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PREFACE 

Even though asphaltic concrete overlays on port­
land cement (PC) concrete have been used for some 
time, the use of bonded concrete overlays is rela­
tively new in Texas. At the time of this report, 
bonded concrete overlays (BCO) had not been used 
on jointed concrete in Texas but had been placed 
only on continuously reinforced concrete paving. Be­
cause of this lack of experience, it became important 
to develop information on this type of rehabilitation. 
This report includes performance evaluations of BCO 
placed in Houston; studies stress development in 
BCO due to environmental stress as well as traffic 
loading; discusses the development of an empirical-

mechanistic design procedure for bonded concrete 
overlays on continuously reinforced concrete pave­
ments; and identifies construction parameters impor­
tant during the early age of the pavement. As the 
bonded concrete overlays were placed on the con­
tinuously reinforced concrete, the construction in­
cluded several experimental features. Therefore, the 
performance evaluations included observations of 
BCO containing different aggregate types, grout or 
no grout, different types of reinforcing, different sur­
face treatments of the existing pavement, and various 
types of bonding agents. 

LIST OF REPORTS 

Research Report 1205-1, "An Empirical-Mechanis­
tic Design Method Using Bonded Concrete Overb.ys 
for the Rehabilitation of Pavement.'>," by Willem A. 
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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 
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Fowler, presents a study of the delamination phe­
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construction and material techniques to reduce 
delamination. january 1991. 
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tion of Bonded Concrete Overlays," by Willem Van 
Metzinger, James R. Lundy, B. Frank McCullough, 
and David W. Fowler, presents an evaluation of the 
early-age performance of bonded concrete overlays 
and documenL<> the development of a design model 
for bonded concrete overlays. January 1991. 

ABSTRACT 

This report summarizes studies of the perfor­
mance of bonded concrete overlays (BCO), develops 
information on the failure mechanism of BCO, and 
documents an improved design model for BCO. 
Three pavements that received BCO placed in Hous­
ton, Texas, were closely observed, and the perfor­
mance of these pavements was studied. The oldest 
of these pavements was about seven years, and per­
formance information on the older BCO pavements 

was used, not only in the development of a design 
model but also in suggested specifications that were 
adopted in the construction of the third BCO. The 
study of the failure mechanism examined the mecha­
nisms that cause delamination and cracking. This 
study of the failure mechanism permitted the devel­
opment of a design procedure through the use of a 
finite-element program. 



SUMMARY 

As the fourth and final report for this project, 
this report summarizes the previous three reports. 
The report evaluates the field performance of in­
place bonded concrete overlays in Houston, Texas, 
evaluates a finite-element program, uses the finite­
element program to model a bonded concrete 
overlay on continuously reinforced concrete paving, 
evaluates the environmental stresses in the overlay, 
and identifies construction control procedures which 

may be used in specifications. Observations and 
analysis developed in this project indicate that 
delamination between the old and new material is a 
phenomenon which is probably an early-age 
problem associated with environmental loading. 
Observations also show that reinforcing type, 
thickness, and aggregate all influence transverse 
crack development, which relates to interface stresses 
at early ages. 

IMPLEMENTATION STATEMENT 

In this project, some consideration has been 
given to evaluating existing pavements to determine 
the feasibility of applying bonded concrete overlays. 
It is suggested that this technique be considered for 
use. The design system proposed in this study can 

tv 

.be used in the design of bonded concrete overlays 
on continuously reinforced concrete pavement. Sev­
eral recommendations concerning construction con­
trol have also been offered, and these recommenda­
tions are suggested for use. 
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CHAPTER 1. INTRODUCTION 

1.1 BACKGROUND 

In the United States, many sections of the Inter­
state highway system are nearing the end of their de­
sign lives. The structural and functional capability of 
these highways can be improved by either ongoing 
maintenance, rehabilitation, or reconstruction. Reha­
bilitation has become an important factor in the In­
terstate system because it improves riding quality as 
well as structural capacity at a lower cost than recon­
struction. When properly implemented, rehabilitation 
is also more permanent and effective than routine 
maintenance. The Interstate system consists of vari­
ous types of pavement structures. Some are flexible 
pavements, where asphalt concrete is normally the 
wearing surface, while others are rigid pavements, 
where the surface layer is portland cement concrete. 
This study is mainly concerned with portland cement 
concrete pavement rehabilitation, specifically bonded 
concrete overlays (BCO) on existing continuously re­
inforced portland cement concrete pavements. 

Various concrete overlay design procedures are 
available for engineers to use. Most of these design 
procedures are based on the Corps of Engineers De­
sign Procedure. This procedure was mainly devel­
oped for overlays of airport pavement structures, 
which differ considerably in size and type of loading 
from highway overlays. Two main factors need to 
be considered when overlays are designed for high­
way applications. The first is the design system used 
to obtain an overlay thickness. The second factor is 
establishing how long the overlaid system will last. 
Current procedures give some indication based on 
limited empirical results. 

In order to evaluate the long-term performance 
of the pavement structure, the failure mechanism 
should be known. This failure mechanism can then 
aid in understanding the problems associated with 
design and construction practices. The two main 
distress modes associated with BCO are cracking and 
delamination. The accepted cracking mechanism of 
overlays is based on empirical results or engineering 
judgment. Bonded concrete overlays are meant to 
produce reflective cracking that will coincide with 
the cracks in the existing pavement. This, however, 
does not always happen. Experimental bonded 
concrete overlay sections under surveillance in 
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Houston did not always provide reflective cracking. 
The currently assumed mechanism of crack 
formation is, therefore, not always applicable. 
Another field observation that influenced the long­
term performance of bonded concrete overlays was 
the detection of delamination, as well as punchouts, 
occurring in overlaid structures on IH 610 in 
Houston. Cracking and delamination are, therefore, 
important parameters that should be investigated and 
controlled in the design and construction of bonded 
concrete overlays. 

The above paragraphs have shown the status of 
bonded concrete overlays in the Interstate system 
and also some of the problems with the design of 
bonded concrete overlays. 

1.2 PURPOSE OF THE STUDY 

The main purpose of the study was to evaluate 
the early-age performance of and to develop a de­
sign model for bonded concrete overlays. The study 
involves characterizing failure mechanisms that cause 
delamination and cracking in bonded concrete over­
lays. By establishing the failure mechanisms, a de­
sign procedure can be developed to improve current 
design procedures as well as to improve the predic­
tion of long-term performance of bonded concrete 
overlaid systems. Construction specifications can be 
developed from the early-age analysis to improve the 
long-term performance of BCO. 

1.3 SCOPE OF THE STUDY 

The objective of this study was to investigate 
BCO failures observed on pavements on the North 
Loop and the South Loop of IH-610 in Houston. 
Field observations were made, surveys were 
conducted, and the data were used to model BCO. 
A finite-element method (FEM) program was 
developed to model the behavior of BCO during 
early ages as well as the influence of wheel and 
environmental loading at later ages. Stress equations 
were developed for the design of overlay thickness. 
The equations were also used to develop criteria for 
selecting BCO as a rehabilitation method. 
Construction controls were developed from the 



early-age analysis to be used in specifications for 
construction of BCO. The design method and 
construction controls were used in an example to 
illustrate the procedures developed. Finally, some 
conclusions and recommendations are made. 

The specific objectives were: 

(1) to model phenomena observed on overlays in 
Houston, with specific reference to cracking be­
havior and delamination; 

(2) to accurately analyze the behavior of bonded 
concrete overlays at early ages, as well as to 
analyze the overlay after it is opened to traffic; 

(3) to develop a rational method for establishing 
when a BCO should be placed in favor of re­
construction or unbonded overlays; 

(4) to develop an easily usable design procedure 
for bonded concrete overlays incorporating the 
above factors; and 

(5) to develop construction controls for specifica­
tions. 

1.4 SCOPE OF THE REPORT 

Chapter 1 discusses the background, purpose, 
and scope of the report. 
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Chapter 2 evaluates the field performance of 
BCO in Houston, looking at early-age performance 
as well as long-term performance with specific atten­
tion to delamination and cracking. 

Chapter 3 evaluates an FEM program which was 
used to model a BCO placed on a continuously rein­
forced concrete pavement. 

Chapter 4 evaluates stress development in BCO 
as a result of environmental stress during the early 
ages as well as that resulting from traffic and envi­
ronmental stresses at later stages. 

Chapter 5 discusses the development of an 
empirical-mechanistic design procedure for BCO. A 
design procedure for BCO, as well as a long-term 
performance prediction model, is proposed. 

Chapter 6 identifies construction control param­
eters that are important in the development of BCO 
during the early stages of its life. 

Chapter 7 discusses a case study that illustrates 
the design procedure and defines construction con­
trols for a section placed on the South Loop in Hous­
ton. 

Chapter 8 discusses conclusions from this study 
and presents recommendations for future work 



CHAPTER 2. ANALYSIS OF FIELD PERFORMANCE OF BONDED 
CONCRETE OVERLAYS IN HOUSTON, TEXAS 

2.1 INTRODUCTION 

In order to evaluate the performance of the 
pavement, empirical data are needed to evaluate the 
long-term performance of bonded concrete overlays, 
and these data should be tied in with stress equa­
tions to complete a design model. Field data are 
normally very difficult to interpret, and the param­
eters necessary to explain the variability are not ob­
tained in every case. However, the field data are 
normally the only means for establishing the long­
term performance of a pavement. Furthermore, field 
data show types of failures which can then be mod­
eled. These models can then be used to improve 
the design procedure and construction specifications. 
The data in this analysis were obtained from surveys 
done on Loop IH-610 North and South in Houston. 

Survey procedures done on test sections in 
Houston include a visual condition survey to estab­
lish the (1) longitudinal crack length, (2) number of 
transverse cracks, and (3) extent of delamination. 
Transverse and longitudinal cracks were recorded on 
paper; from these notations the number of cracks 
and the lengths were obtained. Delamination was 
detected using sounding techniques. On test sec­
tions in Houston, reinforcing bars were used to 
"sound" the pavement. The bars were dropped from 
about 6 inches above the pavement surface. A solid 
sound indicated a non-delaminated area, while a hol­
low sound indicated a delaminated area. 

Figure 2.1 shows a layout of the Houston area, 
indicating the test sections surveyed. The surveys 
were also normally accompanied by falling weight 
deflectometer readings at various intervals. The fall­
ing weight deflectometer readings give an indication 
of the modulus values of the different layers in the 
system. 

2.2 DELAMINATION 

Delamination of bonded concrete overlays in 
Texas was first noticed on Loop IH-610 North in 
March 1987. Condition surveys were conducted on 
the inside two lanes in both directions. The time at 
which the delamination took place was uncertain, 
because while it was detected several months after 
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construction, no sounding tests were done between 
the time of construction and March 1987. On the 2-
inch and 3-inch sections on the South Loop, delami­
nation was detected on the two inside lanes. Only a 
very small percentage of delamination was reported, 
and, again, the sounding survey did not occur until 
several years after placement. The question, then, is 
whether delamination is a progressive failure of 
bonded concrete overlays which can ultimately lead 
to total failure, or whether it is an early age phenom­
enon which is not progressive but which may in­
crease the required maintenance on the overlay. 

2.2. J Early-Age Analysis 
Other researchers have reported that delamina­

tion occurs early in the life of the overlay. Corrobo­
ration of this information came about through early 
observations of a bonded overlay placed on Loop IH 
610 South. Researchers from the Center for Trans­
portation Research were on site during the construc­
tion of several test sections that were included in the 
5.5-mile bonded overlay project. Delaminated areas 
were discovered within 24 hours after placement in 
two of the test sections. Before trafficking, the 
debonding had progressed to encompass nearly 50 
percent of the overlay in some test sections. The 
progression of the delamination can be seen in Fig­
ure 2.2. These two sections were eventually re­
moved and replaced. 

Delamination of the Loop IH 610 South test sec­
tions was always located adjacent to a joint or crack. 
This can be seen in the schematic of one of the sec­
tions shown in Figure 2.3. A similar pattern of del­
amination was found in debonded areas on the Loop 
IH-610 North. 

2.2.2 Long·Term Analysis 
The purpose of the long-term analysis is to com­

pare three successive delamination surveys on the 
North Loop and establish whether the delamination 
was progressive. This will aid in establishing the sig­
nificance of delamination in long-term performance 
of bonded concrete overlays. The data obtained 
from surveys were the time and traffic loadings since 
construction, aggregate type (siliceous river gravel or 
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Figure 2.1 Test sections surveyed in Houston on the North 
and South Loops of Interstate Highway 61 0 
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same trends exist for each survey. An analysis of 
variance was completed for each survey year sepa­
rately. The results showed that aggregate type was 
significant in each year and that for the 1990 survey, 
the direction and lane interaction were also signifi­
cant. This means that a significant amount of the 
variability in the model is described by the aggregate 
type. Siliceous river gravel (SRG) experienced 
higher delamination than the limestone (LS). How­
ever, about 85 percent of the project was constructed 
using siliceous river gravel (SRG) aggregate. The 
SRG overlay was therefore exposed to a much wider 
range of conditions than the LS overlay. 

The time of placement varied and, therefore, the 
environmental factors could have had considerable 
influence on the fact that SRG showed much higher 
delamination. However, it can be concluded only 
that there was a difference in delamination between 
SRG and limestone for the test sections surveyed. 

2.2.2.2 Analysis of Full Factorial 

An analysis of the full factorial was completed 
12 ft and provided two interactions that were significant: 

the interaction of direction with traffic and direction 
with time. The conceptual model for this analysis is: 

12ft 

figure 2.3 Schematic of test section showing 
typical loaction of debonding 

limestone), grout or no 
grout, type of reinforce­
ment (wire or fiber), di­
rection (east or west), 
lane, and temperature 
differential between the 
air temperature at the 
time of placement and 
the lowest temperature 
during the first night fol­
lowing the day of con­
struction. Fourteen 
lane-miles were divided 
into 100-foot analysis 
sections. 

2.2.2. 1 Analysis of 
Each Year 
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Figures 2.5 and 2.6 (page 6) show the average 
percentage of delamination by direction and time, 

March 1988 March 1990 

I to 690 I to 690 

Figure 2.4 shows 
the average percent del­
amination along the 
length of the project for 
the three different sur­
veys. It can be seen 
from the figure that the 

figure 2.4 Delamination survey results for each of the three years 
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and direction and traffic, respectively. The time lev­
els selected were 6 to 24 months as low, 25 to 42 
months as medium, and 43 to 54 months as high. 
The traffic levels selected were 0 to 500,000 ESAL as 
low, 500,000 to 900,000 ESAL as medium, and 
900,000 to 1,600,000 ESAL as high. 
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Figure 2.5 

Time level 

Interaction of direction and time since 
placement 

• Westbound 
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0 ~i--1---'--......... 
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Figure 2.6 Interaction of direction and traffic 

It is evident from these two figures that no real 
trend exists between delamination and traffic or time, 
but that the directional factor is very important. The 
data obtained from both the east and west directions 
were constructed over a variety of conditions. 

Table 2.1 shows an analysis of variance of only 
the main effects. It shows that the direction, rein­
forcing, aggregate, and temperature differences be­
tween temperature at placement and minimum tem­
perature during the first night after placement are all 
significant. The conceptual model is: 

6 

% Delamination flDirection, Reinforcing, 
Aggregate, Temperature 
Differential}. 

2.2.2. 3 T-Test and Analysis of Variance 
Student t-tests between the percent delamination 

of March 1988 versus March 1987, March 1990 versus 
March 1987, and March 1990 versus March 1988 
were run, and no significant differences were found 
between any of these. The results of the t-tests are 
shown in Table 2.2. 

Table 2.2, together with the conceptual model 
shown in the previous section, implies that delamina­
tion is not progressive in this project and that early­
age variables, of which temperature difference is an 
indicator, are important. It is, therefore, concluded 
that delamination is an early-age phenomenon. 

2.2.2.4 Conclusions 
It can, therefore, be concluded that delamination 

of bonded concrete overlays is an early-age problem 
that probably occurs during the first few weeks after 
construction. Delamination is not progressive, but its 
influence on the long-term performance of the pave­
ment is uncertain, and delaminated areas may ulti­
mately need maintenance before areas that are not 
delaminated. 

2.3 TRANSVERSE CRACKING 

It is generally assumed that transverse cracks re­
flect through the BCO after placement. However, an 
investigation of 2- and 3-inch BCO test sections 
showed that this is not always the case. These sec­
tions were constructed on an 8-inch CRC pavement 
located on Loop IH 610 South (see Figure 2.1). Fac­
tors investigated were reinforcement and thickness. 
The combination shown in Table 2.3 was constructed 
in 1983. Wire-reinforced sections were reinforced 
with the same percentage reinforcing as the existing 
pavement section, and the concrete was expected to 
react in the same way as the original pavement did. 
This increases the probability of reflective cracking, 
as is evidenced by Table 2.3, in which the average 
crack spacings between before- and after-overlay 
data are not significantly different. Fiber-reinforced 
concrete is a different material, resulting in a signifi­
cantly different average crack spacing. 

The North Loop data are evaluated by dividing 
the analysis into an annual analysis, a combined 
analysis with all variables, and, finally, an analysis 
without direction and lane, to evaluate the progres­
sion of increase in the number of cracks per 100-foot 
section. 



Table 2.1 Analysis of variance for delamination 

Source DF SumofSquare MeanSquare F-Value PR> F 

Model 8 1.580 197 25.4 0.0001 

===~=~,;,~,~ :: ,;,~;;,:,::::::: ,;~,~;::::::::::::m::::::::::::m::::i:::::::::m::::::::::::::,:::=:·:::::::::::::::::·:'::.:,::: :::.:::,: 
Source DF Sum of Square F-Value PR>F Significant 

Direction 1 822.196 105.76 0.0001 

Lane 1 0.074 O.Ql 0.9220 

Reinforcing 1 270.865 47.71 0.0001 

Aggregate 1 240.696 30.96 0.0001 
Grout 1 16.149 2.08 0.1497 
Traffic 1 22.565 2.90 00886 

Time 1 19.143 2.46 0.1168 

Temp Difference 1 81.934 10.54 0.0012 

Table 2.2 T-test analysis of differences = 0 

Comparison Mean Std Error T Prob >IT I 

Delamination 1988- Delamination 1987 0.0071 O.CX147 0.1096 09128 
Delamination 1990- Delamination 1987 O.o634 0.0841 0.7532 0.4516 
Delamination 1990- Delamination 1988 O.()(J87 00923 0.7444 0.4570 

Table 2.3 Before· and after-overlay average 
crack spacing 

Avg Before-Overlay 
Crack Spacing 

Section (fi) 

2-in. Nonreinforced 2.3 
2-in. Reinforced 1.8 
3-in. Reinforced 2.3 
3-in. Fiber Reinforced 2.4 
2-in. Fiber Reinforced 4.9 

Avg After-Overlay 
Crack Spacing 

(fi) 

30 
1.4 
2.7 

10 9 
45.7 

After-overlay crack spacings were calculated as the average 
of November 1984 and April 1990 crack spacings due to 
no statistical difference between the two. 

Yes 

No 

Yes 

Yes 

No 

No 

No 

Yes 

Significant 

No 
No 
No 

2.3. r Analysis ol Each Survey 
In an analysis of variance study of each survey, 

the most important parameter obtained from the 
analysis is the aggregate type which was significant 
in all three years. Titis suggests that the initial crack 
development depends on the aggregate type used. 
This pattern of crack development is very similar to 
that of newly constructed, continuously reinforced 
concrete pavements. In general, concrete made with 
siliceous river gravel shows more cracking than con­
crete made with limestone aggregate (Ref 1). 

2.3.2 Student t-Tests ol DiFFerences 
Between Surveys 

7 

Comparison of t-tests for various years showed 
that no significant difference exists between March 
1987 and March 1988 data. As can be seen from 
Table 2.4 (page 8), the analysis of 1990 data showed 
a significant increase above those of 1987 and 1988. 

While this analysis indicates a significant increase 
in the number of transverse cracks in each section, it 
does not consider the influence of delamination on 
the development of cracking. An analysis must, 



Table 2.4 Student t-test results to determine whether the number of transverse 
cracks is the same between surveys 

Comparison 

TCracks 1988- TCracks 1987 
TCracks 1990- TCracks 1987 
TCracks 1990- TCracks 1988 

Mean 

- 1.3084 
5.5211 
6.3913 

Std Error 

0.6912 
0.6016 
0.6710 

T 

- 1.8930 
9.1775 
9.5244 

Prob >IT I 

0.0589 
0.0001 
0.0001 

Significant 

No 
Yes 
Yes 

therefore, include the study of transverse cracks in 
delaminated versus non-delaminated areas as well as 
a comparison of the different analysis years. 

2.3.3 Analysis Without Direction and 
Lane 

The next step in the analysis was to model trans­
verse cracking in delaminated and non-delaminated 
areas. Table 2.5 shows the analysis of variance 
CANOVA) of only the main effects of transverse 
cracks without direction and lane. Significance exists 
in the reinforcing, aggregate, time, and temperature 
differential. A conceptual model for this analysis is: 

# Transverse Cracks = f{Reinforcing, Aggregate, 
Time, Temperature 
Differential). 

When the time is plotted against the number of 
transverse cracks, no real trend exists. In an analysis 
with interactions, the interaction of reinforcing with 
time was also significant. Twenty percent of the 
variability is explained, and a plot of the residuals 
versus predicted values of the model showed that 
the model explains the data sufficiently. It must then 
be assumed that factors not measured by these data 
are responsible for the rest of the variability in the 
development of the transverse cracks. The by-year 
analysis showed that the aggregate type is significant. 
It must, therefore, be assumed that the development 
of cracking is dependent on the aggregate type and 
reinforcing used in the pavement, which is the same 
conclusion made from the 2-inch and 3-inch test sec­
tions on the IH-610 South Loop. 

The time factor is also significant and will give 
an indication of the development of transverse cracks 
with time. Figure 2. 7 shows a plot of the average 
number of transverse cracks per 100-foot section ver­
sus the year of analysis. A student Newman-Keuls 
test was performed on the averages and showed that 
all three surveys are significantly different from each 
other. It can, therefore, be concluded that no real 
trend exists between the transverse cracks and year 
of analysis. This may be due to the variability asso­
ciated with measurements and operators. Factors 
such as misalignment of analysis sections among the 
three different condition surveys can cause variability 
not explained by the model. During the 1988 and 
1990 surveys, data were collected using a vehicle­
mounted video camera traveling at approximately 50 
mph. Analysis sections within the project were lo­
cated by reference to the vehicular fifth-wheel and 
bridge ends. It is possible that some of the variabil­
ity in the analysis can be assigned to the misalign­
ment of the sections during data reductions. An 
analysis was also made of the delaminated and non­
delaminated areas. These analyses are discussed in 
the next paragraphs. 

2.3.4 Analysis of Delaminated Areas 
The analysis showed that the aggregate type, the 

difference between the air temperature and lowest 
ambient temperature during the first night after 
placement, and an interaction between temperature 
difference and reinforcing are significant. This again 
suggests that the cracking in delaminated areas de­
pends on the early-age factors and the aggregate 

Table 2.5 ANOV A for transverse cracking excluding direction and lane 

Source DF Sum of Square Mean Square F-Value PR > F 

Model 6 61,219 10,203 66.1 o.oo:n 

Source DF Sum of Square F-Value PR> F Significant 

Reinforcing 32,179.12 208.48 O.OO:ll Yes 

Aggregate 1 16.337 77 105.85 0.0001 Yes 

Grout 1 4.59 0.03 08631 No 

Traffic 1 200.49 1.30 0.2545 No 

Time 1 2,687.02 17.41 0.0001 Yes 

Temp Difference 1 6,107.22 39.57 o.oo:n Yes 

8 
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Figure 2.7 Average number of transverse cracks 
per 1 OO·foot section for delaminated 
and non-delaminated areas 

type. These are very much the same as the results 
of the by-year analysis completed previously. The 
model explains only 15 percent of the variability. 

Figure 2.8 shows the average number of trans­
verse cracks per section for delaminated sections. A 
student Newman-Keuls test was done to compare the 
means of each different survey year. This test 
showed a significant difference in transverse cracking 
between the 1990 and the 1987 and 1988 survey re­
sults. No significant difference was found between 
the 1987 and 1988 results. It can be seen from 
Figure 2.6 that an increasing trend exists between the 
number of transverse cracks and time. We can there­
fore conclude that transverse cracks increase signifi­
cantly in delaminated areas. The development of 
this cracking will be discussed later when a stress 
analysis of delaminated pavements is made. 
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2.3.5 Analysis ol Non-Delaminated 
Areas 

The same analysis procedure used for delami­
nated areas was used for non-delaminated areas. 
The conceptual model can be illustrated by the fol­
lowing equation: 

% Delamination = flAggregate, Analysis Year). 

Only the aggregate and analysis year were found 
to be significant. The aggregate was also significant 
for the by-year analysis, which again shows the dif­
ference in crack development for different aggre­
gates. A student Newman-Keuls test was performed 
to compare the average number of transverse cracks 
per section for each year. It showed significant dif­
ferences between all three years in which condition 
surveys were performed. Figure 2.9 shows a plot of 
the average number of cracks versus time of survey. 
It is evident that nothing constructive can be con­
cluded from this information. Further surveys will be 
needed to evaluate any trend that may exist in the 
development of transverse cracks. These surveys 
should be conducted after a few years to see if the 
effect of traffic and time are significant or if these 
effects are important only in delaminated areas. 
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Figure 2.9 Average number of transverse cracks 
per 1 OO·foot section for non· 
delaminated areas 

The model describes 23 percent of the variabil­
ity. Again, it can be concluded that factors not mea­
sured in these data are responsible for this low 
percentage. 

2.3.6 Conclusions 
Based on the analyses described above, it can be 

concluded that transverse cracks increase in delami­
nated areas, while no statistic::tl evidence were found 
that transverse cracks increased in non-delaminated 



areas. It is also concluded that further surveys are 
needed to evaluate the development of transverse 
cracks in non-delaminated areas and to further evalu­
ate the trend that exists in non-delaminated areas. 

2.4 LONGITUDINAL CRACKING 

Longitudinal cracking data were obtained only 
during the March 1987 and March 1990 condition 
surveys. The same procedure used to evaluate trans­
verse cracking is used to evaluate longitudinal crack­
ing. 

There is no significant difference in the length of 
longitudinal cracks between delaminated and non­
delaminated areas. There is, however, significantly 
more longitudinal cracking in 1990 data than in 1987 
data. An analysis of variance was performed with 
the time since placement variable included in the 
data. Twenty-six percent of the variance is 
explained in the model which uses the square root 
of the cracking. All the other variables are linear 
except traffic, which is modeled using the log of the 
traffic. The ANOVA table for an analysis of only 
main effects is shown in Table 2.6. The main 
effects-aggregate, traffic, temperature difference, 
and time-are significant The conceptual model is: 

Length of longituctinal = fen{ aggregae. log(trlific), } 
cra:king tt:mperaure cifferenre, time 

The interactions of traffic and time, time and 
year, and traffic and year are also significant. It has 
been said before that there is much more longitudi­
nal cracking in 1990 data than in 1987 data. Study 
of plots of longitudinal cracks versus traffic level and 
temperature difference showed no conclusive 
evidence of any trend. 

Figure 2.10 shows a plot of traffic versus average 
length of longitudinal cracking. The same levels as 

discussed before are used. It is evident from this fig­
ure that no real trend exists between traffic and lon­
gitudinal cracking. Residuals plotted against longitu­
dinal cracking show an increasing linear relationship. 
Several models were evaluated, but variables other 
than those measured had an apparent influence on 
the development of longitudinal cracking. 

Further compounding the problem is the lack of 
data concerning the sawcuts made at early age. 
Some areas may have been sawcut before cracking, 
while others were not. A longitudinal crack will de­
velop and is part of this dataset, although some areas 
that were sawed and then cracked-after sawing and 
parallel to the crack-are not reflected in the data. It 
is, therefore, difficult to evaluate longitudinal crack­
ing from the data available. 

It can then be concluded that although the 
length of longitudinal cracking increased from 1987 
to 1990, no evidence was found relating it to traffic 
or time. Although the traffic and time parameters 
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Tabla 2.6 ANOVA for longitudinal cracking without direction and lane 

Source DF Sum of Square Mean Square F-Value PR> F 

Model 6 81974.31 13,662.38 19 55 O.O(X)l 

Source DF Sum of Square F·Value PR>F Significant 

Reinforcing 1 15,700.08 22.46 0.00)1 Yes 

Aggregate 2,415.77 3.46 0 0632 No 
Grout 1 1,973.06 2.82 00932 No 

Traffic 7,435.11 10.64 0.0011 Yes 

Time 1 15.R34 18 22 (i) 0.0001 Yes 
Temp Difference 1 48,220.44 68.99 00001 Yes 
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were found to be significant, no clear relationship 
could be isolated. The temperature difference was 
also found to be significant, but no conclusion can 
be made because there were no available data to 
indicate whether the pavement cracked before or 
after sawcutting. 

2.5 CONCLUSIONS 
This chapter evaluated the field performance of 

test sections under the surveillance of The University 
of Texas at Austin. The results from these analyses 
will be used with the computer analysis results to 
form the conceptual evaluation of a design system 
for bonded concrete overlays. 

It appears that delamination of bonded concrete 
overlays is an early-age problem that occurs the first 
few weeks after construction. Delamination is not 
progressive over the period investigated, but the 
influence of delamination on the long-term perfor­
mance of the pavement is uncertain. Intuitively, del­
aminated areas would require maintenance before 
non-delaminated areas, which will have an 
economical impact. 

It can further be concluded that reinforcing type, 
thickness, and aggregate are important in transverse 
crack development in bonded concrete overlays. 
Different reinforcing procedures produce different 
crack spacings. Wire-reinforced sections show 
smaller crack spacings than do fiber-reinforced 
sections. Also, transverse cracks increase in 
delaminated areas while no statistical evidence was 
found that transverse cracks increased in non­
delaminated areas. Furthermore, additional surveys 
are needed to evaluate the development of 
transverse cracks in non-delaminated areas and to 
evaluate the trend which exists in these areas. 
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It can be concluded that although the length of 
longitudinal cracking increased from 1987 to 1990, 
no evidence was found relating it to traffic or time. 
Although these parameters were found to be signifi­
cant, no relationship could be found. The tempera­
ture difference was also found to be significant, but 
a conclusion cannot be made because no data 
indicated whether the pavement cracked before or 
after sawcutting. The sections on the South Loop 
showed that reinforcing significantly influences the 
formation of longitudinal cracking, which is also 
influenced by environmental factors, specifically dur­
ing construction. 

Finally, it should be remembered that although 
traffic did not show any significance in longitudinal 
or transverse cracking development, the overlays 
analyzed are only as much as seven years old. How­
ever, as the pavement ages, fatigue cracking will be­
come more apparent in the analysis. 

The information obtained from the evaluation of 
the field performance of BCO can be conceptually il­
lustrated using the following equations: 

# Transverse Cracks [{Reinforcing, Aggregate, 
Thickness, Time, 
Temperature Differentiall 

Length of Longitudinal Cracks "' [{Reinforcing, 
Temperature Differential) 

% Delamination = [{Aggregate, Temperature 
Differentiall. 

With these conclusions in mind, the conceptual phi­
losophy can be formed, together with a computer 
analysis of the pavement for a design system for 
bonded concrete overlays, which is discussed in the 
next chapter. 



CHAPTER 3. MODELING OF BCO USING FINITE-ELEMENT METHOD 

3.1 INTRODUCTION 

In Chapter 2, field observations were analyzed 
and discussed. Two important observations were 
made. The first is that delamination occurs at early 
ages and, based on the experience in Houston, is not 
progressive. The second is that transverse cracking 
of bonded overlays is not always reflective. In order 
to further evaluate the mechanism of delamination 
and the long-term failure mechanism of the BCO, 
mechanistic procedures are needed to model the be­
havior observed in the field and to correlate the 
model with field performance. A finite-element 
method (FEM) was, therefore, developed at Texas 
Tech University in conjunction with the Center for 
Transportation Research (Ref 8). The purpose of this 
chapter is to discuss the development and use of the 
FEM program to model BCO according to the field 
observations discussed in the previous chapter. 

3.2 METHODOLOGY 

A two-dimensional FEM program was developed. 
Eight-noded quadrilateral two-dimensional plane 
strain elements are used as the basis of the program. 
Plane strain or stress problems can be evaluated us­
ing the program. For thermal stress evaluation of 
concrete pavements, the plane strain analysis pro­
vides realistic answers. 

Wheel loading is an axi-symmetric, or three­
dimensional, analysis problem and, therefore, the 
two-dimensional program cannot be used directly for 
wheel loading. By reducing the applied load, or 
increasing the width of the analysis section, the 
stress values obtained can be correlated with the 
Westergaard equation or with other three­
dimensional programs such as ILLISLAB. The 
correlation can then be used to get equivalent loads 
for a standardized load that will produce the same 
stress values as the Westergaard equation. A major 
assumption in this procedure is that the cracking and 
possible delamination is assumed to act in a two­
dimensional plane. 

A special feature introduced into the program is 
horizontal and vertical slip elements, as well as the 
ability to model reinforcing bars. The slip element 
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consists of 4-noded nonlinear elements, wilh no 
thickness. The reinforcing is modeled using 3-
noded linear strain bar elements. The slip elements 
are used to model the interface between the existing 
pavement and the overlay, as well as the slip plane 
between the existing pavement and the subbase. 
The slip elements can further be used to model 
cracking in the pavement. The bar elements are 
used to model reinforcing in the existing pavement 
as well as in the overlay. Figure 3.1 shows a section 
through a pavement system showing the layers mod­
eled with the FEM program. The 8-noded elements 
are shown with four byers, where Layer 1 is the 
overlay, Layer 2 is the existing pavement, L::!yer 3 is 
the subbase, and Layer 4 is the roadbed. 

Figure 3.1 Layers and eight-noded elements for 
FEM program analysis 

Figure 3.2 shows the slip element layout as mod­
eled in the FEM program. Potential delamination 
zones are modeled as horizontal slip lines, while the 
cracks and potential cmcks are modeled using verti­
cal slip elements. The reinforcing bars can be mod­
eled by introducing bar elements between two layers 
of horizontal 8-noded elements. Bar elements can­
not be placed next to a slip element due to the con­
figuration of a 4-noded slip element versus a 3-
noded bar element Slip elements are given certain 
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properties and failure values that will be discussed 
later. The methodology used in the program is that, 
for a certain type of loading, deflections are calcu­
lated and from that stresses are obtained. The shear 
and tensile stress of the slip element.;; are compared 
to the corresponding strength. If the strength of a 
slip element is less than the stress, the slip element 
will break lose. The deflections and stresses are cal­
culated for the "new" system and again strengths and 
stresses are compared. The iteration process will 
carry on until equilibrium is obtained. The deflec­
tions and stresses for the system when it is in equi­
librium are then printed. 

The finite-element method program can, there­
fore, be used to evaluate an analysis factorial to es­
tablish stress equations that include the variables in­
fluencing the early-age and long-term performance 
of an overlaid system. Furthermore, the influence of 
delamination, the effect of the condition of the exist­
ing system at the time the overlaid system is opened 
to traffic, and the remaining life of the existing pave­
ment can be analyzed. 

3.3 INPUT VARIABLES 

Several input values are needed apart from the 
physical layout of the system to be amlyzed. The 
inputs for each 8-noded element are the modulus of 
elasticity, Poisson ratio, width to be analyzed, and 
coefficient of thermal expansion. The use of the slip 
elements requires knowledge of the stress­
deformation relationship between two adjoining 
elements. Figure 3.3 shows the general form of the 
relationship assumed between shear and tensile 
stress and deformation. Specific input'> include the 
maximum allowable stress and the slope of the 
stress-deformation curve. Bar elements require the 
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input of the modulus of elasticity of the reinforcing, 
the cross-sectional area, and the coefficient of 
thermal expansion. Loading may consist of thermal 
or wheel loadings, deflections, or a combination of 
the three. 

Most of the input variables are easily obtainable 
from literature. The stress-deformation relationship 
of the slip elements is not easily obtainable because 
of the brittleness of concrete as well as the lack of 
data establishing such a ralio. However, based on a 
literature review and selected testing at The Univer­
sity of Texas at Austin, reasonable values were cho­
sen. 

3.4 CONCLUSIONS 

Work by van Metzinger (Ref 3) concluded that 
certain assumptions must be made before using the 
program. First, as discussed before, the program 
was developed to evaluate plane strain problems. 
The actual wheel load stresses in a concrete pave­
ment system are an axi-symmetric problem. There­
fore, the assumption is made that, by increasing the 
section analysis 'Width or reducing the load used in 
the analysis, a stress similar to that obtained using 
Westergaard analysis can be determined. Inherent in 
this is the assumption that the Westergaard analyses 
are applicable and comparable to elastic layered 
theory. 

A further assumption is that the pavemem will 
actually respond to cracking in a manner similar to 
that observed in the two-dimensional program, even 
though the actual system is three-dimensional. It is 
therefore assumed that, although boundary condi­
tions change due to cracking within the pavement 
system, the stresses obtained from a two-dimensional 
analysis are still tme. 
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From the above paragraphs, it can be concluded 
that this analysis method does have certain limita­
tions and uncertainties. The biggest limitation is that 
the program is a plane strain program used to calcu­
late axi-symmetric stresses. Combining the wheel 
load stresses and environmental stresses will be done 
only with difficulty and some uncertainty. 

Another limitation is that the method of incorpo­
rating cracking in the pavement system is limited. 
Cracking may occur in a meandering way and the 
percentage delamination may be higher at the edge 
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of the pavement than ;Jt the interior. These facts 
cannot be modeled using the finite-element program. 

However, although these limitations exist and 
several assumptions had to be made in order to ana­
lyze the pavement in an cost-effective manner, it is 
concluded that the stress development obtained from 
the analysis can be used to evaluate the early-age 
and long-term performance by applying it to the sys­
tem, using good engineering judgment and correla­
tions with field observations. 



CHAPTER 4. ANALYSIS OF WHEEL AND ENVIRONMENTAL 
STRESSES IN BONDED CONCRETE OVERLAY SYSTEMS 

4.1 IN'rRODUCTION 

The purpose of this chapter is to evaluate the 
stresses in BCO and to model field behavior de­
scribed previously. A related purpose of this chapter 
is to analyze the effects of imposed loadings and en­
vironmental conditions on an overlaid pavement 
structure and to assess the pavement response to 
these loadings. The results of this assessment will be 
used to develop a failure model for the system. The 
long-term performance of the overlaid pavement de­
pends on the type of overlay and on the condition 
of the existing pavement. Long-term performance is 
also affected by the presence of debonding. Field 
observations have shown delamination to be an 
early-age phenomenon and, therefore, early-age 
characteristics of bonded overlays will be evaluated 
first. 

4.2 EARLY-AGE EVALUATION OF BCO 

The evaluation of bonded overlays at early ages 
is believed to be critical to understanding the 
formation of delamination in overlays. As noted 
earlier, debonding was located in a bonded overlay 
in Houston, Texas within 24 hours following 
placement. This, coupled with reports of early 
debonding from other agencies, prompted the 
investigation of bonded overlays at early ages. Of 
special concern was the role of temperature- and 
shrinkage-induced stresses in the development of 
delamination. The finite-element method program 
described in the previous sections was used to 
analyze the stresses at the interface of the overlay 
and base slab. Before these stresses can be 
analyzed, the temperature distribution in the 
pavement must be determined and the importance of 
early volume change due to shrinkage of the overlay 
concrete must be evaluated. 

4.2. J Thermal Stresses 

Temperature distributions in recently overlaid 
slabs were estimated by adapting a technique 
developed by Fintel and Khan to describe the 
temperature distribution in a concrete member some 
time following placement. Temperature distributions 
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were determined for the extremes in season (summer 
and winter) and time of day (early morning and late 
afternoon). A complete description of the procedure 
used to determine the temperature distribution with 
depth 12 and 24 hours after placement is described 
in Ref 2. Typical distributions are shown in Figure 
4.1 (page 16) for a summer morning placement. 

Temperature distributions similar to those shown 
above were analyzed using the finite-element 
method program, NSLIP. These distributions were 
developed afler assuming a maximum air tempera­
ture drop of 30 degrees during the first 24 hours. 
Results show that the maximum tensile and shear 
stresses occur at or near the interface between the 
overby and the existing slab (see Figures 4.2 and 
4.3, page 17). Overlay placement during winter 
mornings was identified as the critical combination 
of season and time of placement among those inves­
tig:.tted. 

As seen in Table 4.1 (page 18), the maximum 
shear stress for the winter morning placement was 
approximately 24 psi. This value of shear stress is 
low. and under most circumstances would not cause 
debonding of the overlay. However, at early ages 
(less than 48 hours), the interface shear strength is 
also low; therefore, :.tt early ages these stresses m:.ty 
be sufficient to induce del:.tmination. These stresses 
were calculated for an edge condition. The results 
of similar calculations completed for an interior con­
dition near a crack showed higher stresses than 
didthe edge condition, although again the winter 
morning temperature distribution produced the high­
est stresses. The maximum stress was approximately 
30 psi, as shown in Table 4.2 (page 19). TI1e impor­
tance of these stresses will be discussed as they per­
tain to constmction controls. 

4.2.2 Influence of Shrinkage 

Investigation of the importance of early-age 
shrinkage was undertaken to determine if the vol­
ume changes that occurred in the first 24 to 48 hours 
after placement were of sufficient magnitude to 
cause clebonding. Other investigators have re­
searched the volume change phenomenon of con­
crete. Most of the research anempted to characterize 
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Table 4.1 Maximum shear and normal stresses calculated for the edge condition 
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Table 4.2 Shear and tensile stresses calculated for interior condition 

~ 
~ O,r 

/~Ill o_, 
~el 0 0 

JL ~"' 0 ..Oi;>r 06 o :1.., "19. &-19. 
JL ~ c 0. ~19 ~ill 

oo "' 9!.~ ~6 01}· "" "" 
~"' ~ 0. "ec>.,"' Winter Summer 

0 OG.,tec> "'· 6AM. 6PM 6AM. 6PM " . ., "' . 
"~., 12 hrs 24 hrs 12 hrs 24 hrs 12 hrs 24 hrs 12 hrs 24 hrs 

2 4 2 4 2 4 2 4 2 4 2 4 2 4 2 4 
'() 3.6 0.1 20.7 28.7 7.2 6.7 - - - - 14.9 15.3 3.1 3.8 - -

'() 
0.0 0.1 11.5 21.4 5.3 1.5 - - - - 11.0 12.0 2.4 4.8 - -

~ 
"<t 

23.1 30.3 14.8 18.0 
12.5 22.3 11.0 13.6 

'( '() 
11.3 17.6 10.4 7.5 

"<t 
6.8 13.4 7.5 6.5 

"<t 
13.8 19.3 10.1 10.3 

0 7.6 14.3 7.4 8 8.0 
-o' '() 

20.3 27.1 14.5 14.7 
'() 11.3 20.7 10.8 11.8 

22.6 28.5 14.3 17.2 
0 "<t 

12.2 21.5 10.7 13.2 0 
0 11.3 16.7 9.9 7.4 "<t- '() 

"<t 
6.7 13.0 7.3 6.4 

"<t 
13.5 18.1 9.7 9.9 
7.5 13.7 7.2 7.8 

'() 16.7 24.5 12.3 12.9 
'() 

9.8 19.2 9.3 10.7 

"<t 
18.9 25.9 12.1 15.4 

0 
0 10.8 20.1 9.2 12.1 
0 

9.1 15.0 8.3 6.2 -o' '() 

"<t 
5.6 12.0 6.3 5.7 

"<t 
11.2 16.4 8.3 8.8 

0 6.5 12.8 6.2 7.1 0 
0 16.7 23.4 11.9 12.6 -.:i '() 

'() 
9.4 18.6 9.1 10.5 

18.6 24.7 11.8 14.8 
0 "<t 10.6 19.4 9.1 11.8 0 
0 

9.1 14.4 8.2 6.2 "<t- '() 

"<t 
5.6 11.6 6.2 5.7 

"<t 
11.0 15.7 8.0 8.5 
6.4 12.4 6.1 6.9 

Notes: Shoded oreos ind1cote normol stresses. 
Non-shoded oreos indicote sheor stresses. 

19 



strains several days after the concrete member was 
cast. Few results are available that describe the de­
velopment of strain at very early ages. Most pub­
lished early-age results rely on the extrapolation of 
data collected from readings taken several days after 
placement. These data show that shrinkage strains 
in the first 48 hours generally range between 20 and 
40 microstrain for normal weight aggregate. Labora­
tory and field studies at The University of Texas at 
Austin have shown that early strains were less than 
25 microstrain at 48 hours. These data again rely on 
the extrapolation of results from readings taken at 3, 
7, and 28 days. The strain at 24 hours, which corre­
sponds to the conditions above, would cause a stress 
of 12 psi if fully restrained. 

4.3 LONG-TERM EVALUATION OF BCO 

The long-term evaluation of the pavement de­
pends on traffic loading as well as on the environ­
mental stresses induced on the pavement. Each of 
these facwrs is discussed below. 

4.3. J Trallic Loads 
Van Metzinger (Ref 3) concluded that the crack 

spacing in the overlay and existing slab, existing 
pavement modulus and thickness, and overlay thick­
ness influence the stress development in BCO. From 
the statistical analysis of field data, it was found that 
cracking can either be reflective or non-reflective. 
Before developing an analysis factorial from which 
equations for wheel load stresses can be developed, 
the effect of reflective and non-reflective cracking 
must be discussed. 

Reflective Cracking 

Figures 4. 4 and 4. 5 show reflective cracks and 
the corresponding distribution for a 3- and a 5-foot 
crack spacing. Figure 4.4 shows a load centered be­
tween the cracks while Figure 4.5 shows the loading 
on the cracks. 

The stress distribution underneath each of these 
loads was calculated using an 8-inch existing pave­
ment on a 6-inch cement-treated base with a 4-inch 
overlay. The stress at the crack can be evaluated 
and it<> importance is discussed later. The stress dis­
tribution between a 3- and a 5-foot crack spacing 
can be evaluated from these graphs, and the effect of 
non-reflective cracking can be compared to these 
graphs to establish an analysis factorial for evaluating 
wheel load stresses. 

A slight increase in stress is found for the larger 
crack spacing versus the smaller crack spacing. The 
stress at the crack is also higher for the larger crack 
spacing. These stresses are compressive stresses that 
will eventually reduce the load transfer ability at the 
crack due to compression fatigue. Only the top 4 
inches are in compression. The compression force is 
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for typical crack spacings in BCO 
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Figure 4.4 Wheel load position and stress 
distribution for typical crack spacings in 
BCO with load between cracks 

kept in equilibrium by the friction between layers 
and, slightly, by the reinforcing in the existing pave­
ment. Lower in the slab, owing w the crack, the 
tensile stress should be zero. Small stresses shown 
in Figure 4.2 are due to the stress calculation proce­
dure in the FEM program. 
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Figure 4.5 Wheel load position and stress 
distribution for typical crack spacings in 
BCO with load at cracks 

Non-Reflective Cracking 
Figure 4.6 shows a typical layout of non­

reflective cracks. For the purpose of this analysis a 
5-foot crack spacing is assumed. Two scenarios 
exist. As shown in Figure 4.6, the existing pavement 
can be cracked with no cracking in the overlay or 

21 

5-ft Spacing 

Figure 4.6 Scenarios for reflective cracking 

-:-12 
c 

E 10 
0 

15 8 a:l 
_a 

0 
V) 6 

E 
._g 4 

Q) 
u 
§ 2 

"'in 3-ft Crack Spacing 
i5 ~15~o~~--~1o~o-~-_~5-o-~-~o-~-...J5o 

Stress (psi) 

E 10 
0 

15 
a:l 8 
_a 

0 
V) 6 
E 

._g 4 
Q) 
u 
§ 2 

"'in 5-ft Crack Spacing 
i5 

o~:-:-___.._---~._....~...._...~...._J...____J_~_....J 

-100 -50 0 50 100 
Stress [psi) 

Figure 4.7a (Above) Overlay uncracked, existing 
pavement cracked 

Figure 4.7b (Below) Overlay cracked, existing 
pavement uncracked 

Figure 4.7 Non-reflective cracking scenarios 

the overlay can be cracked with no cracking in the 
existing pavement. 

The stress distribution for the analysis of the two 
cases are shown in Figure 4.7. Figure 4.7a coincides 
with Figure 4.6a and Figure 4.7b coincides with Fig­
ure 4.6b. If these two figures are compared to the 



figures for 5-foot crack spacing stress distributions 
(Figures 4.4 and 4.5), it can be seen that only minor 
differences exist in the magnitude of the stress and 
that approximately the same distribution exists. 
When a crack non-reflective crack exists in the over­
lay, a wheel load will put most of the crack in com­
pression and all of the tension in the existing pave­
ment, which explains why similar stresses are 
obtained. From this, it can be concluded that the 
maximum tensile stress is not influenced by cracking 
in the overlay and that the evaluation can be made 
at the center between cracks. 

4. 3. I. I Wheel Load Stresses 
The maximum stresses at crack spacings of 5 feet 

or greater are approximately equal (Ref 3). There­
fore, only crack spacings of 5 feet or smaller are 
considered. Table 4.3 shows a layout of an analysis 
factorial to calculate maximum tensile stresses be­
tween cracks. The factorial is analyzed at three load 
levels. The three load levels selected are 9,000 
pounds, 12,000 pounds, and 18,000 pounds. 

Table 4.3 Analysis factorial for 
wheel loading 

Load Case 1 

CSl CS2 

El E2 E3 El E2 

X X 

X X 

X X 

X X X X X 

X X X X X 

X X X X X 

X X 

X X 

X X 

E3 

X 

X 

X 

A k-value was also included in the analysis and 
was calculated using the Eisenmann method (Ref 4). 
An equation was developed from the stress analysis 
for the maximum tensile stress at the bottom of the 
pavement. 

Equation 4.1 was developed from the stress 
analysis by van Metzinger (Ref 3). It is very similar 
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to the Westergaard equation: if compared to the 
Westergaard equation, stress values will compare fa­
vorably, although some variation will exist. The 
variation is attributed to the use of a plane strain 
FEM program to analyze a three-dimensional prob­
lem. 

where 

o = 0.288"{P/(D0 +De)2J•{ln(CS)l 

*(ln[((E*(D0 +De)2)/12"k)0.25]) ( 4.1) 

o maximum tensile stress at bottom of 
slab, psi; 

P wheel load, pounds; 
D0 overlay thickness, inches; 
De existing pavement thickness, inches; 
CS crack spacing in existing pavement, 

feet; 
E modulus of elasticity of existing 

pavement, psi; 
k modulus of subgrade reaction, pci. 

As the crack spacing is reduced, the tensile stress 
perpendicular to the cracks is reduced. At 5 feet the 
stress is the same as the Westergaard stress, but be­
low a crack spacing of 5 feet the stress is reduced. 
The spacing of longitudinal joints (cracks) formed by 
sawcuts on highways is typically 12 feet. This means 
that the stress in the transverse direction will be 
higher than in the longitudinal direction. The failure 
mechanism for overlays will, therefore, be the same 
as for other CRC pavements; i.e., a punchout will 
eventually form. This presumes that the interface re­
mains intact throughout the life of the overlay. The 
fatigue factor at the interface is unknown. As the 
working crack loses its ability to provide load trans­
fer, an uncracked overlay may crack or delaminate 
and small overlay punchouts m:.ty form. We can, 
therefore, conclude th:.tt Equation 4.1 c:.tn be used to 
evaluate stresses at small crack spacings. 

The condition of the existing pavement at the 
time of overlay placement was also investigated. 
The basis of stress calculation is the stress at the bot­
tom of the BCO above a crack. The lower the load 
transfer at the crack, the higher the stress in the 
overlay. 

The stress equation developed by van Metzinger 
(Ref 3) is 

Cover = 209.773 + (9000/P){-0.017931E'e 

- (424232/E0 ) + 205.74(DofDe 

- CDofDe)l>-22.942CDe/Du)l (4.2) 

where 



p 

stress at the bottom of the overlay 
above the crack in an existing 
pavement, psi; 
wheel load, pounds; 
existing pavement modulus of 
elasticity, ksi; 
overlay modulus of elastidty, ksi; 
existing pavement thickness, inches; 
and 
overlay thickness, inches. 

By using this equation and the previous 
equivalent stress equation, stresses can be calculated 
for examining the stress level at which the pavement 
will operate. It was mentioned before that reflective 
cracking cannot be assumed as the norm. Therefore, 
as discussed before, at the time the pavement is 
opened to traffic a cracking pattern already exists. If 
the existing pavement has a low remaining life, 
which can cause high tension stress in thicker 
pavements and shear stress in thin pavements, then 
cracks in the existing pavement will reflect through 
and a system with a high percentage of reflective 
cracking will be created. Such cracking will cause 
large areas to have very shon crack spacings and can 
lead to punchouts in the system. Therefore, if the 
remaining life produces stress values in the BCO 
above the crack higher than those at the bottom of 
the slab between cracks, then an overlay will 
deteriorate faster than the existing pavement. Block 
cracking will form, which can lead to punchouts. 
Thus, the fatigue life of the overlay at a non­
reflective crack should be the same, or greater, than 
that for the between-crack fatigue life of the existing 
pavement. This will ensure good performance and 
minimize premature failures. 

4.3.1.2 Effect of Delaminated Areas 

In Chapter 2 it was concluded that a significant 
increase in transverse cracking occurs in delaminated 
areas. The effects on a delaminated area are mod­
eled by using the FEM program. Figure 4.8 shows a 
typical delaminated area with a wheel load passing 
over it. 

A typical section from the test sections in Hous­
ton was analyzed. A l0°F differential was used on 
the overlay and a 9,000-pound load was placed on 
the crack. Figure 4.9 show the stress distribution at 

+ ~D I . dA ...., e omtnote reo 

Figure 4.8 Delaminated area with wheel load 
passing over 
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the top of the overlay, for a distance of 18 inches 
from the crack. The pavement was modeled as del­
aminated for 18 inches on each side of the crack. 
When the temperature at the top of the overlay is 
lower than that at the bottom of the overlay, upward 
curling occurs. When the overlay curls, a cantilever 
is created, with the edge of the cantilever at the 
crack as shown in Figure 4.8. 

It is evident from Figure 4.9 that a very high ten­
sile stress exists at the top of the overlay owing to 
the cantilever action, because the temperature differ­
ential causes a small separation between the existing 
pavement and the overlay. As the wheel load 
passes, a high tensile stress is developed at the top 
of the overlay. The stress shown in Figure 4.9 is 
about one-third of the tensile flexural strength of the 
concrete. When this stress level is used in a pave­
ment fatigue equation, the pavement will crack long 
before a crack is formed in the center of the 5-foot 
crack spacing section analyzed before. This explains 
the increase in transverse cracking in delaminated ar­
eas on the North Loop test sections in Houston dis­
cussed previously. 
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Figure 4.9 Tensile stress at top of overlay due to 
wheel loading 

4.3.2 Environmental Stresses in BCO 
The influence of environmental conditions on 

the performance of concrete pavements is well 
known. Concrete pavements are reinforced to con­
trol cracking caused by changing environmental con­
ditions, such as temperature, shrinkage, and moisture 
movements. The influence of some of these envi­
ronmental conditions on bonded overlays is dis­
cussed in the following paragraphs. 

The environmental stresses when the existing 
pavement is cracked and the overlay is uncracked 



and vice versa were analyzed. The results are 
shown in Figure 4.10 (page 24). It is apparent from 
Figure 4.10 that the stress at the crack is close to 
zero. The fact that some stress values are shown is 
due to the FEM program operation. The highest 
stress between the two cases is about the same. 
These stresses are not very high for an extreme case 
in Houston. The stress in this case is much lower 
than the tensile strength of the concrete. The impor­
tant factor is, however, the shear stress at the inter­
face, which is shown in Figure 4.11. 

The shear stresses and tension stresses are much 
lower than the strength for shear and tension at the 
interface (Ref 3). The shear and tension due to 
wheel loading are also small, so we can conclude 
that these stresses will not influence the failure 
mechanism of the overlay. However, the fatigue 
mechanism of fatigue failure in shear or tension at 
the interface is unknown. 

It is concluded from this section that the 
temperature stresses do not exceed the strength, and 
even with wheel loading included, the stresses are 
less than the strength. Because fatigue equations for 
the anticipated failure mechanism do not include 
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Figure 4.11 Shear stress at interface at cracks 

temperature stresses, these were not used in the 
development of the design system proposed in this 
work. 

4.4 CONCLUSIONS 

Early-age stresses were found to be relatively 
low compared to the normal range of tensile stresses 
thought to cause failure in concrete. Furthermore, it 
was found that the stresses induced by early volume 
changes were small. However when these stresses 
are superimposed and compared to the available 
strength at the interface, it will be seen that the po­
tential for delamination exists . 

The wheel load stresses were analyzed and 
equations were developed for stress calculations in 
BCO (Equations 4.1 and 4.2). It was further found 
that a fully bonded concrete overlay will act as a 
newly constructed pavement, but that the remaining 
life of the existing pavement does influence the 
stress development of the pavement. 

Finally, it is concluded that the shear and tension 
stresses are generally low at the interface and that no 
debonding should occur. It is also important to note 
that the stresses are much lower than 50 percent of 
the strength, which was a limit set by some research­
ers. The fatigue due to temperature loading occurs 
so slowly that the wheel load fatigue is probably 
more important. 



CHAPTER 5. DEVELOPMENT OF AN EMPIRICAL-MECHANISTIC 
DESIGN METHOD FOR BCO 

5.1 INTRODUCTION 

The factors discussed and analyzed in the previ­
ous chapters are used in this chapter to form a de­
sign philosophy for BCO and to show the mecha­
nisms of failure that can exist in BCO. This design 
philosophy is obtained from combining the results in 
the previous chapters into a design system that con­
siders the long-term performance of bonded concrete 
overlays. The long-term performance model must be 
considered preliminary and will require modification 
as the existing overlays deteriorate and failure data 
become available. 

The model is based on the punchout mechanism 
of concrete pavements, which is discussed later. 
Loading and thickness design are discussed in the 
following paragraphs. The conceptual mechanisms 
developed using the specific loading and overlay 
type and thickness are discussed bter. 

The environmental stresses are neglected be­
cause their influence on fatigue is considered mini­
mal compared to wheel load stresses. These stresses 
are calculated for an 18-kip single axle. Equations 
were developed for stresses in bonded concrete 
overlay systems. These equations are used to calcu­
late stresses and then to calculate the allowable num­
ber of applications. Miner's hypothesis can then be 
used to assure that the number of applications be­
fore failure is higher for the selected system than the 
number of applications needed to cause failure. 
However, because different failure criteria exist, the 
one that best suits the design system should be se­
lected. 

5.2 FAILURE MECHANISMS 

The thickness design philosophy is based on the 
remaining life of the existing pavement and the ex­
pected future traffic. The stress equations discussed 
in Chapter 4 (Equations 4.1 and 4.2) are combined 
with equations developed elsewhere to assure that a 
selected failure criterion is met and that the perfor­
mance of the overlaid pavement is as intended. l11e 
present serviceability index (PSI) is an index that 
portrays how well the road serves the user. Figure 
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5.1 shows the PSI versus time. Functional failure is 
when the road becomes unsafe or uncomfortable to 
use. The structural failure is a preselected level of 
distress (e.g., cracking or punchouts). The failure 
criterion selected for this work is 50 feet of cracking 
per 1,000 square feet of pavement. This relates to 
approximately 3 punchouL<> per mile per year. 

Punchouts are the most important failure mecha­
nism. From the field data analysis, three different 
structural failure mechanisms were identified. The 
first is a premature failure caused by debonding of 
the overlay. This failure mechanism cannot be used 
for design purposes because delamination is an 
early-age problem and with proper construction con­
trol it can be eliminated. With good bonding, the 
slab acts as a unit, and fatigue could be considered 
in the normal procedure. A model for delamination 
could be used to estimate the time before major re­
pairs are needed, which would help in the distribu­
tion of funding at a project management level; how­
ever, the percentage delamination, for example, 
found on the North Loop in Houston is very small 
and does not justify the use of such a model. TI1e 
second failure mechanism is punchouts in areas of 
non-reflective cracking and the third is punchouts in 
areas with reflection cracking. 
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5.2. J Punchouts in Delaminated Areas 
Figures 5.2 ilirough 5. 5 show conceptually how 

ilie failure occurs. These sketches provide further in­
sight into ilie failure mechanism of delaminated areas 
found on concrete pavements. Figure 5.2 shows an 
over~ay wiili a delaminated area. In previous chap­
ters 1t was shown £hat cracking in delaminated areas 
increases significantly compared to £hat in non-del­
aminated areas. The mechanism of failure was 
shown previously. The first step in ilie mechanism 
is ilierefore ilie formation of transverse cracks at ilie 
edge of ilie delaminated areas, as shown in Figure 
5.3. 

As ilie transverse cracking develops, £he delami­
nated area forms an unbonded beam as wide as £he 
delaminated area, which is kept intact only by the 
reinforcing steel. However, because it is an 
unbonded system, tensile stresses develop at the bot­
tom of ilie overlay, as shown in Figure 5.4. This 
causes longitudinal cracks and eventually a punchout 
in ilie overlay, as shown in Figure 5.5. 

The areas in Houston surveyed in 1990 still have 
not produced a significant increase in overlay 
punchouts, aliliough ilie delaminated areas are near­
ing ilie end of ilie fifth year under traffic. The traffic 
loadings varied from 500,000 to 1,600,000 18-kip 
ESALs. The rate at which failure occurs once 
debonding has been found is slow, at least in the 

Direction of 
Traffic ....... 

Existing Croch 

Figure 5.2 Delaminated area in BCO pavement 
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Houston overlays. However, for non-overlaid CRC 
pavements, ilie rate of failure increases rapidly near 
the end of £heir lives and ilie same may be true for 
delaminated areas in overlays. 

5.2.2 Non-Reflective Cracking Areas 

The mechanism of structural failure in areas wiili 
non-reflective cracking is uncertain owing to £he lack 
of data demonstrating failure. Depending on £he 
state of the existing pavement, ilie existing crack 
may reflect ilirough, and closely spaced cracks may 
develop in ilie overlay. The block of concrete be­
tween the transverse and longitudinal cracks is 
cracked on all four sides of ilie overlay, but on only 
three sides of the existing pavement. The longitudi­
nal cracks can be eiilier reflective cracks from the 
existing pavement structure or cracks due to shrink­
age during ilie initial hardening period. The mecha­
nism of failure can £hen be eiilier £hat anoilier crack 
forms in ilie existing pavement and a full punchout 
develops or that the section of over! a y debonds. 
Debonding will occur only if high shear or tension 
forces are exhibited at the interface. This can hap­
pen if the existing cracks are wide enough for 
incompressibles to collect in the cracks. The mecha­
nism is shown in Figure 5.6. This is very similar to 
the mechanism of failure for spalling of concrete 
pavements at cracks. 



5.2.3 Reflective Cracking Areas 
The mechanism proposed for areas where reflec­

tive cracking occurs is the same as that for newly 
constructed CRC pavements. As the crack spacing 
and load transfer at the crack are reduced, the trans­
verse stresses become much higher than the longitu­
dinal stresses, which increases the likelihood of lon­
gitudinal cracking. This is conceptually shown in 
Figure 5.7. The y-y stress is the transverse stress and 
the x-x stress is the longitudinal stress. Punchouts 
occur when longitudinal cracks are connected to 
transverse cracks. As Won (Ref 1) stated, the predic­
tion of punchouts amounts to the prediction of the 
formation of longitudinal cracking. By modeling the 
longitudinal cracking, punchouts can therefore be 
predicted, which is an indication of the long-term, 
structural performance of the concrete pavement. 
Figure 5.8 shows a typical punchout in a concrete 
pavement. 

The three structural failure types discussed can 
all occur. However, through good construction con­
trol, delamination can be minimized. For areas with 
non-reflective cracks, the failure mechanism is diffi­
cul£ to model because incompressibles infiltrate the 
pavement, especially where working cracks are wide. 
This produces high shear stresses when the pave­
ment expands during the warm part of the day. 
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That leaves only the conventional punchout as a fail­
ure mechanism, and this is discussed further. 

5.3 BCO CONSTRUCTION CRITERIA 

In the first part of this chapter, structural failure 
and functional failure are discussed. From the PSI­
time graph, shown in Figure 5.9, it can be reasoned 
that at some stage it is more economical to construct 
an unhanded overlay or to reconstruct, while at 
other times bonded concrete overlay construction is 
more practical. The point at which it is no longer 
feasible to construct a bonded overlay should be de­
termined to ensure cost-effective performance of the 
rehabilitation. Field data on the pavement condition 
at which bonded overlays are no longer feasible do 
not exist. One possible criterion follows. As the ex­
isting pavement deteriorates, the effective modulus at 
a crack will decrease. If an overlay is placed over 
an existing pavement, the stresses at the crack and at 
the bottom of the overlay will depend on the stiff­
ness of the existing pavement. As the load transfer 
is reduced at cracks, the transverse stress becomes 
the critical stress. 

However, if the stress at the bottom of the over­
lay is high, a crack will form quickly and deteriorate 
to the state of the crack in the existing pavement. 
Furthermore, reflective cracks will also deteriorate to 
the state the existing crack was in before overlaying, 
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Figure 5.4 Conceptual stress 
distribution In 
delaminated overlays 
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Figure 5.7 Conceptual layout of 
transverse and 
longitudinal stresses in 
PCC pavements 

Figure 5.9 Time of type of 
overlay construction 



as noted by Voigt et al (Ref 5). For the overlay 
method to be cost-effective, the stress at the bottom 
of the overlay must be less than the transverse stress 
at the bottom of the existing pavement. 

This is so because the overlay will not fail before 
a longitudinal crack is formed. If the stress in the 
overlay is higher than the transverse stress, then the 
overlay will crack first, or a reflective crack will dete­
riorate quickly so that the transverse stress will in­
crease. This increase in the transverse stress in­
creases the probability of longitudinal cracking, 
which governs failure of the CRC pavements. 

Van Metzinger (Ref 3) equated different deflec­
tions at the crack and at midspan for an existing 
pavement stiffness of 4,500 ksi at midspan. The de­
flection ratio at the crack versus at midspan was ob­
tained and plotted against the stress ratio of maxi­
mum tensile stress in the overlay divided by full 
interlock transverse stress in the existing pavement. 
This is shown in Figures 5.10 and 5.11. In Figure 
5.10 a BCO with a 4,500-ksi modulus of elasticity 
was evaluated, and a modulus of 6,000 ksi was 
evaluated in Figure 5.11. 

From these two figures it can be concluded that, 
when a low modulus overlay such as a 4,500-ksi 
concrete is used, a BCO can be used as the overlay 
if the maximum crack deflection divided by the 
maximum between-crack deflection is less than 1. 7. 
If a higher modulus concrete is used, a deflection ra­
tio of 1.25 should be the limit. In addition to the de­
flection criteria, previous research has established 
that when the rate of punchouts/lane/mile/year 
reaches a value of three, the rate compounds rapidly. 
Thus, this value represents the outside limit for the 
feasibility of a BCO. 

This is the first step in the design process. If a 
BCO is advisable, the next step is to design an 

0 8-in. Existing Pavement 
• 1 0-in. Existing Pavement 
c 12-in. Existing Pavement 

Figure S. 1 0 Stress ratio versus deflection ratio for 
overlay modulus of elasticity of 
4,500 ksi 
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appropriate thickness for the anticipated design life 
traffic. 

5.4 THICKNESS DESIGN 

A design process for bonded overlays must be 
considered a two-step procedure. First, it must be 
determined whether or not the existing pavement is 
a candidate of a bonded overlay. Second, the thick­
ness required to support the expected traffic is deter­
mined. The design system proposed in this work is 
diagrammatically shown in Figure 5.12 with the fig­
ures and equations that should be used in the calcu­
lation. It is a typical design procedure. 

The thickness design depends on the remaining 
life of the existing pavement. By using a method 
such as the one described in the AASHTO Guide, a 
remaining life for the existing pavement can be cal­
culated. Therefore, by selecting a thickness for over­
lay, calculating the stress decrease due to the over­
lay, and evaluating the pavement with some type of 
long-term performance model, an overlay thickness 
can be selected that produces adequate structural 
support for the expected level of traffic. The next 
section discusses a long-term performance model 
that can be used. 

From the data and computer analysis done by 
van Metzinger (Ref 3), it was found that as the crack 
spacing is decreased the longitudinal stress between 
cracks is reduced. This finding corroborates the 
work of Won (Ref 1). With a crack spacing less than 
6 feet, as is the case for most of the BCO constructed 
in Houston, the transverse stress is the controlling 
stress. When an overlay is placed on top of the ex­
isting pavement, it increases the thickness of the 
pavement but also restores load transfer at cracks. 
This is conceptually shown in Figures 5.13 through 
5.15 . 
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Calculate Overlay Design Thicknesses 

Figure 5.12 Diagrammatic layout of proposed 
design procedure 

In Figure 5.13 it can be seen that, depending on 
the crack spacing, the transverse stress can be calcu­
lated. The x-x stress can be calculated using Equa­
tion 4.1 discussed before. The y-y stress depends on 
the quality of aggregate interlock. The lower the ef­
fectiveness of aggregate interlock, the lower the load 
transfer efficiency. As the load transfer efficiency 
(aggregate interlock) is reduced, the transverse stress 
is increased for a specific crack spacing. Because 
the stress at 6 feet is approximately the same for the 
y-y stress as for the x-x stress, as shown before, 
Equation 4.1, with a crack spacing of 6 feet, can be 
used to calculate the y-y stress for full aggregate in­
terlock. The y-y stress for no aggregate interlock can 
be explained using the equation developed by Won: 

where: 

0 = e9.8474 n-18143 x-0.4477 (5.1) 

o transverse wheel load stress for 
9,000-lb load. psi; 

e = base of the natural log; 
D 
X 

pavemem thickness, inches; and 
crack spacing, feet. 

The stress changes, therefore, from full aggregate 
interlock during construction to a certain percentage 
thereof depending on the load transfer. Figure 5.14 
shows a conceptual increase in transverse (y-y) stress 
due to a reduction in load transfer. 

This curve depends on the type of load transfer 
installed, which will vary between aggregate inter­
lock and a combination of aggregate interlock and 
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reinforcing bars. However, a three-dimensional pro­
gram that can model the effect is not available at this 
time. The form of the relationship in the reduction 
in load transfer is, however, close to what is seen in 
the field. Load transfer will stay intact for a long pe­
riod, but when it starts to fail, the failure rate will in­
crease significantly. 

When an overlay is placed on the existing slab, 
the stress state changes from point A (Figure 5.15) to 
point B, which is a big reduction in stress and is due 
to the added thickness. Point B will initially be at 
the full aggregate interlock level and will deteriorate 
from there, as conceptually shown in Figure 5.11. In 
order to better quantify stresses, a relationship be­
tween reduction in load transfer and ESAL is needed, 
but that type of information is not available at this 
time. It has been concluded that, for a PCC concrete 
overlay of a 4,500-ksi modulus of elasticity, a BCO 
should not be constructed if the deflection at the 
crack divided by the deflection between cracks is 
more than 1.25. This is a load transfer efficiency of 
approximately 80 percent. We can then assume that 
during the life of the pavement, it will have, on the 
average, 80 percent load transfer efficiency. 

It is therefore proposed that, until more data re­
lating load transfer to time and longitudinal stress are 
obtained, the design stress for the overlay be calcu­
lated as 

(j = LTF(Stressno interlock - StreSSful! interlock) 

+ StreSSful! interlock (5.2) 

The LTF is defined in this work as the load 
transfer factor. The load transfer factor is, therefore, 
dependent on the load transfer efficiency. For the 
above example, for a remaining life of 80 percent, 
the LTF is equal to 0.08 (from Figure 5.14). The gov­
erning stress can therefore be calculated for each 
thickness selected of the overlay to be pl:lced on an 
existing pavement. The selection of a specific over­
lay thickness will depend on the thickness needed to 
satisfy the ESAL requirements obtained from a long­
term performance model. 

5.5 LONG·TERM PERFORMANCE 
PREDIOION MODEL 

A design system proposed in the previous 
paragraphs depends greatly on the long-term 
performance model selected or developed. The 
method discussed above is based on a mechanistic 
approach derived from field observations that were 
recorded and then modeled. The long-term 
prediction model selected must incorporate the 
mechanistically developed part of the analysis and tie 
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it to the field performance. Because no long-term 
performance data are available for BCO, it is 
necessary to select existing equations that will best 
describe the model developed. Many fatigue curves 
are available. The development of longitudinal 
cracking is best described by Taute (Ref 6), who 
based his analysis on a cracking index of 50 feet per 
1,000 square feet of pavement. He found that this 
failure condition corresponds approximately to a rate 
of defect of three defects (punchouts and patches) 
per mile per year. The model is 

where 

N = 46,000 (f/a)3 (5.3) 

N Number of 18-kip ESAL, 
f flexural strength of the concrete, psi, 

and 
a governing stress in the concrete, psi. 

For each thickness selected, a method for pre­
dicting the governing stress was proposed in the pre­
vious section. The remaining life of the existing 
pavement is also known using the AASHTO guide 
method. 

If traffic is used as basis for calculating remaining 
life, then the remaining life of the existing pavement, 
if we assume Miner's Hypotheses is valid, is 

Remaining Life = 1 - Cllacruai/Npredicred) 

where 

(5.4) 

llactual 

Npredicted 

actual number of ESAL during its 
life, and 
number of ESAL predicted 
(calculated) for the pavement. 

The stress obtained from a specific thickness selected 
and used with Eq 5.2 should satisfy the following 
equation: 

nruture 

where 

nfuture 

N future predict 

Nfuture predicrO - (nactual/Npredicted)) 
(5.5) 

number of estimated ESAL for the 
design life of the overlay, and 
predicted (calculated) ESAL for a 
specific thickness. 

The thickness that satisfies this equation will, 
therefore, be the selected design overlay thickness. 
Figure 5.16 shows the proposed design procedure 
diagrammatically, with the specific equations to be 
used for each section. Figure 5.16 is an expansion 
of the section "Calculate Overlay Design Thickness" 
in Figure 5.12. 



Won (Ref 1) has shown a method of punchout 
prediction that can also be used for overlays and that 
could be used for budgeting for maintenance pur­
poses. 

analysis using the FEM program was used to develop 
the design system. 

However, the findings in this study should be 
verified using field data. It can also be concluded 
that .BCO should not be placed if the deflections at 
the cracks are more than 1.25 to 1.7 times the be­
tween-crack deflections. Also, when the rate of pun­
chouts/lane/mile/year reaches a value of three, the 
feasibility of a BCO is limited. 

5.6 CONCLUSIONS 

A design method for BCO is proposed that is 
based on fatigue cracking of BCO. The knowledge 
gained from the statistical analysis of field data and 
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CHAPTER 6. CONSTRUCTION CONTROLS 

The objective of this chapter is to provide guide­
lines that will reduce the risk of delamination at early 
ages. Even though the calculated interfacial stresses 
were considerably less than the estimated interfacial 
strength for all combinations investigated (Ref 2), 
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 and from construction will be combined to 
assure, to the extent possible, that early-age delami­
nation will not occur. The calculated tensile and 
shear stresses are compared to the expected strength 
at the interface to allow for the selection of appropri­
ate material combinations, construction procedures, 
and specifications that minimize the chance of del­
amination. The development of these guidelines is 
divided into three categories: (1) design, (2) specifi­
cation, and (3) construction. While adherence to 
these guidelines will not guarantee the long-term 
success of the overlay, experience to date has shown 
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. The previous chapter pro­
vided guidelines for determining whether an existing 
overlay was a suitable candidate for rehabilitation us­
ing bonded overlay. A'isuming that after consider­
ation of these criteria a bonded overlay is deemed 
the most appropriate alternative, then every effort 
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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 were dis­
cussed in considerable detail previously. If these 
features are taken into account, then the success of 
the overlay at early ages is dependent on the two 
design parameters that have the greatest influence on 
the interface stress. These two parameters are the 
thickness of the overlay and the type and location 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 facility must be recog­
nized. Thickness may affect the cross-slope drainage 
or overhead clearances. 1l1ese 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 will a thin 
overlay placed under similar circumstances. Thus, 
with other things equal, thicker overlays would be 
favored owing to the lower life cycle and user costs. 
Finally, 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. Only the early-age structural implications of 
overlay thickness will be considered. 

1l1e 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 (Ref 
2). 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 ratio of the interface 
strength to the stress for a given combination of ma­
terials. The strength-to-stress ratios for the material 
combinations used on the North and South Loops 
were averaged separately for the 2- and 4-inch over­
lays. 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. 

Table 6.1 Strength-to-edge stress 
ratios for 2- and 4-inch· 
thick overlays similar to 
those placed on Loop 
IH-61 0 North and South, 
Houston, Texas 

Overlay 
Thickness 

Material 
4 in. Combination Stress 2 in. 

North Loop Shear 9 13 
Tensile 29 13 

South Loop Shear 20 21 
Tensile 33 24 

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 are not nor­
mally used because of the additional loss of over­
head 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 clearance is not 
a limiting factor, there is no reason why a 6-inch 
bonded overlay could not be used, based on early­
age criteria. 

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

overlays was severely limited by the implementation 
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 
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field. This limitation is not considered particularly 
damaging in the early-age analysis of overlay, be­
cause of the low bond stress transfer potential of 
concrete at early ages. Field experience must there­
fore be relied upon to develop guidelines for rein­
forcement. 

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 CSDHPD favors the use of steel 
mesh reinforcement in the overlay at the same per­
centage used in 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 of steel in the overlay as that 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 
condi£ions, 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 (Ref 3). 

The presence of non-reflective cracking further 
compounds the problem of determining the influ­
ence of the reinforcement. Texas SDHPT designs 
currently allow the mesh to be placed directly on the 
existing CRC. Examination of Figure 6.1 (page 36) 
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 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, its main function 
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Figure 6.1 Schematics of the influence of steel on reflective and non•reflective crack·width control 

will remain one of delamination-loss control. It may 
be possible to prevent the loss of any debonded ar­
eas 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 (Ref 2), 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 the overlays. Because 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 
control of construction are paramount to the success 
of the overlays. There is no one item that is most 
important 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. 
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6.2. J Materials 
The first step in construction is to select the ma­

terials 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 result in lower interfacial stresses re­
gardless of the time or season of placement This 
concept is expanded in Ref 2 through regression 
analysis, which shows that the interfacial stresses can 
be predicted for a given environment "With a high de­
gree 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 con­
crete. A reduction in the elastic modulus of the ag­
gregate normally results in a reduction of the con­
crete modulus and the thermal coefficient. This may 
nor be the case with certain types of manufactured 
aggregates; however, within the limits of the regres­
sion analysis, these special cases can be accommo­
dated. 

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 
(Ref 3). The cause of these formations is not 
known, but the importance of maintaining the nor­
mal specification limit on alkali content should be 
emphasized. 

The use of admixtures of various types is 
common in concrete pavement construction today. 
Retarders are used to allow adequate time for 
transportation 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 reasoned 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 SurFace Preparation 
The next step in the specification of bonded 

overlays is to assure that the existing slab is ad­
equately prepared to receive the overlay. Adequate 
preparation must include a thorough cleaning of the 
surface. Bonded overlays have been placed success­
fully on surfaces prepared using shot blasting, sand 
blasting, or coldmilling. The texture is much more 
angular after milling, compared to the rounded ag­
gregate surfaces exposed after shot or sand blasting 
(see Figure 6.2). From the standpoint of mechanical 
interlock, the milled surface would be more appeal­
ing. However, milling relies on a fracturing of the 
surface, which may cause microfractures in the re­
maining material. The importance of this feature is 
not known, but it may account for the similar inter­
face shear strengths found in milled and blasted sur­
faces (Ref 2). Therefore, based on strength alone, 
there is no reason to specify the method of surface 
preparation. 

(o) Milled Surl"ace 

{b) Shot Blasted Surface 

Figure 6.2 Schematics of milled and shot blast 
surfaces with equal texture 
measurements 

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 
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blasting is about one-half the cost of milling. These 
costs and the rate of production are controlled to 
some extent by the specification of the depth of re­
moval 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 advantage of the specification of a particular 
depth of removal is that it assures that all surface 
contaminants are removed and that, if significant car­
bonation has occurred, this material will be removed. 
Also, in areas where salts are used to control 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 to be removed is relatively easy. However, 
the depth of removal is sometimes difficult to deter­
mine when shot or sand blasting is used and must 
depend on the experience of the inspector. 

In summary, the specification of a surface prepa­
ration method is not necessary to assure bond 
strength. However, to insure that all contaminants 
are removed from the existing slab, a depth of re­
moval should be specified. The removal of 0.25 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 infor­
mation 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.J 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. 

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 that pro­
duced a shear stress at the interface 24 hours after 
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 7 days, then the estimated strength of 85 
psi at 24 hours is adequate and no delamination will 
occur. However, as with other physical quantities, 
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 7 days was 290 psi. From Ref 2, 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 six months, then 
the standard deviation at 24 hours is 38 psi. Now 
assuming that the interface strength is normally dis­
tributed, 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 rea­
sonable when compared with the extent of delami­
nation on the North Loop. The percentage on Loop 
IH 610 North was approximately 1.1. The overlay on 
the North Loop was placed under a variety of condi­
tions, which could account for the differences. 

The analyses indicate that, even under the 
extreme conditions of time and season of placement, 
debonding will not occur. Initially, this would tend 
to indicate that environmental controls are not 
necessary to the success of overlays. However, the 
interface strengths used at the analysis times of 12 
and 24 hours were based on a 7-day interface 
strength value of 200 psi. The results of laboratory 
testing of many different bonded overlay types 
constructed using a variety of surface preparation 
techniques and bonding agents show that in all 
cases the mean interface shear strength was in 
excess of 200 psi (Ref 2). Theoretically, there 
should be no debonding. 

Table 6.2 One-tailed confidence limits for 7 -day 
laboratory shear strength 

There is delamination, however, and an ex­
amination of the standard deviations of the 
means of laboratory data (Ref 2) 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 standard devia­
tion 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 cer­
tainty, it is likely that the failures that have oc­
curred on the North Loop came about as the re­
sult of low strengths combined with severe 
environmental conditions. This concept can 

Surface 
Preparation 

Light Shot Bbst 

Heavy Shot Blast 

Cold Milling 
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Bonding 
Agent 

Latex 
Epoxy 
PCC 
None-Dry 
None-Wet 

Latex 
Epoxy 
PCC 
None-Dry 
None-Wet 
Latex 
Epoxy 
PCC 
None-Dry 
None-Wet 

Mean Shear 
Strength 

(psi) 

638 
661 
471 
488 
430 
605 
608 
746 
695 
527 
679 
654 
530 
460 
476 

Confidence 
Interval 

90% 95% 99"/o 

346 263 108 
338 264 75 
126 28 -
226 152 13 
183 112 -
473 436 365 
281 188 15 
385 282 90 
560 522 450 
327 270 164 
459 396 279 
300 200 12 
239 157 2 
146 57 -
258 196 80 



The occurrence of debonding depends on the 
variability of interfacial strength even though the av­
erage 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 (Ref 2) has shown that there are no 
statistical differences among the various surface 
preparation methods or bonding agents commonly 
used today (with the exception of the latex-modified 
grout that performed unsatisfactorily). Therefore, if 
the average interface strength cannot be increased, 
then the variability of 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 (Ref 
2) 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 will rely on reducing the in­
duced 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 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 one 
percent, and the maximum allowable interface shear 
stress is determined. The allowable shear stress is 
then compared to the stress calculated by the FEM 
program for the materials in the existing slab and for 
those selected for use in the overlay. By comparing 
the allowable stress for certain key environmental 
conditions, those seasons and times of placement 
that 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 l,OCXl psi were chosen. Then, 
using the relationship between the 7-day strength 
and 24-hour strength shown in Ref 2, Figure 6.3 was 
developed. This figure shows the maximum allow­
able interfacial shear stress for the 24-hour time of 
analysis. Levels of reliability between 90 and 99.5 
percent are shown. ll should be noted that levels of 
reliability greater than 99.5 percent are not possible 
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because of the high variability of the strengths. The 
allowable shear strength and the associated tensile 
strength would then be compared to the expected 
stress, resulting from a given environmental condi­
tion to determine if an overlay should be placed. 
This procedure is described below. The equation re­
lating 7-day shear strength and the maximum allow­
able shear stress is shown below. 

'tallow. = X (57-day 0' Z1-a) 

where 

'tallow. 

57-<.by 
0' 

X = 

allowable shear stress, 
7-day shear strength, 
standard deviation of the shear 
strength, 
Z-score associated 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 
asfollows: 

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

(2) Select the thickness, modulus, and thermal coef­
ficient 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. 
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Figure 6.3 Maximum allowable interface shear 
stress 24 hours after placement for 
various levels of reliability 



(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 coefficient can be estimated to 
be 6 000 000 psi and 0.000006 in./inf'F, respectively. 

' ' If a 4-inch overlay is planned using the same aggre-
gate type, then the modulus and thermal coefficient 
of the overlay will equal those of the existing slab. 
Laboratory test results show the direct shear strength 
to be 6oo psi at 7 days for the combination of sur­
face preparation, bonding agent, and overlay con­
crete to be used. If one-half of one percent delami­
nation can be tolerated, then the maximum allowable 
shear stress at 24 hours after placement is about 20 
psi and the corresponding allowable tensile stress is 
10 psi. Comparison of these values with the ex­
pected stresses, developed in Ref 2 and summarized 
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 that are used have properties not 
directly addressed in Table 6.3, stresses can be calcu­
lated using the regression analyses shown in Ref 2. 
This will allow new materials to be considered when 
overlays are designed. The inferential space is lim­
ited to concrete moduli of between 4 and 6 million 
psi and thermal coefficients between 0.000004 and 
0.000006 in./in./0 F. 

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

mon for many agencies. The laboratory data for 
overlays placed with latex-modified cement grout, 
epoxy bonding agent, and portland cement grout 
and for overlays placed without grout can be found 
in Ref 2. Given the magnitude of the standard devia­
lions for all combinations, there is no statistical dif­
ference 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 (Note, however, the unsatisfactory perfor­
mance of the latex-modified grout). 

There are differences in the tensile strengths pre­
sented in Ref 2. The tensile strengths as character­
ized by the direct tension test are statistically differ­
ent; however, when the pull-out test was used, no 
statistical difference was found between various 
bonding agents. Thus, there is no reason to favor 
one bonding agent over the others, based on labora­
tory test results. 
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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 associated 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 specifi­
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. 

The experimental sections placed without grout 
in Houston are performing well. Laboratory data in­
dicate that no statistical difference exists between 
shear strengths for grout and no-grout specimens. 
Therefore, 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 impor­

tant to the success of bonded overlays. Early and ef­
fective application of the curing compound is impor­
tant for two reasons. First, the curing measures will 
reduce the early-age moisture losses that result in in­
creased volume changes, thereby decreasing the 
early-age interfacial stresses. Second, the use of cur­
ing measures will reduce the likelihood of the forma­
tion of plastic shrinkage cracks. The formation of 
these cracks is particularly detrimental to the bonded 
overlay because a one-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. 
The development of some of the non-ret1ective 
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 
Americtn Concrete Institute (ACI) presents a 
nomograph 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 recommended by ACI is 
0.2 lbfft2Jhour. Unless special measures over and 
above those for the normal double application of 
curing compound (120 ft2Jgallon) are taken, overlay 
placement should not be allowed when the 
evaporation rate is above 0.2 lb/ft2Jhour. These 
special measures would include wet blankets or fog 
curing. 

6.4 SUMMARY 

The design, specification, and construction of 
bonded overlays are evaluated. Based on 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 experimental sections indicates that these 
combinations could be used successfully. The 
modulus and thermal 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 removal and 
an average texture depth should be specified. 

The seasonal 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 for 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/ft2f 
hour is recommended for use during the construction 
of bonded overlays. 

Table 6.3 Calculated stresses for winter and 
summer mornings for various 
combinations of BCO materials 
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CHAPTER 7. CASE STUDY 

7.1 DESIGN OF BCO FOR THE SOUTH LOOP 
OF IH-61 0, HOUSTON 

Data utilized in designing a BCO for the South 
Loop of IH-610 in Houston were used to illustrate an 
example problem (Ref 7). The remaining life was 
calculated based on a distress index obtained from 
condition surveys. The estimated number of 18-kip 
ESAL for a 20-year design life was established at 
15,577,000. The existing pavement modulus was 
back-calculated as approximately 5,000,000 psi, while 
the overlay modulus was also assumed to be 
5,000,000 psi. The average crack spacing was as­
sumed to be 3 feet, while the remaining life was esti­
mated at 80 percent. The existing pavement was 8 
inches thick. The modulus of subgrade reaction was 
assumed to be 250 pci and the flexural tensile 
strength to be 700 psi. 

culated from a distress index obtained from condi­
tion surveys (Ref 7) gives the best results because it 
relates the actual pavement condition to the remain­
ing life. 

From Figure 7.1 it can be concluded that an 
overlay thickness of approximately 4. 5 inches will be 
adequate to extend the life of the pavement for an­
other 20 years, at which time punchouts will start de­
veloping at a rate of approximately 3 per mile per 
year. The 3 punchouts per mile per year is a struc­
tural failure. Increased maintenance can prolong the 
life of the pavement for another few years. It will, 
however, be economical to overlay the overlaid 
pavement after 20 years to get the most out of the 
pavement. 

Table 7.1 shows the stresses calculated 
for a 2-inch, a 4-inch, and a 6-inch overlay 
using Equations 4.1, 4.2, and 5.1. The gov­
erning stress is selected and used in calcu­
lating the number of ESAL the facility can 
carry before failure. The thickness is then 
plotted against the number of 18-kip ESAL, 
as shown in Figure 7 .1. From this figure 
the thickness necessary to last 20 years, or, 
as evaluated in Figure 7.1, the thickness 
necessary to last 15,577,000 repetitions of 
ESAL, can be obtained. 

Table 7.1 Stresses and 18-kip ESAL for example problem 

Transverse Stress (Eq 7.2) 154 103 78 
Sttess~----------~~~-t--~--r---~--+-----~ 

( .) Longitudinal Stress (Eq 6.1) 86 62 47 pst 
Stress in Overlay (Eq 6.2) -297 -9 29 

Traffic N (Future Predict) (Eq 7.3) 4,355,514 14,439,105 33,385,405 

(ESAL) n (Future) (Eq 7.5) 3,484,411 11,551,284 26,708,324 

It should be remembered that the equations used 
for evaluating the stress are based on mechanistic 
procedures. The equations used to evaluate the 
long-term performance are based on a selected 
mechanism of failure, which in this case is 50 feet of 
cracking per 1,000 square feet of pavement. That is 
associated with 3 punchouts per mile per year. 
However, long-term performance data are not avail­
able for BCO. Therefore, the performance of BCO 
should be investigated as the sections surveyed in 
Houston age, and the long-term performance model 
used should be upgraded to better reflect the behav­
ior of BCO. Furthermore, the better the method of 
predicting the remaining life of the pavement, the 
better the design result. Using a remaining life cal-
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7.2 CONSTRUCTION CONTROLS FOR THE 
SOUTH LOOP OF IH-610, HOUSTON 

The construction controls implemented on the 
IH-610 South Loop bonded overlay were developed 
based on observations of the IH-610 North Loop 
bonded overlay and on discussions with SDHPT per­
sonnel familiar with the North Loop project. Details 
of those observations and the conclusions drawn 
from them can be found elsewhere (Refs 2 and 3). 
It is noteworthy that the construction controls used 
on the IH-610 South Loop overlay project have ap­
parently been successful in preventing early-age del­
amination. No delamination has been located on 
this project in the standard overlay, which consists of 
4-inch, limestone aggregate, wire-reinforced overlay 
placed on a cold-milled surface prepped with neat 
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cement grout. Early-age debonding did occur in an 
experimental section placed using latex-modified 
grout. However, this section was removed and re­
placed with a conventional BCO. Construction con­
trols consisted of the following items. 

(1) The surface was prepared using a cold-milling 
technique. 

(2) Limestone aggregate was used. 
(3) A limit on the allowable evaporation rate during 

overlay placement was set at 0.2 Ibfft2fhour. 
(4) The temperature differential between the air 

temperature at the time of placement and the 
minimum expected in the 24 hours following 
placement was limited to 25 degrees. 

(5) A bonding agent consisting of neat cement 
grout was used throughout the project. 



CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 

8.1 CONCLUSIONS 

In Chapter 2 it is concluded that delamination of 
bonded concrete overlays constitutes an early-age 
problem that occurs the first few weeks after con­
struction. Based on the data from Houston, bonded 
overlay delamination is not progressive, but the influ­
ence on the long-term performance of the pavement 
is uncertain. Delaminated areas will ultimately need 
maintenance before areas that are not delaminated, 
which will have an economic impact. 

It can further be concluded that reinforcing type, 
thickness, and aggregate are important in transverse 
crack development in bonded concrete overlays and 
in the development of interface stresses at early ages. 
Also, different reinforcing procedures produce differ­
ent crack spacings. Wire-reinforced sections have 
approximately the same before- and after-overlay 
crack spacing, while fibers significantly increase 
crack spacing. 

The wheel load stresses were analyzed and an 
equation developed for stress calculations in BCO. It 
was further concluded that a BCO will perform in 
the same way as will a newly constructed pavement, 
but that the remaining life of the existing pavement 
influences the stress development of the pavement. 

In Chapter 5 a thickness design method for BCO 
is proposed that is based on fatigue cracking of 
BCO. The knowledge gained from the statistical 
analysis of field data, and an analysis using the FEM 
program, were used to develop the design system. 
It can also be concluded that BCO should not be 
placed if the deflections at the crack are more than 
1.25 to 1.7 times that between crack deflections. 
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8.2 RECOMMENDATIONS 

It is recommended that the design system pro­
posed in this work be used to design BCO on CRC 
pavements. The method of establishing whether a 
BCO should or should not be placed must be used 
to evaluate existing pavements. 

8.3 RECOMMENDATIONS FOR FUTURE 
WORK 

The most important factor not explored, because 
of the lack of data, is the long-term performance pre­
diction model to be used. Two paths can be fol­
lowed in future research. Either the existing test sec­
tions in Houston can be monitored, and results in 
10 to 15 years used to evaluate the long-term perfor­
mance of BCO, or an accelerated test method can be 
used. With the advent of the mobile load simulator 
(MLS) (Ref 3), which is currently under development 
in Texas, a machine is available that can be used to 
quickly evaluate the long-term performance of BCO 
and to verify the model developed in this work. 

The effects of time and traffic on the reduction 
of load transfer at cracks in CRCP are also important, 
and the MLS can be used in this area as well. This 
research is needed not only for BCO but also for 
CRCP. 

The influence of temperature on the fatigue 
life of overlays should be incorporated in a 
long-term performance model developed for 
overlays. The temperature stress gives the 
state of stress the pavement is experiencing as 
the wheel lo:td passes. The fatigue of concrete 
depends on the ratio of maximum to minimum 
stress. An easy method for evaluating this 
should be developed. 
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