found 
in the Houston, Texas overlays were associated with 
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Normal stress distribution along the 
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an "edge", where edge is taken to include a trans
verse or longitudinal crack or the actual edge of the 
pavement. 

Figures 5.9 and 5.10 represent horizontal cross 
sections taken at the in~een the overlay 
and the existing slab. &-.~'shows the shear 
stress on vertical cross secuons taken at distances of 
0 and 9 inches from the pavement edge. The influ
ence of the slip element, which characterizes a zone 
of potential debonding, is clearly seen at the inter
face between the overlay and the existing slab (4 
inches below the surface). The discontinuity is in
dicative of the slip at this interface. 
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5.2 EDGE CONDITION ANALYSIS 
The factorial developed in Chapter 4 to 

investigate the stresses resulting from thermal 
edge condition is repeated below in 
Two rows in this factorial were 
because bonded overlays with similar 

combinations of material properties have been 
placed in Houston, Texas. The first row in the 
factorial represents the Loop IH 610 North overlay 
project in which a siliceous river gravel concrete 
ove rlay was placed on an existing siliceous gravel 
CRC pavement. Here, the thermal coefficients and 
the 28-day moduli of both layers can be assumed to 
be equal to each other. The assumed modulus was 
6,000,000 psi and the thermal coefficient was 
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6,000,000 psi and the thermal coefficient was 
0.000006 in./in./°F. A second overlay, constructed 
on Loop IH 610 South, placed a crushed limestone 
aggregate concrete over an existing siliceous river 
gravel CRC pavement. In this case, the modulus at 
28 days and the thermal coefficient of the overlay 
were assumed to be equal to 4,000,000 psi and 
0.000004 in./in./°F, respectively. The existing slab on 
the South Loop project had the same properties as 
the existing slab on the North Loop job. The 
thicknesses of both overlays were nominally 4 
inches, but the two rows identified in Figure 5.12 
include 2-inch overlays. 

The maximum tensile and shear stresses calcu
lated for these cases are shown in Figure 5.13. A 
comparison of the stresses indicates that, for all envi
ronmental combinations considered, the use of the 
lower modulus, lower thermal coefficient concrete 
on the South Loop project resulted in lower interface 
stresses. Overall there was an average reduction of 
50 percent in tensile stress and 40 percent in shear 
stress as a result of using limestone aggregate. The 
highest stresses were found 24 hours after a summer 
or winter placement in a 4-inch-thick overlay. These 
high stresses led to the analyses of all material com
binations of 2- and 4-inch overlays placed during a 
summer or winter morning. Maximum tensile and 
shear stresses for all runs are shown in Figure 5.13. 

Examination of these data yields several interest
ing conclusions. First, the morning placements, sum
mer or winter, result in higher stresses than the after
noon placements for both ·the 2- and 4-inch overlays. 
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This result is logical and was expected, after a re
view of the temperature distributions for the morning 
and afternoon placements (see Tables 4.5 and 4.6), 
in which the most severe temperature gradients in 
the overlay were found for the morning conditions. 
For example, the temperature differential between 
the surface and the bottom of the overlay for the 
winter morning placement is -25"F. The temperature 
differential for the winter afternoon placement is 
+ 14°F. The morning placement distribution results in 
maximum shear stresses of 22 psi, while the after
noon placements yield a maximum shear stress of 
only 6 psi. 

The maximum tensile and shear stresses also are 
universally higher 24 hours after placement com
pared to those calculated 12 hours after placement. 
Again, an examination of the assumed temperature 
distributions (Tables 4.5 and 4.6) reveals the cause of 
the increased stress. The temperature gradient in the 
overlay is much more severe at 24 hours than at 12 
hours. The temperature gradient 12 hours after 
placement for an overlay on a winter morning is 
only 12 degrees, while at 24 hours the gradient is 25 
degrees. The interfacial stresses 24 hours after place
ment are therefore higher in the pavement system 
than the stresses at 12 hours. In and of itself, this 
does not indicate that the period of 24 hours after 
placement is the most likely time for delamination. 
Even though the 24-hour stresses are higher, it must 
be remembered that the interface strength is also 
higher at 24 hours. 

In order to allow the interface shear and tensile 
stresses to be predicted for a given set of environ
mental conditions, multiple regression analyses were 
run. The analyses used overlay and existing slab 
moduli and thermal coefficients as the independent 
variables. Separate analyses were made for each of 
the environmental conditions where high interface 
stresses were noted. The results are shown in Table 
5.1 for shear stress and in Table 5.2 for tensile stress. 
The general form of the equation is as shown below. 

where 

x = Ao + A1E0 + A2Ee + A30o + A4ae 

x = parameter of interest, shear stress, 't, 
or normal stress, cr, 

E0 modulus of the overlay, 
Ee modulus of the existing slab, 
0o = thermal coefficient of the overlay, 
ae thermal coefficient of the existing 

slab, and 
Ai regression coefficients. 

From these results it is obvious that the thermal 
coefficient of the overlay is the most important 
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Figure 5.12 Analysis factorial developed for the edge condiHon 

Table 5.1 Results from regression analysis of shear stress values 
24 hours after placement 

Winter Winter Summer Summer 
Regression Morning Morning Morning Morning 
Parameter 2 in. Overlay 4 ln. Overlay 2 ln. Overlay 4ln. Overlay 

Ao -17.15 -10.45 -7.25 -3.89 
At 1.88 0.95 0.78 0.081" 
A2 1.15 1.1 0.52 0.78 
A3 3.55 4.11 2.05 2.5 
A4 --0.88 --0.89 0.2" -1.16 
R2 0.92 0.99 0.97 0.89 

"Partial F < 1.0 
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Figure 5.13 Maximum shear and normal stresses calculated for the edge condiHon 

Table 5.2 Results from regression analysis of tensile stress values 
24 hours after placement 

Winter Wlnt.er Summer Summer 
Regression Morning Morning Morning Morning 
Parameter 2 Ia. Overlay 4 Ia. Overlay 2 Ia. Overlay 4 Ia. Overlay 

Ao -4.15 -5.71 -4.45 -3.17 
At 0.69 0.52 .o70 0.39 
A2 0.24 0.61 0.20 0.23 
A3 1.78 2.88 1.34 2.07 
A4 -0.54 -0.48 0.10 -0.92 
R2 0.99 0.99 0.99 0.98 
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element of the parameters analyzed. Given that the 
modulus and thermal coeffident of the existing slab 
are ftxed in a given rehabilitation project, then the 
greatest reduction in the interface shear and tensile 
stresses will result from the use of an overlay 
concrete with a lower thermal coefficient. This 
technique will reduce the interface stress, but the 
ratio of the strength to stress at the time of analysis 
is of equal importance. 

The interface strength is increasing with time 
after placement Therefore, it is more appropriate to 
examine the ratio of strength to stress rather than the 
stress alone when attempting to determine the 
likelihood of delamination. Ratios of strength to 
stress were calculated for all BCO combinations 
investigated These values are shown in Figure 5.14 
for both tensile and shear stress. Examination of 
these data shows that under certain environmental 

Notes: areas are strength-to-tensile stress ratios. 
Non-shaded areas are shear slrengttHo-shear slress ratios. 
Dashes indicate ratios greater than 50. 

Figure 5.14 Ratios af Interface strength to shear and normal slreu for various combinations af 
BCO materials 

66 



conditions delamination would be more likely to 
occur 12 hours after placement even though the 
interface stress is higher 24 hours after placement. 
This is particularly true for 4-inch overlays placed in 
the afternoon. However, all ratios show the interface 
strength to be at least 3 times the stress. 

The role of material properties in determining 
the interfacial stress is somewhat more complicated. 
However, generally, when the thermal coefficient in 
the overlay is equal to or higher than the coefficient 
of the existing slab, higher stresses result Stresses 
increase by as much as 100 percent when a higher 
thermal coefficient material is used above a lower 
coefficient compared to the reverse situation. Again, 
this result is logical since it is known that a higher 
thermal coefficient in the region with the highest 
temperature gradient will develop larger thermal 
movements. Furthermore, it is corroborated by the 
regression analyses shown in Tables 5.1 and 5.2. 

Perhaps the most significant feature of the analy
ses conducted to ascertain the magnitude of the in
terfacial stresses at early ages at the free edge is that 
delamination did not occur under any combination 
of material and environmental condition. The maxi
mum shear stress was about 25 psi and the maxi
mum tensile stress was 17 psi. The ratios shown in 
Figure 5.14 demonstrate that, in all cases, the average 
interface strength was at least three times the calcu
lated stress. Thus, based on the edge analyses, even 
under extremely harsh environmental conditions, 
delamination is unlikely unless the interface strength 
is very low. 

5.3 INTERIOR CONDITION ANALYSIS 

The analyses used to determine the influence of 
vertical cracks in the existing slab or overlay were 
collectively termed interior conditions. The presence 
of transverse cracks in either the existing CRC pave
ment or in the overlay was modeled using the two 
systems shown in Figures 5.15 and 5.16. The pave
ment systems shown are intended to address funda
mental concerns regarding the design and perfor
mance of bonded overlays as they relate to cracking 
in the pavement 

It has been proposed that, under ideal circum
stances, the overlay would develop no more cracks 
than the existing CRC had before the overlay was 
placed. Yet, studies of both recently placed overlays 
and those in service for a number of years indicate 
that many cracks develop in the overlay which are 
not present in the existing slab. The intent of this 
study is not to determine the ultimate mode of fail
ure or the influence of these non-reflective cracks on 
that failure, but it can be reasoned that any increase 
in the number of cracks in the surface of a pavement 
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is detrimental to the performance of the composite 
structure. These cracks tend to negate some of the 
benefit to be derived from the placement of a 
bonded overlay. Each crack is a potential site of 
spalling and will allow the infutration of fmes or wa
ter. Also, given the location of debonded zones in 
the Houston, Texas overlays, any crack is a potential 
site of delamination. It is therefore important to un
derstand the narure of cracks in the overlay, particu
larly as they affect the development of interfacial 
stress at early ages. 

The first pavement system investigated (Figure 
5.15) had cracks in the existing CRC slab. The intent 
of the investigation was to determine whether or not 
the additional cracking observed in the field resulted 
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from cracks propagating from below. This 
phenomenon would be possible only if the crack 
moved horizontally along the interface before 
moving upward through the overlay. This horizontal 
migration of the crack would effectively create a 
debonded zone between the existing crack and the 
new crack in the overlay. 

The results obtained from the FEM program indi
cate a crack in the existing CRC slab will propagate 
through the overlay if a slip element is aligned with 
the existing crack. The aligned vertical slip element 
was given the same shear and tensile strength limits 
as the horizontal slip elements in each analysis. 
Therefore, there was the same opportunity for the 
formation of a vertical reflective cracking as for the 
formation of a horizontal delaminated zone. In all 
the cases analyzed, a reflective crack formed without 
any adjacent debonding. Although no delamination 
occurred near the crack, the shear stress in the vicin
ity of the crack was higher than that calculated for 
the free edge. The maximum shear and tensile 
stresses were 30 and 21 psi., respectively. The distri
bution of shear stress is shown in Figure 5.17. The 
distribution of stresses on either side of the crack is 
vety similar to that described above for the free edge 
condition, i.e., high stress near the crack, which de
creases to zero with distance from the crack. The 
maximum shear values are about 30 percent higher 
than for the free edge condition, but are still ap
proximately one-half the interface strengths. Before 
proceeding with an analysis of this interior scenario 
similar to that undertaken for the edge condition, a 
second interior situation was investigated. 

The second system analyzed assumed that a 
crack had formed in the new overlay some distance 
from a crack in the old CRC pavement This crack 
would have been initiated by volume change stresses 
in the overlay. These volume change cracks would 
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Figure 5.17 System used ta analyze the Influence 
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initiate at the surface of the overlay propagating 
downward to the interface. The crack would have 
been initiated by plastic shrinkage cracking resulting 
from ineffective curing. The objective was to 
investigate the interfacial stresses resulting from the 
presence of this crack and whether or not these 
stresses were of sufficient magnitude to cause 
debonding. Two analyses were conducted. The 
cracks in the existing pavement and overlay were 
located from each other at distances of 3 and 6 
inches. For both these investigations, the winter 
morning placement environmental conditions were 
used. Analyses were conducted of 2- and 4-inch 
overlays 24 hours after placement. 

A similar distribution of stress can be seen near a 
non-reflective vertical crack in the overlay (see Fig
ure 5.18). The figure shows that shear stress at the 
interface between the two vertical cracks is low and 
delamination does not occur. 

The interior condition produced higher stresses 
than the free edge condition for the same combina
tion of environmental conditions and materials. The 
two scenarios investigated yielded essentially identi
cal maximum shear and tensile stresses. Therefore, 
because less computer time was required to analyze 
the reflective crack, an analysis factorial similar to 
that used in the analysis of the edge condition was 
investigated. As for the case with the edge condi
tion, the material combination used on the Loop IH 
610 North bonded overlay project was first investi
gated for combinations of environmental conditions. 
Selected environmental conditions which produced 
higher shear or tensile stresses were then studied to 
determine the effect of varying combination of mate
rials. The shear and tensile stresses calculated are 
shown in Figure 5.19. Ratios of strength to stress are 
shown in Figure 5.20. 
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Notes: Shaded areas indicate normal slresses. 
Non-shaded areas indicate shear slresses. 

Figure 5.19 Shear and tensile stresses calculated far interior condition 

Analyses of the edge and interior conditions 
have shown that, for the combinations of materials 
representing normal concretes, interfacial stresses are 
less than the estimated strengths. The environmental 
conditions selected for these analyses were the 
harshest that realistically could be expected to occur 
under normal construction scenarios. While it is cer
tainly possible to cause debonding in the computer 
model through the selection of either a weaker inter
face or a steeper thermal gradient in the overlay, 
these conditions are not representative of normal 
overlay construction. Given that the environmental 
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conditions and interface strengths input are appropri
ate, then there is still the question of what caused 
the observed delamination. It must be concluded 
that the interface strength in those areas that 
debonded was extremely low at early ages, on the 
order of 20 to 40 psi. 

5.4 SUMMARY 
The results from the analyses of the factorial 

developed in the previous chapter were evaluated. 
This evaluation determined that higher interfacial 
stresses develop in winter or summer morning 
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Figure 5.20 Strength to stress raHos for calculated stresses shown In Figure 5.19 

placements compared to afternoon placements. The 
critical time after placement appears to be 24 hours 
following placement for most overlay systems 
analyzed. Lower interfacial stresses result when the 
modulus and thermal coefficient of the overlay are 
lower than the modulus and thermal coefficient of 
the existing pavement. However, even under the 
harshest environment and worst combination of 
materials, the interface stresses were only about one
third the estimated interface strength. 

The interior analyses revealed that higher 
interfacial stresses develop in the vicinity of 
transverse cracks than develop at the free edge 
under similar environmental conditions. Although 
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the stresses were about 30 percent higher than for 
the free edge condition, the average interface 
strength was approximately 200 percent higher than 
the calculated stress. All analyses conducted indicate 
that delamination will not occur under normal 
circumstances, unless the interfacial strength is 
extremely low, or the rate of gain of this strength is 
low. 

The analysis results show that the tensile and 
shear stresses are concentrated near the free edge of 
the pavement or near a crack in the overlay. The 
concentration of stresses in these two zones corre
sponds to location of delamination observed in the 
field. 



CHAPTER 6. DESIGN AND CONSTRUCTION OF BONDED OVERLAYS 

Based on the evaluation of bonded overlays con
ducted in the previous chapter, the next logical step 
is to apply the results to the design, specification, 
and construction of bonded overlays. The objective 
of this chapter is to provide guidelines that will re
duce the risk of delamination at early ages. Even 
though the calculated interfacial stresses were con
siderably less than the estimated interfacial strength 
for all combinations investigated, delamination has 
occurred on several overlay projects throughout the 
country. Therefore, there must be combinations of 
environmental conditions and materials that result in 
debonding. These critical combinations can be 
avoided and the probability of delamination reduced 
through a proper design and careful control of the 
overlay construction. 

The experience gained during the computer 
analysis in the laboratory and from construction will 
be combined to assure, to the extent possible, that 
delamination will not occur. The calculated tensile 
and shear stresses are compared to the expected 
strength at the interface to allow the selection of ap
propriate material combinations, construction proce
dures, and spedfications that minimize the chance of 
delamination. The development of these guide
lines is divided into three categories: (1) design, (2) 
specification, and (3) construction. While adherence 
to these guidelines will not guarantee the long-term 
success of the overlay, experience to date has show'n 
that if the overlay does not debond at early ages, 
then the rehabilitation will likely be a success. 
Therefore, the early-age performance, particularly 
with regard to the prevention of debonding, is para
mount to the success of the overlay. 

6.1 DESIGN 

Many criteria are used to determine the most ap
propriate rehabilitation alternative for continuously 
reinforced concrete pavements. Among the criteria 
considered are the condition of the pavement, the 
user costs during construction, traffic handling proce
dures, expected traffic, and life-cycle costs of various 
rehabilitation options. Assuming that after consider
ation of these criteria a bonded overlay is deemed 
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the most appropriate alternative, then every effort 
must be made to ensure that the overlay will per
form as intended. The long-term performance of the 
overlay depends on several factors, which are dis
cussed in considerable detail in Reference 46. If 
these features are taken into account, then the suc
cess of the overlay at early ages is dependent on the 
two design parameters that have the greatest influ
ence on the interface stress. These two parameters 
are the thickness of the overlay and the type and lo
cation of the reinforcement. 

6. J. J Thickness 
The selection of the thickness of the overlay 

must include consideration of four criteria. First, the 
thickness must be sufficient to carry the expected 
traffic. Second, the impact of the thickness on vari
ous physical aspects of the fadlity must be recog
nized. Thickness may affect the cross-slope drainage 
or overhead clearances. These considerations may 
preclude the use of thicker overlays, particularly in 
some urban areas. Limitations on clearances, and 
the increased project costs associated with raising 
overhead structures, would favor the use of thinner 
overlays. These factors are case specific and there
fore will not be included in further discussions. 
Third, the overlay thickness may be considered an 
indicator of the frequency of required maintenance 
and the time to the next major rehabilitation, i.e., the 
long-term performance of the overlay. It is com
monly assumed that, within limits, a thicker overlay 
will last longer with less maintenance than a thin 
overlay placed under similar circumstances. Thus, 
with other things equal, thicker overlays would be 
favored due to the lower life cycle and user costs. 
FinaJly, the early-age influence of overlay thickness 
must be considered. Here the role of thickness in 
increasing or reducing the interfacial stress is consid
ered. Because of the case-specific nature of facility 
considerations and the uncertainty of the long-term 
performance of bonded overlays, oniy the early-age 
structural implications of overlay thickness will be 
considered. 

The results from the FEM analysis of 2- and 4-
inch bonded overlays show that, in some cases, the 



interfacial shear and tensile stresses were lower for 
the 2-inch overlays than for the 4-inch overlays. This 
would lead one to think that the 2-inch overlay 
would be less likely to delaminate than the 4-inch 
overlay. However, an important feature is not the 
calculated stress, but the minimum ratio of the inter
face strength to the stress for a given combination of 
materials. The strength to stress ratios for the mate
rial combinations used on the North and South 
Loops were averaged separately for the 2- and 4-
inch overlays. When this was done for all seasons 
and times of placement, it was found that there was 
no clear superiority between the two thicknesses. 
These data are shown in Table 6.1. Therefore, given 
that a shorter service life is expected from a 2-inch 
overlay, 4-inch overlays have an advantage. 

Limited analyses were conducted on 6-inch over
lays to determine the strength-to-stress ratios for 
thicker overlays. While there is a slight increase in 
the stress in the thicker overlay (about 5 percent), 
the difference in the strength-to-stress ratio is not sig
nificant. Overlays thicker than 4 inches have not 
normally been used because of the additional loss of 
overhead clearance. 

Field experience in the Houston, Texas area has 
shown that 2-, 3-, and 4-inch bonded overlays can 
be successfully placed on existing 8-inch CRC pave
ments under a variety of environmental conditions. 
Current design practice favors the placement of 4-
inch overlays. This decision is predicated on the as
sumption that thicker overlays will last longer than 
thinner overlays and that overlays thicker than 4 
inches cause an unnecessary reduction in overhead 
clearance. However, when overhead clearances are 
not a limiting factor, there is no reason why a 6-inch 
bonded overlay could not be used, based on early
age criteria. Cost is a consideration, however; other 
types of rehabilitation should be considered if a 6-
inch BCO is calculated. 

6. J .2 Reinforcement 
The FEM analysis of reinforcement in bonded 

overlays was severely limited by the implementation 

Table 6.1 

Material 
Combination 

North Loop 

South Loop 

Strength·to-eclge·stress 
ratios for 2· and 4-fnch 
thick overlays similar to 
those placed on the Loop 
IH 610 North and South 
Houston, Texas 

Overlay 
Tb.k:kness 

Stress Z-in. 4-in. --
Shear 9 13 
Tensile 29 13 
Shear 20 21 
Tensile 33 24 
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of the bar elements in the program. Further limiting 
the analysis was the restriction on the total number 
of elements to be used in a given run. When con
sidered together, these restrictions prevented locating 
reinforcement at the actual level of the mesh in the 
field. This limitation is not considered particularly 
damaging in the early-age analysis of overlay, due to 
the low bond stress transfer potential of concrete at 
early ages. Field experience must therefore be relied 
upon to develop guidelines for reinforcement. 

Field experience has shown that overlays can be 
successfully placed using welded wire fabric, steel fi
bers, or no reinforcement. The current design prac
tice in the Texas State Department of Highways and 
Public Transportation (SDHPT) favors the use of steel 
mesh reinforcement in the overlay at the same per
centage as the existing CRC pavement. Steel mesh 
reinforcement is used for two reasons. First, should 
any debonding occur, the mesh will limit the safety 
hazard due to loss of the overlay under traffic by 
keeping the area in place until repairs can be ef
fected. Second, it is felt that the use of the same 
percentage steel in the overlay as was used in the 
existing slab will result in the same crack spacing 
and width in the overlay as was found in the existing 
slab. While the first reason is most certainly sound 
and, in fact, has been shown to be of value in the 
field, the second reason requires some additional dis
cussion. 

The crack pattern in the existing CRC pavement 
developed as a result of the curing temperature, con
crete strength, subbase friction, early-age environ
mental conditions, and years of traffic loading. Even 
if materials similar to those in the existing slab are 
used in the overlay, it is unlikely that a similar pat
tern will develop in the overlay as a result of the use 
of the same amount of steel. The environmental 
conditions, physical dimensions, and the restraint of 
the underlying layers are completely different. It is 
possible, however, that if the cracks in the existing 
slab reflect through the overlay the reinforcement 
will control the crack width in a manner similar to 
that of the existing slab steel. Surveys of in-place 
overlays in Texas have shown, however, that many 
non-reflective cracks form ( 46). 

The presence of the non-reflective cracking 
further compounds the problem of determining the 
influence of the reinforcement. Texas SDHPT 
designs currently allow the mesh to be placed 
directly on the existing CRC. Examination of Figure 
6.1 shows the influence of reinforcement on 
reflective and non-reflective cracks. The usefulness 
of the steel in limiting the crack width in reflective 
cracks is clear. If there is full coverage of the steel, 
two layers work together to limit the crack width. 
However, because of the location of the steel, little 
crack-width control can be gained from the steel in 



BCO BCO 

longitudinal 
Reinforcement 

CRC CRC 

(a) Reflective Crack (b) Non-Reflective Crack 

Figure 6.1 Schematics of the influence of stMI on reflective and non-reflective crack-width control 

the case of the non-reflective crack. Here, the steel 
is located at the bottom of the layer, in what is a 
compressive stress zone. Therefore, if the steel 
continues to be placed directly on the existing slab, 
the main function will remain one of delamination
loss control. It may be possible to prevent the loss 
of any debonded areas under traffic with a lower 
percentage steel than that normally required to 
control crack width and spacing. . 

The impact of the layer of steel mesh at or near 
the interface on the strength of the bond between 
the two layers is not well understood. Logically, the 
introduction of a layer of steel mesh at the interface 
would adversely affect the strength. Only limited 
test results are available, but, when pull-out tests 
were conducted in one study (lOS), no significant 
difference in shear strength could be found when the 
reinforcing mesh was placed on the existing slab or 
at mid-depth in the overlay. 

Although the vast majority of the overlays placed 
in Texas have been placed using steel mesh rein
forcement, experimental sections have been con
structed using steel fibers and using no reinforce
ment. A 2-inch bonded overlay without any 
reinforcement in Houston has been in service for 
seven years without any performance problems. The 
use of steel fiber reinforcement has been tested in 
three separate test sections placed over the course of 
six years. The test sections were placed under a vari
ety of conditions. All are performing well, with little 
or no delamination. 

6.2 SPECIFICATION 

The specification and construction of bonded 
overlays are very important to the early-age success 
of bonded overlay. Since successful overlays have 
been placed using a variety of thicknesses and mate
rials and several different types of reinforcement, it is 
likely that the specification of the overlay and the 
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control of construction are paramount to the success 
of the overlay. There is no one item that is most im
portant to the successful construction of bonded 
overlays and, therefore, the discussion that follows 
covers the construction of a bonded overlay from the 
selection of materials to the curing of the overlay. 

6.2. J Materials 
After the decision has been made to construct a 

bonded overlay, the first step is to select the materi
als for use in the overlay. The FEM analyses dis
cussed previously showed that the use of aggregates 
for the overlay concrete that produce moduli and 
thermal coefficients lower than those found in the 
existing slab results in lower interfacial stresses re
gardless of the time or season of placement. This 
concept was expanded in the last chapter through 
regression analysis, which showed that the interfacial 
stresses can be predicted for a given environment 
with a high degree of accuracy for a combination of 
overlay and existing slab material properties. This is 
important because the aggregate type has the major 
influence on the thermal coefficient and modulus of 
the concrete. A reduction in the elastic modulus of 
the aggregate normally results in a reduction of the 
concrete modulus and the thermal coefficient. This 
may not be the case with certain types of manufac
tured aggregates; however, within the limits of the 
regression analysis, these special cases can be ac
commodated. 

Other materials of interest to the early-age devel
opment of stress in bonded overlays are the cement 
and admixtures used in concrete. In the past, Type I 
cement has been used successfully and, given the 
magnitude of the stresses developed at the interface, 
there does not appear to be a need to use high
early-strength cements. Petrographic analyses of 
cores taken from delaminated areas on Loop IH 610 
North showed the early formation of the products 
commonly associated with alkali-aggregate reactions 



(lo6). The cause of these formations is not known, 
but the importance of maintaining the normal specifi
cation limit on alkali content should be emphasized. 

The use of admixtures of various types is com
mon in concrete pavement construction today. Re
tarders are used to allow adequate time for transport
ing and finishing the low slump concretes commonly 
used with slip form pavers. The influence of these 
retarders, and other admixtures, on the rate of gain 
of interface strength is not known. It can be rea
soned, however, that if the rate of strength gain in 
the concrete is substantially reduced, then the rate of 
interface strength gain will also be reduced. These 
lower strengths make debonding more likely for a 
given set of environmental conditions. 

6.2.2 Surlac:e Preparation 
The next step in the specification of bonded 

overlays is to assure that the existing slab is 
adequately prepared to receive the overlay. 
Adequate preparation must include a thorough 
cleaning of the surface. Bonded overlays have been 
placed successfully on surfaces prepared using shot 
blasting, sand blasting, or coldmilling. The texture is 
much more angular after milling, compared to the 
rounded aggregate surfaces exposed after shot or 
sand blasting (see Figure 6.2). From the standpoint 
of mechanical interlock, the milled surface would be 
more appealing. However, milling relies on a 
fracturing of the surface, which may cause 
microfractures in the remaining material. The 
importance of this feature is not known, but it may 
account for the similar interface shear strengths 

(o) Milled Surface 

(b) Shot Blasted Surface 

Figure 6.2 Schematiu of milled and shot blast 
surfaces with equal texture 
measurements 
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found in milled and blasted surfaces (see Tables 3.10 
and 3.11). Therefore, based on strength alone, there 
is no reason to specify the method of surface 
preparation. 

Consideration should be given to the cost, rate 
of production, and environmental desirability of the 
various alternatives. Cost figures from the Houston 
area overlay projects indicate that the cost of shot 
blasting is about one-half the cost of milling. These 
costs and the rate of production are controlled to 
some extent through the specification of the depth of 
removal or required texture. Shot blasting results in 
less environmental impact from the dust through the 
shot and dust recovery system included in the newer, 
self-contained equipment. These factors will change 
from project to project, but the shot blast technique 
appears to be the most desirable. 

If the method of surface preparation need not be 
specified to insure adequate bond strength, then the 
surface preparation must be specified in terms of the 
depth of surface removal or some standardized tex
ture test method, such as the Texas Sand Patch Test, 
or a combination of the two. Both methods have 
advantages and disadvantages. Texture test methods 
have been standardized and therefore have some 
known repeatability and error. However, they have 
the disadvantage that tests can produce precisely the 
same value of texture for two completely different 
surface preparation techniques that have markedly 
different surface characteristics. These tests do not 
characterize the surface angularity or contour; only 
the average depth of the surface is determined. 
Laboratory and field testing have shown that ad
equate strengths can be obtained using either blast
ing or milling, and therefore this disadvantage is not 
significant. 

The specification of a particular depth of re
moval has the advantage that it assures that all sur
face contaminants are removed and that, if significant 
carbonation has occurred, this material will be re
moved. Also, in areas where salts are used to con
trol ice, the specification of a depth of removal can 
insure that the highly sulfate-contaminated material is 
removed When cold milling is used, determination 
of the thickness removed is relatively easy. How
ever, the depth of removal is sometimes difficult to 
determine when shot or sand blasting is used and 
must depend on the experience of the inspector. 

In summary, the specification of a surface 
preparation method is not necessary to assure bond 
strength. However, to insure that all contaminants 
are removed from the existing slab, a depth of 
removal should be specified. The removal of 1/4 
inch of material is suggested, but a greater depth 
may be necessary in areas where sulfate 
contamination is common. The texture should be 
checked using the Sand Patch Test or an equivalent 



Until other information is available, an average 
texture depth of 0.08 inch is suggested. 

There are other controls which will be used in 
the construction of the overlay. These features will 
be included in the project specifications, but they 
will be discussed in conjunction with the construc
tion of the overlay. 

6.3 CONSTRUCTION 
The control of the construction of the overlay is 

important if the probability of delamination is to be 
reduced. Beyond the normal construction controls 
that are used for any concrete paving job, certain 
controls are required that are specific to bonded 
overlay placement. These construction controls fall 
into three categories. First, there is a need for envi
ronmental controls that provide limits on the time 
and season of placement so that interfacial stresses 
can be minimized. Second, limitations on the bond
ing agent used, and on the condition of the interface 
at the time the overlay concrete is placed, are neces
sary. Finally, special precautions are necessary to in
sure adequate curing of the overlay. 

6.3. I Environmental Controls 
The environmental conditions during and imme

diately after placement of the overlay play a very im
portant role in the development of the interfacial 
stresses. It has already been shown that for a given 
combination of materials in the overlay and existing 
slab, the interfacial shear stress may be increased 
more than 500 percent, simply by placing the overlay 
in the early morning instead of the late afternoon. It 
is therefore prudent to include certain environmental 
controls during construction. 

The analyses indicate that, even under the ex
treme conditions of time and season of placement, 
debonding will not occur. Initially, this would tend 
to indicate that environmental controls are not neces
sary to the success of overlays. However, the inter
face strengths used at the analysis times of 12 and 24 
hours were based on a seven-day interface strength 
value of 200 psi. The results of laboratory testing of 
many different bonded overlay types constructed us
ing a variety of surface preparation techniques and 
bonding agents show that in all cases the mean inter
face shear strength was in excess of 200 psi (see 
Tables 3.10 and 3.11). Theoretically, there should be 
no debonding. 

There is delamination, however, and an 
examination of the standard deviations of the means 
shown in Tables 3.10 and 3.11 indicates one possible 
reason for the occurrence of debonding. The one
tailed confidence intervals for a-levels of 1, 5, and 10 
percent are shown for the shear strengths in Table 
6.2. It can be clearly seen that, with the large 
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standard deviation associated with the shear strength, 
a large percentage of the total population of any 
given type of BCO will fall below the suggested limit 
of 200 psi. Although it cannot be said with certainty, 
it is likely that the failures that have occurred on the 
North Loop came about as the result of low strengths 
combined with severe environmental conditions. 
This concept can best be illustrated by consideration 
of the example discussed below. 

Assume that a 4-inch overlay was placed on the 
North Loop under environmental conditions which 
produced a shear stress at the interface 24 hours af
ter placement of 25 psi. This stress would develop 
in an overlay placed during a winter morning. If the 
interface shear strength throughout the placement is 
200 psi at seven days, then the estimated strength of 
85 psi at 24 hours is adequate and no delamination 
will occur. However, as with other physical quanti
ties, the interface strength has variability. In fact, in 
the case of the interface strength, that variability is 
quite high. 

For example, the average shear strength of 25 
cores taken from the North Loop overlay project six 
months after placement was 387 psi. The standard 
deviation was 155 psi. Assuming the 7-day strength 
is 75 percent of the 6-month strength, then the 
strength at seven days was 290 psi. From Table 3.12, 
the 24-hour strength is one-third of the 7-day 
strength, or in this case 96 psi. If the magnitude of 
the coefficient of variation at 24 hours is assumed to 
be equal to the magnitude of the coefficient at 6 
months, then the standard deviation at 24 hours is 38 
psi. Now assuming that the interface strength is 
normally distributed, the a-level associated with the 
expected stress of 25 psi is 3 percent. Thus, about 3 
percent of the overlay placed under these conditions 
would have an interface strength less than the stress, 
and debonding would result. The computed value is 
reasonable when compared with the extent of 
delamination on the North Loop. The percentage on 
Loop IH 610 North was approximately 1.1 percent. 
The overlay on the North Loop was placed under a 
variety of conditions, which could account for the 
differences. 

The occurrence of debonding can be accounted 
for based on the variability of interfacial strength 
even though the average strength is well above the 
calculated stress. This would naturally lead to the 
desire to increase the interface strength through the 
use of different surface preparation techniques or 
bonding agents. However, research conducted at 
The University of Texas at Austin (94) has shown 
there is no statistical difference among the various 
surface preparation methods or bonding agents com
monly used today. Therefore, if the average inter
face strength cannot be increased, then the variability 



Table 6.2 One-tailed confidence limits for seven-day laboratory shear strength data 

Surface Bonding Mean Shear Confidence Interval 
Preparation Agent Strength (psi) 90% 95% 99% 

Latex 638 
Ught Epoxy 661 
Shot PCC 471 

Blasting None-Dry 488 
None-Wet 430 

Latex 605 
Heavy Epoxy 608 
Shot PCC 746 

Blasting None-Dry 695 
None-Wet 527 

Latex 679 

Cold Epoxy 654 

Milling PCC 530 
None-Dry 46o 
None-Wet 476 

the strength must be reduced or the induced stress 
must be lowered. 

The means by which the variability of the 
strength can be reduced are not known. Research 
conducted at The University of Texas at Austin (94) 
investigated modifying the rate of application of the 
bonding agent and the time from the application of 
the agent to the placement of the overlay. These 
factors did not have a significant effect on the aver
age strength or the variability of that strength. Until 
information can be found on ways of reducing the 
variability of the strength, other means of decreasing 
the occurrence of delamination must be found. 
These other measures rely on reducing the induced 
stresses. 

Environmental controls on the time of construc
tion of bonded overlays provide a means of reducing 
the chance of debonding. Limits must be placed on 
the time of placement of the overlay, which will in
sure that stresses will remain below the expected 
strengths. The technique for implementation of 
these controls is described below. In summary, this 
technique relies on an expected 7-day shear strength 
for the project, as determined by the direct shear test 
method described above. An acceptable level of 
debonding is selected, say one-half of 1 percent, and 
the maximum allowable interface shear stress is de
termined. The allowable shear stress is then com
pared to the stress calculated by the FEM program 
for the materials in the existing slab and those se
lected for use in the overlay. By comparing the al
lowable stress for certain key environmental condi
tions, those seasons and times of placement that 
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346 263 108 
338 264 75 
126 28 -
226 152 13 
183 112 -
473 436 365 
281 188 15 
385 282 90 
56o 522 450 
327 270 164 
459 396 279 
300 200 12 
239 157 2 
146 57 -
258 196 80 

would cause failure are identified and can be 
avoided. Details of the method are described below. 

The first step is to select a reasonable range of 
interface strengths. Seven-day interface shear 
strengths from 100 to 1,000 psi were chosen. Then, 
using the relationship between the 7-day strength 
and 24-hour strength shown in Table 3.12, Figure 6.3 
was developed. This figure shows the maximum al
lowable interfacial shear stress for the 24-hour time 
of analysis. Levels of reliability between 90 and 99.5 
percent are shown. It should be noted that levels of 
reliability greater than 99.5 percent are not possible 
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Figure 6.3 Maximum allowable interface shear 
stress 24 hours after placement for 
various levels of reliability 



because of the high variability of the strengths. The 
allowable shear strength and the assodated tensile 
strength would then be compared to the expected 
stress resulting from a given environmental condition 
to determine if an overlay should be placed. This 
procedure is described below. The equation relating 
7-day shear strength and the maximum allowable 
shear stress is shown below. 

tallow. .. X (S7-day - CJ Zt-a) 

where 

'tallow. 

s7-day 
CJ 

Zt-a 

X "' 

allowable shear stress, 
seven-day shear strength, 
standard deviation of the shear strength, 
Z-score assodated with the desired 
reliability, and 
0.256 for 12-hour analyses, 
0.423 for 24-hour analyses, and 
0.641 for 48-hour analyses. 

The steps for determining if an overlay should 
be placed during a given season and time are as fol
lows: 

(1) Determine the modulus and thermal coeffident 
of the existing pavement. 

(2) Select the thickness, modulus, and thermal coef
fident of the overlay. 

(3) From laboratory testing or experience estimate 
the 7-day interface shear strength. 

(4) Using Figure 6.3, determine the maximum al
lowable interface shear stress for the desired 
level of reliability. The maximum allowable 
tensile stress is one-half the allowable shear 
stress. 

(5) Compare the maximum allowable stresses from 
Step 4 to the maximum expected stress for the 
combination of existing slab and overlay mate
rial properties shown in Table 6.3. 

(6) If the allowable stress is greater than the ex
pected stress for all combinations of environ
ment, debonding will not occur, within the lim
its of the reliability selected. 

An example is given below to further clarify the pro
cedure. 

If the existing CRC pavement was constructed 
from siliceous river gravel concrete, then the modu
lus and the thermal coeffident can be estimated to 
be 6,000,000 psi and O.ooooo6 in./in./"F, respectively. 
H a 4-inch overlay is planned using the same aggre
gate type, then the modulus and thermal coeffident 
of the overlay will equal those of the existing slab. 
Laboratory test results show the direct shear strength 
to be 600 psi at seven days for the combination of 
surface preparation, bonding agent, and overlay con
crete to be used. If one-half of 1 percent delamina
tion can be tolerated, then the maximum allowable 
shear stress at 24 hours after placement is about 20 
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psi and the corresponding allowable tensile stress is 
10 psi. Comparison of these values with the ex
pected stresses, developed in Chapter 5 and summa
rized in Table 6.3, shows that this overlay should not 
be placed during winter or summer mornings. How
ever by changing the overlay aggregate to limestone 
(4,000,000 psi and 0.000004 in./in./"F), this overlay 
could be placed throughout the year. 

When materials used have properties that are not 
directly addressed in Table 6.3, stresses can be calcu
lated using the regression analyses shown in Tables 
5.1 and 5.2. This will allow new materials to be 
considered when overlays are designed. The infer
ential space is limited to concrete moduli of between 
4 and 6 million psi and thermal coefficients of be
tween 0.000004 and 0.000006 in./in./"F. 

6.3.2 Bonding Agents 
The use of bonding agents with overlays is com

mon for many agendes. The laboratory data for la
tex-modified cement grout, epoxy bonding agent, 
and portland cement grout and for overlays placed 
without grout are shown in Tables 3.10 and 3.11. 
Given the magnitude of the standard deviations for 
all combinations, there is no statistical difference in 
the mean shear strengths. Therefore, based on the 
laboratory shear strength data, there is no reason to 
favor one type of bonding agent over another. 

There are differences in the tensile strengths 
shown in Tables 3.10 and 3.11. The tensile strengths 
as characterized by the direct tension test are statisti
cally different; however, when the pull-out test was 
used, no statistical difference was found between 
various bond agents. Thus, there is no reason to fa
vor one bonding agent over the others, based on 
laboratory test results (101). 

Field experience has demonstrated that overlays 
can be placed successfully with or without bonding 
agents. The vast majority of the overlays placed in 
the Houston area have been placed using portland 
cement grout. The application of grout results in a 
slight increase in construction cost, but when prop
erly applied, it appears to work well. There is the 
potential for a problem assodated with the applica
tion of grout, particularly on hot, dry, or windy days. 
The grout may dry before the concrete can be 
placed, effectively creating a layer that prevents, or 
retards, the development of the interface bond. This 
problem can be avoided by specifying that the con
tractor apply grout immediately before placement of 
the concrete and by maintaining vigilant inspection 
to assure the requirement is being met. This spedfi
cation increases the job inspection duties for the 
owner. The problem could be avoided, and the cost 
per square yard reduced, if the need for any bonding 
agent could be eliminated. 



Table 6.3 Calculated streues for winter and summer mornings for 
various combinations of BCO materials 

~~~~ ~~ 
"'4 ~c;,tlf!" ~ 'Mnler Morning Summer Morning 

2 
Shear ensile 

4 II 6 
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6 19 II 4 
4 14 8 

6 6 23 12 4 
4 9 6 

4 
6 17 9 
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6 
A II 7 

6 20 11 

4 11 6 
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4 
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4 
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6 4 11 
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The experimental sections placed withom grout 
in Houston are performing well. With the exception 
of the latex-modified grout, laboratory data indicate 
that no statistical difference exists between shear 
strengths for grout and no-grout specimens. There
fore, it appears that bonded overlays could be 
placed without grout, at a lower cost, without an in
creased risk of delamination. 

6.3.3 Curing . 
Effective curing of concrete is particularly 

important to the success of bonded overlays. Early 
and effective application of the curing compound is 
important for two reasons. First, the curing measures 
will reduce the early-age moisture losses that result 
in increased volume changes, thereby decreasing the 
early-age interfacial stresses. Second, the use of 
curing measures will reduce the likelihood of the 
formation of plastic shrinkage cracks. The formation 
of these cracks is particularly detrimental to the 
bonded overlay because a l-inch-deep shrinkage 
crack in the overlay may constitute 25 percent of the 
total thickness. A crack constituting 25 percent of 
the depth of the concrete is similar to the proportion 
of the concrete thickness sawn when longitudinal 
and transverse joints are formed in new construction. 

8 

13 
6 

10 
7 

12 
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4 2 4 
Shear ensile Shear ensile Shear ensile 

16 12 8 6 9 7 

25 19 12 9 15 12 
18 14 10 7 10 8 

28 21 14 11 17 13 

14 12 8 6 6 6 

23 19 12 9 13 11 
17 13 10 7 7 6 

27 21 14 11 IS 12 

16 13 8 6 9 7 

26 20 12 9 IS 12 

19 14 10 7 10 8 

30 22 15 11 18 14 

15 12 8 6 6 6 

24 19 12 9 13 11 

18 13 10 8 8 7 

29 21 15 11 15 12 

The development of some of the non-reflective 
cracks in the overlay may result from these plastic 
shrinkage cracks. Because FEM analysis showed that 
the stresses in the vicinity of a non-reflective crack 
are similar in magnitude to those near the free edge, 
measures must be taken to avoid the development of 
these cracks at early ages. 

One method for avoiding these cracks is to limit 
the rate of water loss from the fresh concrete. The 
American Concrete Institute presents a nomograph 
(shown in Figure 3.16) to be used to estimate the 
evaporation rate from fresh concrete using the air 
and concrete temperatures, relative humidity, and 
wind speed. The allowable upper limit recom
mended by ACI is 0.2 !b/sq ftlhour. Unless special 
measures over and above those for the normal 
double application of curing compound (120 sq ft/ 
gallon) are taken, overlay placement should not be 
allowed when the evaporation rate is above 0.2 lb/sq 
ftlhour. These special measures would include wet 
blankets or fog curing. 

6.4 SUMMARY 

The evaluation of the previous chapter is applied 
to the design, specification, and construction of 



bonded overlays. Based on the early-age analysis 
and field performance, overlays could be constructed 
at thicknesses of 2, 4, or 6 inches using steel mesh. 
Field performance of plain and fiber reinforced ex
perimental sections indicates that these combinations 
could be used successfully. The modulus and ther
mal coefficient of the overlay should be less than ·the 
modulus and thermal coefficient of the existing slab. 
No significant difference in interface strength can be 
found as the result of the use of shot blasting or cold 
milling surface preparation techniques, and therefore 
either could be used successfully. A depth of re
moval and an average texture depth should be speci
fied. 
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The season and time of placement construction 
control that relies on the expected 7-day strength for 
a given combination of surface preparation, bonding 
agent, and concrete mixture is presented. This tech
nique utilizes the stresses calculated by the FEM pro
gram for a specific set of environmental conditions 
and an acceptable level of delamination to isolate 
feasible times and seasons of placement. A bonding 
agent does not appear to be necessary for the suc
cess of bonded overlays at early ages. Curing mea
sures are required to reduce the chance of delamina
tion and the ACI evaporation rate limit of 0.2 lb/sq 
ft;bour is recommended for use during the construc
tion of bonded overlays. 



CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 

The objective of this study was to insure that 
bonded concrete overlays remain a viable option for 
the rehabilitation of continuously reinforced concrete 
pavements. One means of insuring that bonded 
overlays remain in the repertoire of pavement de
signers is to reduce the chance of delamination. The 
main task of this study was to develop a procedure 
that would reduce the risk of bonded overlay 
delamination. To that end, recommendations for the 
design, specification, and construction of bonded 
overlays that limit the likelihood of debonding were 
prepared. Specific conclusions and recommenda
tions resulting from the development of the proce
dure are discussed below. 

7.1 CONCLUSIONS 

The recommendations for procedures to prevent 
early-age delamination of bonded overlays were de
veloped based on several conclusions regarding the 
characteristics of the pavement system at early ages. 
These conclusions are summarized below. 

7. J. J Case Studies 
After a review of several bonded overlay projects 

placed over the last 30 years, the following conclu
sions were reached. 

(1) Debonding of overlays is an early-age phenom
enon. When a specific effort is made, 
debonding can be found less than 24 hours af
ter placement. 

(2) All debonding can be found adjacent to either a 
longitudinal or a transverse crack or the free 
edge. 

(3) Although not the only cause, some early-age 
cracking in the overlay can be attributed to ex
cessive loss of moisture and the associated vol
ume change. 

(4) Most researchers agree that long-term traffic 
loadings do not cause the propagation of 
delamination. 

(5) Any zone of delamination represents a signifi
cant departure from the design assumptions of 
bonded overlays. Debonding increases the 
stresses and there is a substantial reduction in 
the life of the overlay. 
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The case studies led to a review of available model
ing techniques. 

7. J .2 Modeling Techniques 
Modeling techniques were examined for both the 

pavement system and the environmental conditions 
at or near the time of overlay placement. Study of 
these modeling techniques led to the following con
clusions. 

(1) Currently available closed-form solutions are 
not capable of assessing the overlay-existing
slab system with sufficient accuracy. 

(2) Two-dimensional plane strain analyses are ap
propriate for the analysis of thermal stress prob
lems of the type presented herein. 

(3) Two cross sections, one parallel and one per
pendicular to the flow of traffic, are adequate 
for evaluation of the critical free edge and inte
rior cmcks. 

( 4) The placement of an overlay effectively rede
fines the curing temperature of existing CRC 
pavement through the imposition of restraint at 
the surface. This new curing temperature is 
equal to the temperature in the base slab at the 
time the overlay begins to resist stress. 

(5) By assuming adiabatic conditions, the tempera
ture throughout the pavement can be estimated 
for a given time and diurnal temperature 
change. 

These modeling techniques require the selection of a 
variety of inputs. The inputs are described below. 

7. J .3 Analysis Inputs 

The review of literature and laboratory results 
led to the following conclusions regarding the use of 
material properties and environmental conditions at 
early ages. 

(1) Shrinkage does not play an important role in 
the development of interfacial stresses at early 
ages. This conclusion is predicated on the as
sumption that normal curing measures are used 
soon after placement of the overlay. 

(2) When overlays were placed using epoxy, latex
modified grout, portland cement grout, or no 
grout as the bonding agent, there was no 



statistical difference found in interface shear 
strength between light and heavy shot blasting 
and cold milling . 

(3) Interface strength is highly variable, as evi
denced by coefficienrs of variation in excess of 
30 percent for all interface test methods used in 
the laboratory study. 

( 4) The rate of interface strength gain is assumed to 
be equal to the rate of strength gain in con
crete. 

(5) The interfacial tensile strength can be assumed 
to be equal to one-half the shear strength at any 
given time. 

(6) Higher temperature gradienrs result when over
lays are placed in the morning than result when 
overlays are placed in the afternoon. 

Based on the conclusions reached regarding the 
inpurs, the analysis and evaluation of bonded over
lays at early ages proceeded and the following con
clusions were reached. 

T. J .4 Analysis Results 
(1) Tensile and shear stresses are concentrated at or 

near the interface in the vicinity of cracks or a 
free edge. 

(2) Extremes in seasonal and diurnal temperature 
variations result in thermal stresses of less than 
40 psi in the most severe cases examined. 

(3) The average interface tensile and shear 
strengths are at least two times the calculated 
interfacial stresses. 

(4) Cracks in the existing CRC pavement" will 
propagate through the overlay unless cracking 
initiated at the surface of the overlay relieves 
the stress. This surface-based cracking could 
result from plastic shrinkage. 

(5) Interface shear and tensile stresses are higher in 
the vicinity of reflective and non-reflective 
cracks than at the free edge. 

(6) Regression analyses can be used to estimate the 
interface stresses for overlay material combina
tions within the designated inferential space that 
were not directly considered in the analysis. 

When considered in total, conclusions resulting 
from the analysis led to the development of the rec
ommendations described below. 

7.2 RECOMMENDATIONS 

The recommendations presented herein are case 
specific, in that they result from an examination of 
the early-age characteristics of bonded overlays. Be
fore proceeding with the design or construction of a 
bonded overlay, the long-term performance charac
teristics of this rehabilitation option must be consid
ered. 
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7.2. J Design, SpeciFication, oncJ 
Construction ol Bondecl Overlays 

Based on the early-age analysis conducted in this 
study, the following recommendations related to the 
design, specification, and construction of bonded 
overlays are provided. 

(1) Overlays of 2, 4, or 6 inches can be con
structed. There is no more likelihood of 
delamination in any one thickness than another. 

(2) Overlay reinforcement may consist of steel fiber 
or steel mesh, and overlays may be placed 
without reinforcement However, steel mesh is 
superior in the retention of debonded areas 
should that need arise. 

(3) Type I cemenrs may be used, but adherence to 
specified alkali limirs is considered important to 
successful overlays. 

( 4) Overlays may be placed using concretes con
taining retarders; however, care must be taken 
to avoid any admixtures that cause unnecessary 
reduction in the rate of strength gain. 

(5) Overlay concrete aggregates should be selected 
which will result in the overlay thermal coeffi
cient being less than the existing slab thermal 
coefficient. 

(6) Adequate surface preparation will result from 
the use of shot blasting equipment provided a 
depth of removal of 0.25 inch is specified and 
the resulting average texture depth is 0.08 inch. 

(7) Adequate interfacial strengths resul£ from the 
use of any of the bonding agenrs examined in 
this study. If bonding agents are used, then 
care must be taken to insure that the agent does 
not dry prior to the placement of the overlay. 

(8) Curing measures should insure that plastic 
shrinkage cracking does not occur. A double 
application of curing compound at the com
bined rate of 120 sq ft per gallon is recom
mended. If the ACI evaporation rate exceeds 
0.2 lb/hr/ft2, then special curing measures, such 
as fogging or curing blankers, should be ap
plied. 

(9) The procedure outlined herein should be used 
to compare the maximum allowable stress to 
the calculated stress for the extreme environ
mental conditions. If the comparison indicates 
delamination is likely, then alternate placement 
times should be selected. 

7.2.2 Further Research 
Although the conclusions and recommendations 

presented above are based on sound analysis and 
evaluation, certain features of the analysis could be 
improved through additional research. 



(1) Better test procedures should be developed to 
characterize the interface shear and tensile 
strength. These methods should have lower co
efficients of variation. Also, additional testing 
should be conducted to determine if the rate of 
interface strength gain can be related to the rate 
of strength gain of the concrete itself. 

(2) The spectral analysis of surface waves 
technique as applied to the characterization of 
the early-age modulus in concrete should be 
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incorporated into the analysis as results become 
available. 

(3) The computer program NSLIP should be modi
fied to allow the influence of steel reinforce
ment to be incorporated in the analysis. 

( 4) Additional field data should be collected to con
firm that the variation of temperature with 
depth in new overlays is as assumed in this 
analysis. 
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