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CHAPTER 1 - INTRODUCTION 

General 

Continuously reinforced concrete (CRC) pavement is portland cement concrete (PCC) 
pavement with continuous longitudinal steel reinforcement with no intermediate transverse 
expansion or contraction joints. The continuous joint-free length of CRC pavements can 
extend to 305 m (1,000 ft) with breaks provided only at structures. Terminal anchorage is 
provided at the ends of the CRC pavement to restrain length changes due to temperature 
variations and drying shrinkage of concrete. The CRC pavements develop a random cracking 
pattern with cracks generally spaced at about 0.9 to 2.4 m (3 to 8 ft). The cracking pattern is 
governed by the environment conditions at the time of construction, the amount of steel, and 
concrete strength. The steel reinforcement restrains the opening of the cracks. Also, the 
higher the amount of steel reinforcement, the more closely spaced the cracks will be. Most of 
the cracks form shortly after construction, but additional cracking may develop over the next 
few years as a result of continued drying shrinkage of concrete, temperature variations, and 
traffic loading. 

Although CRC pavement can be traced back to the late 19301s, the extensive use of 
CRC pavements began in the early 1960's during the hey-days of the U.S. Interstate System 
construction program. Currently, there are over 45 060 lane km (28,000 lane mi) of CRC 
pavements in the U. S. with pavements constructed in at least 35 States. CRC pavements are 
one of the few pavement types that can truly provide the ideal "zero-maintenance" pavement if 
they are designed and constructed properly. Many older CRC pavements are considered to 
have been under-designed leading to premature failures when subjected to ever increasingly 
heavy truck traffic. 

A major concern with CRC pavement is punchout distress. The definition of punchout 
distress is the area enclosed by two closely spaced (usually less than 0.6 m (2 ft)) transverse 
cracks, a short longitudinal crack and the edge of the pavement or a longitudinal joint. It also 
includes "Y" cracks that exhibit spalling, breakup, and faulting. Other distresses associated 
with punchouts include spalling along transverse cracks and faulting. Other leading causes of 
CRC pavement failure are wide (and spalled) transverse cracks due to steel rupture and 
spalling of concrete due to steel corrosion in the presence of heavy deicing salt applications in 
the northern States. The punchout distress is related to crack spacing, pavement thickness, 
poor foundation support, and heavy truck loadings. The repair of punchout distress typically 
consists of full-depth patches. With time, as the number of fulldepth patches increase, the 
pavement may be resurfaced with asphalt concrete or portland cement concrete, or it may be 
reconstructed. 

Over the years, many State agencies have conducted research studies to develop better 
understanding of the effects of various design and construction features on the performance of 
CRC pavements. A large number of these studies have focused on pavement thickness, 
concrete aggregate type, amount of steel reinforcement, and baselsubbase type. Studies have 



also been conducted to address the benefits of using epoxy-coated reinforcement and the 
effectiveness of permeable treated base layers under CRC pavements. 

This report is one of a series of reports prepared as part of a recent study administered 
by the Federal Highway Administration (FHWA) aimed at updating the state-of-the-art of the 
design, construction, maintenance, and rehabilitation of CRC pavements. The study is a 
national pooled funds study with participation by Arizona, Arkansas, Connecticut, Delaware, 
Illinois, Iowa, Louisiana, Oklahoma, Oregon, Pennsylvania, South Dakota, and Texas. The 
scope of work of the FHWA study included the following: 

1. Conduct of a literature review and preparation of an annotated bibliography on 
CRC pavements and CRC overlays. 

2. Conduct of a field investigation and laboratory testing related to 23 existing in- 
service pavement sections. This was done to evaluate the effect of various 
design features on CRC pavement performance, to identify any design or 
construction related problems, and to recommend procedures to improve CRC 
pavement technology. 

3. Evaluation of the effectiveness of various maintenance and rehabilitation 
strategies for CRC pavements. 

4. Preparation of a Summary Report on the current state of the practice for CRC 
pavements. 

Each of the above four items is addressed in a separate report. The following reports 
have been prepared under this study: 

Volume I - Summary of Practice and Annotated Bibliography on CRC Pavements 

Volume I1 - Field Investigation of CRC Pavements 

Volume I11 - Analysis and Evaluation of Field Test Data 

Volume IV - Maintenance and Rehabilitation of CRC Pavements 

Volume V - Resurfacings for CRC Pavements 

Volume VI - Synthesis of Recommended Practice 

This report is volume Ill in the series and presents the analysis and evaluation of the 
field and laboratory test data for the 23 test sections included in the field investigation. 
Volume 1l presented the field and laboratory test data and inventory data for each of the 23 test 
sections. This volume provides a detailed evaluation of the test data, and global analysis of 
data is presented to identify if behavioral patterns or trends exist for certain pavement design 



attributes. Since CRC pavement performance is significantly influenced by crack spacing, the 
data analysis and evaluation provides a more detailed review of the crack spacing related data. 
Also, the results of an indepth analysis conducted to compare predicted crack spacing (using 
available CRCP cracking models) with actual crack spacing are presented. Specifically, the 
following items were evaluated and are discussed in this report: 

1. Overall Trends 
a. Effect of age. 
b. Effect of climatic region. 

2, Effect of Design Features 
a. Thickness. 
b. Tied-concrete shoulder. 
c. Permeable base. 
d. Epoxy-coated steel. 

3. Predicted Versus Actual Crack Spacings 
a. Crack spacing was predicted using site specific factors (actual or 

estimated) for each test section and using computer program 
CRCP-5. The predicted crack spacing was then compared to 
actual crack spacing. 

4. Overall Indicators of Performance 
a. Ride quality. 
b. Pavement stiffness, in terms of radius of relative stiffness, 4; 

modulus of subgrade reaction, k, and slab rigidity, D. 

It should be noted that the CRCP behavior and future performance is significantly 
affected by the temperature and curing conditions at the time of construction. Unfortunately, 
as is the case with most investigations inservice pavements, the construction time data were 
generally not available and had to be estimated for the predicted crack spacing study. 

This volume also contains a summary of data, available as of August 1993, for the 85 
CRC test sections of the GPS-5 experiment of the Long Term Pavement Performance (LTPP) 
program. A limited analysis of the data is also presented. 

Objectives of the Field Investigations 

The specific objective of the field investigation was to conduct necessary field 
investigations and laboratory testing at 20 to 30 existing CRC pavement sections and to 
evaluate the effect of standardlnew design features on CRC pavement performance. 

After a detailed evaluation of available project sites in conjunction with participating 
State highway agencies, 23 project sites were selected as follows: 



Illinois - 5 sites 
Iowa - 3 sites 
Oklahoma - 5 sites 
Oregon - 3 sites 
Pennsylvania - 2 sites 
Wisconsin - 5 sites 

At each site, performance of a representative 305-m (1,000-ft) length section was 
evaluated by performing visual condition surveys, profile measurements, by falling weight 
deflectometer testing, and by corrosion-related testing. In addition, concrete cores were 
obtained for strength, stiffness (modulus of elasticity), and coefficient of thermal expansion 
testing. Samples of base, subbase, and subgrade were also obtained for material 
characterization. For each project site, available inventory type data related to design, 
construction, maintenance, performance, and traffic was collected from State agencies. 

None of the project sites included rehabilitated pavement sections. Because of the 
limited budget for field investigations, it was considered that the most benefits would be 
obtained by focusing on existing original pavement sections. 

The work plan for the field investigation consisted of the appropriate data collection for' 
each test section and conduct of the following type of data analysis: 

1. Project Level Evaluation - Each project would be examined to identify cause- 
effect relationship. Also, the performance and characteristics of specific groups 
of projects would be examined and compared. 

2 .  Crack Spacing Simulations - Existing crack spacing models would be used to 
verify the reasonableness of the models in predicting the crack pattern in CRC 
pavements. 

3. Structural Analysis - The falling weight deflectometer (FWD) data would be 
used to characterize the structural capacity of the CRC pavements. Load 
transfer effectiveness at cracks would be examined. 

4. Distress Modeling - The validity of the existing CRCP distress models would be 
examined using project specific data from the CRCP projects. 

5 .  Corrosion Analysis - For projects in the northern States, corrosion-related 
testing would be performed to determine the level of corrosion and to determine 
the effect of various design, construction, and climatic features on the level of 
corrosion. 

One focus of the data analysis was to try to identify how specific design/construction 
features affect pavement performance. It should be noted that the study objectives were not to 
develop distress or performance models with global applicability, as it was realized at the onset 



that the limited number of projects considered would not provide the necessary foundation for 
that. It should also be noted that the primary factors that affect performance of CRC 
pavements are thickness and crack spacing. Thickness can be controlled as a design factor. 
However, crack spacing and the consequent crack width cannot be controlled directly, and an 
ideal workable crack spacing can only be attempted by manipulating various design factors a d  
h o ~ i n ~  that vlacement conditions would be favorable. Although, past experience has indicated 
that crack spacings in the range of 0.9 to 2.4 m (3 to 8 ft) (and possibly around 1.2 to 1.5 m (4 
to 5 ft)) are considered acceptable, we are still not able to achieve the desired spacings with 
certainty. The actual crack spacings also follow a random pattern whereby on a given length 
of a CRC pavement, crack spacing may range from 0.6 m (2 ft) or less to over 2.4 m (8 ft) 
with numerous instances of closely spaced or cluster cracking. 

Thus, one of the primary focus in this study was to identify the critical factors that 
influence crack spacing in CRC pavements. Also, an attempt was made to correlate actual 
crack spacing to the performance of the pavement in terms of structural capacity, ride, and 
extent and severity of distress. 

The scope of work also included review and analysis of data being collected for the 85 
CRC pavement test sections which are being monitored as part of the GPS-5 experiment of the 
SHRP initiated Long Term Pavement Performance (LTPP) program. 

For each project evaluated in the field, all available data related to design, construction, 
maintenance, rehabilitation, and performance were collected. This was done to complement 
the information and to extend the study data base. A comprehensive data base was developed 
to incorporate all CRC projects evaluated as part of the study. A summary of available data 
and preliminary data analysis results are presented in this volume. 

Study Details 

This study administered by FHWA is a pooled-funds study with participation by 
Arizona, Arkansas, Connecticut, Delaware, Illinois, Iowa, Louisiana, Oklahoma, Oregon, 
Pennsylvania, South Dakota, and Texas. A technical advisory committee (TAC) consisting of 
selected State agency representatives provided a forum for review of the work plans for the 
study, specifically for the field investigation portion of the study. The field investigation work 
plan was presented at a 2-day meeting of the TAC and the plan, as modified based on TAC 
comments, was implemented. The final field investigation plan, as revised, is included in 
volume 11. 

Site Identification and Selection 

Based on the literature review and contacts with FHWA and several State highway 
agencies, a large number of candidate CRCP projects were identified for field testing. Site 
verification and preliminary technicallbackground information on the projects were provided 
by State contacts. Based on a detailed examination of the nominated projects, a total of 23 
projects were finally selected for field investigations. 



The final list of the test sections selected for field evaluation is given in table 1. As 
shown in table 1, the selected test sections incorporate a broad range of attributes of interest as 
follows: 

Design thickness - ranging from 203 to 330 mm (8 to 13 in). 
Epoxy coated reinforcement - 3 sections. 
Permeable base - 2 sections. 
Age - ranging from 0.3 to 22 years. 
Subgrade - both coarse and fine grained soils. 
Base - CTB, LCB, ATB, and granular. 
Steel amount - 0.45 to 0.7 percent. 
Steel placement - tube fed and chairs. 
Shoulder type - 11 AC and 12 PCC. 
Climatic region - wet-freeze (15 sections) and wet-no-freeze (8 sections). 

All field testing was performed during the fall of 1991. 

Field Data Collection Plan 

The field data collection program was aimed at collecting data on the current condition 
of each 305-m (1,000-ft) long representative test section. The following activities were 
completed at most of the test sections: 

1. Visual condition survey 
Crack and distress mapping along the 305-m (1,000-ft) section. 

I, Joint width measurements. 
0 Windshield survey of adjacent 8.05 krn (5 mi) of pavement. 

2. Nondestructive deflection testing 
I, Basin testing (slab interior). 

Testing at crack locations (mid-slab and edge). 

3. Profile testing 

4. Corrosion-related testing 
a Corrosion potential measurement. 
I, Examination of steel bars (cores). 

5. Coring and shallow borings 
@ Concrete testing (laboratory testing) 

- Splitting tensile strength. 
Modulus of elasticity. 

- Coefficient of thermal expansion. 
- Chloride content determination. 



Table 1. Final list of test sections. 

(25.4 mm = 1.0 in) 



Material characterization 
- Atterberg limits. 
- Particle size distribution. 

6. Reinforcing steel location survey. 

7. Photographic and video imaging. 

Except for the Oregon testing, all field testing was performed by the contractor staff. 
In Oregon, the State agency performed deflection testing and the coring and boring operations. 
No profile testing was done for the Oregon sites. All field testing was accomplished during 1 
day of testing with the test crew arriving at the site at dawn and staying at the site until early 
evening. At a few sites, testing was delayed due to rain. The crew consisted of one project 
engineer (also operated the profiler), one FWD operator, and two technicians (for coring1 
boring and other site activities). 

The details of field data collection procedures used are given in appendix A of the 
volume I1 report. 

Data Compilation 

For each test section, the following summary data was developed: 

1. Inventory 
a Location and climatic features. 
a Traffic, if available. 
a Structural section. 

Design/construction, if available. 
a Performance, if available. 
a Maintenance and rehabilitation, if available. 

2. Visual Condition Survey 
Map showing crack spacing within the 305-m (1,000-ft) test 
section. 
Crack spacing summaries and statistics. 

a Drainage survey summary. 
a Overall windshield survey summary. 
a Terminal joint survey summary. 

3. Deflection Testing 
a Basin deflection data for each of the seven sensors along the 305- 

m (1,000-ft) length of the test section. 
Slab temperature profile data. 

a Results of load transfer testing at cracks. 



Average and range of deflections for each sensor for testing 
conducted at cracks, both at mid-slab and edge locations and for 
morning and afternoon testing. 
Backcalculated radius of relative stiffness, @, modulus of subgrade 
reaction, k, and slab rigidity, D, along the length of the test 
section. Backcalculation was performed using Program ILLI- 
BACK. (I) 

4. Crack Width Measurements 
Summary of crack width changes between morning and afternoon 
measurements. 
Crack widths normalized to -17.8 "C (0 O F )  and 4.4 "C (40 OF). 

5. Laboratory Testing 
Concrete test data. 
Base/subbase/subgrade characterization. 
Chloride testing. 

6 .  Reinforcement Related Testing 
Steel location. 
Steel corrosion evaluation. 

- corrosion potential testing. 
- visual examination of cores over steel bars. 

7. Profile Testing 
International Roughness Index (IRI) data. 

Analysis and Evaluation of Data 

This section briefly describes the different types of analysis and evaluation that was 
performed with the field test data. As discussed previously, because the performance of CRC 
pavements is significantly influenced by crack spacing and the structural integrity of the 
transverse cracking, the analysis is focused on crack spacing, crack width, and the structural 
response of the CRC pavement. The structural response of the test sections was characterized 
by analysis of the falling weight deflectometer test data for testing conducted along the slab 
interior (basin testing) and at crack locations (at mid-slab and along the lane edge). 

Crack Spacing Data Anulysis 

Crack spacing data was analyzed to determine the total number of cracks within the 
305-m (1,000-ft) length of the test section. In addition, average crack spacing and standard 
deviation of the crack spacing was determined. Also, the average spacing of the closes five 
cracks was also determined at each crack location. A plot of the average crack spacing of the 
closest five cracks is useful in identifying incidences and locations of cluster cracking with 



average crack spacing of less than 0.6 m (2 ft) and can be easily used when comparing 
cracking pattern with the overall stiffness characteristics of the pavement. 

The crack spacing data were also used to develop crack spacing frequency distribution 
plots based on the total number of cracks that have spacings equal to or less than the designated 
spacing and also based on the total length of paving exhibiting crack spacing equal to or less 
than the designated spacing. 

Crack Width Data Analysis 

The change in crack width was determined from the crack width measurements made in 
the morning and the afternoon. In addition, the corresponding change in mid-slab temperature 
was determined. The two sets of data were used to compute the effective slab length change 
(over the 30.5-m (100-ft) length of the pavement used for the crack width measurements) in 
terms of unit length change per unit change in temperature. This value can be used to estimate 
the "effective coefficient of thermal expansion" for the pavement. Although, at the onset of 
the testings, it was not clear if reliable crack width data could be measured, the actual crack 
width data collected did provide values of the "effective coefficient of thermal expansion" that 
appear to be in the range of expected values compared with actual coefficient of thermal 
expansion of concretes tested in the laboratory environment. 

The crack width data at each section was also used to determine crack widths 
normalized to 4.4 "C (40 OF) and -17,s "C (0 OF) to allow comparison of crack widths 
between sites. The normalization was performed by using the laboratory measured coefficient 
of thermal expansion and the measured crack widths. 

Basin Deflection Testing Data Analysis 

Deflection data from the basin testing was used to backcalculate the radius of relative 
stiffness, 0, modulus of subgrade reaction, k, and slab rigidity, D, for the pavement at each test 
location. 0 and D are defined as follows: 

where: E = concrete modulus of elasticity 
h - - slab thickness 

P 
- - concrete Poisson's ratio 

k = modulus of subgrade reaction 

and 

Program ILLI-BACK was used for this purpose.(') The backcalculation was performed 
for all the three load levels used. Backcalculated data indicate that the radius of relative 



stiffness values computed for each of the three load levels at each test location were almost 
identical. Therefore, in subsequent data analysis, only the data for the nominal 40.03 kN 
(9,000 1b) load were used. 

For edge testing, no corrections were made for the boundary conditions (free-edge). 
Thus, the backcalculated values computed using ILLI-BACK actually represent the "effective" 
or equivalent radius of relative stiffness, modulus of subgrade reaction, or slab rigidity, as 
appropriate. 

Data Analysis for Deflection Testing at Cracks and Along the Edge 

A review of the data obtained from deflection testing at cracks indicated that edge 
deflections were almost twice as large as mid-slab deflections for both early morning and mid- 
afternoon testing. However, the backcalculated radius of relative stiffness along the edge was 
not always "proportionately" less than along the mid-slab. Thus, care must be exercised in 
interpreting the backcalculated relative stiffness values without considering maximum 
deflections for edge testing. The radius of relative stiffness values were backcalculated without 
accounting for the edge boundary condition (free edge or tied shoulder). Thus, these values 
represent "effective" values and are used primarily to allow comparison of overall pavement 
stiffness along the edge to the overall pavement stiffness along mid-slab (interior) locations and 
to identify if tied-shoulder has any effect on the overall pavement stiffness along the edge. 
Also, as expected, afternoon testing produced lower deflections at both the mid-slab and edge 
locations. During early morning, the slab edge is curled upwards due to cooler slab surface 
resulting in a slight loss of support along the free edges. During mid-afternoon, the reverse is 
true and the slab edge is either in contact with the baselsubbase or is close to contact because 
of the downward curl along the slab edge. However, the range in temperature variations at 
each site was different depending on cloud cover and rainfall during the days of testing. 

The deflection data were also used to backcalculate the modulus of subgrade reaction, 
k, and slab rigidity, D. As discussed, the radius of relative stiffness values along the edges 
were not very different from the values for the mid-slab testing even though the maximum 
deflections along the edges were almost twice as much as at the mid-slab locations. This 
phenomenon is apparently due to the use of normalized deflection basin areas used for 
backcalculating the radius of relative stiffness values. However, the backcalculated k and D 
values along the edge were generally lower than those at the mid-slab locations, clearly 
indicating the effect of the edge boundary condition. The edge D values enerallv were 
between 20 to 60 percent of the mid-slab D values. Thus, the backcalculated D values 
characterize the slab rigidity along the edge much better than the ! values and this approach is 
strongly recoqinended for evaluating the deflection based response of CRC pavements. 

Comparisons Between Actual and Predicted Crack Spacings 

Several computer programs have been developed in the recent years to predict the 
cracking pattern and the effect of various parameters on the development of the crack spacing. 
These models include CRCP-5 developed at the University of Texas and the TTICRCP model 



developed by the Texas Transportation Institute at Texas A&M University. For this study, 
CRCP-5 model was used to predict the crack spacing distribution at each of the test sections. 
The CRCP-5 crack spacing distribution was compared to actual crack spacing distribution 
which was observed in the field. Variations between the computer simulation results and field 
observations are noted and discussed in a separate chapter. 

Comparisons with Existing Distress/PerJomance Models 

Although CRC pavements have been used widely for over 30 years, there is a 
noticeable lack of distress and/or performance models for CRC pavements. The American 
Association of State Highway and Transportation Officials (AASHTO) Guide falls back on the 
experience with jointed concrete pavements for thickness design of CRC A 
limited amount of distress model development work has been done in Texas and Illinois based 
on state-wide surveys of CRC pavements. Recently, an attempt was made to use the LTPP 
data from 85 CRC test sections @art of LTPP GPS-5 experiment) to develop distress models. 
However, because of very little distress in the test sections included in the experiment, a model 
related to ride quality only was proposed. 

As part of this study, some of the viable distresslperformance models were used with 
the test section data to determine the sensitivity and the utility of these models. 

Summary 

The results of the detailed data analysis are presented in the following chapters. The 
reader is referred to volume I1 in this series of reports for more detailed information for each 
test section. This information includes actual crack mapping for the full 305 m (1,000 ft) long 
sections and deflections along the length of the test sections. 

It should be noted that even though detailed testing at any CRC pavement site may be 
limited to a 305 m (1,000 ft) length, it is important that a survey of failures (steel ruptures, 
patches, and punchouts) be conducted over at least 5 to 8 krn (3 to 5 mi) length of the project. 
Also, it is important to note that CRC test sections for monitoring purposes should be at least 
305 m (1,000 ft) long to ensure that the test section and the cracking pattern are representative 
of the project. 



CHAPTER 2 - SUMMARY OF TEST DATA 

General 

As discussed earlier, this volume presents detailed analysis of the field and laboratory 
test data for each of the 23 CRC pavement test sections included in the field investigation 
program. One of the major concerns at the beginning of the field study was the availability 
and reliability of data related to traffic along the test sections. Even though intensive 
interactions were made with appropriate State highway agencies, traffic data were not made 
available for many of the test sections - in most cases because the reliable traffic data did not 
exist or the required traffic data (e.g., ESAL's) were not maintained by the agency. This is 
not unusual as the same problem has been encountered on many similar pavement data 
collection programs including the Long Term Pavement Performance (LTPP) program. For 
the LTPP program, the State agencies have initially provided the best estimates of the ESAL's 
for the test sections while efforts are underway to perform more indepth traffic data collection 
using site-specific WIM and AVC equipment. Thus, for this project, traffic effects are 
indirectly incorporated by considering age (time) effects. However, it should be noted that 
based on the traffic data that was available, the estimated ESAL's for the test sections ranged 
from a few hundred thousand ESAL's to over a million ESAL's. 

Data Summaries 

A summary of the key data elements for each of the 23 test section is presented in table 
2. The table includes both raw (as-measured) data and reduced data such as radius of relative 
stiffness and effective coefficient of thermal expansion (based on joint width change data). As 
indicated previously, the selected test sections incorporate a broad range of attributes of 
interest as follows: 

Design thickness - ranging from 203 to 330 mm (8 to 13 in). 
Epoxy coated reinforcement - 3 sections. 
Permeable base - 2 sections. 
Age - ranging from 0.3 to 22 years. 
Subgrade - both coarse and fine grained soils. 
Base - CTB, LCB, ATB, and granular. 
Steel amount - 0.45 to 0.7 percent. 
Steel placement - tube fed and chairs. 
Shoulder type - 11 AC and 12 PCC. 
Climatic region - wet-freeze (15 sections) and wet-no-freeze (8 sections). 

Highlights of Data Analysis 

Ride Quality and Serviceability 

The ride quality of the CRC pavement test sections as denoted by International 
Roughness Index (IRI) ranged from a low of 837 rnrnlkm (53 infmi) to a high of 2481 m m / h  



(157 inlmi) as shown in table 2. This represents good to very good ride quality considering 
that the test section ages ranged from 0.3 years to 22 years at the time of testing. Thus, CRCP 
pavements tend to provide a good riding surface even when a high amount of medium to high 
severity cracking is present. Figure 1 shows the IRI values plotted as a function of age. 
Although there is a large amount of scatter in the data points, it appears that there is a slight 
increase in IRI (rougher ride) with age. 

In order to obtain an assessment of the test section performance in terms of the present 
serviceability index, PSI (as defined by AASHTO), an attempt was made to develop PSI values 
for each test section using the IRI values. It should be noted that PSI as defined by AASHTO 
incorporates pavement cracking and patching. It is assumed that the ride quality ((as denoted 
by IRI) includes the effects of low levels patching and cracking. Thus, for the CRC pavement 
sections exhibiting little or no distress, the estimation of PSI values from IRI is considered 
reasonable. 

Although not much use has been made in the U.S. of the correlations between PSI and 
IRI, two procedures have been recently developed as follows: 

1. The World Bank Model - The following model has been developed based on 
data from several studies conducted by the World Bank:(') 

where PSI ranges from 0 to 5 and IRI is in m / k m  (idmi). The above model 
was used recently as part of the LTPP data analysis efforts to estimate the PSI 
values at more than 750 LTPP test sections. 

2. The TRDF ModeP - The following model was developed using data obtained 
from limited testing using LTPP profilometers over a limited number of test 
sections : 

PSI = 7.06 - 1.791og (IRI) 
(r" = 0.79) 

where PSI ranges from 0 to 5 and IRI is in mrn/km (idmi). 

The above two models were used to estimate the PSI values as of the testing time. It 
should be cautioned that the applicability of the models to CRC pavements has not been 
verified. These models are being utilized only to provide some assessment of performance 
using an acceptable performance index parameter. The estimated PSI values for each section 
are summarized in table 3. The PSI values range from 3.2 to 4.2 for the pavements ranging in 
age from 0.3 to 22 years (using only the ride quality as a measure of PSI). Table 3 also 
contains PSI (or similar performance indicator converted to 0 to 5 scale) values reported by the 
State agencies for 1990. As seen, the estimated PSI values compare well with the State 
reported values. 





Table 2. Summary of key data elements (continued). 
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(40.03 kN = 9,000 lb) (0.0254 mrn = 1 mil) 
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Table 2. Summary of key data elements (continued). 

Notes: 
1. 1 = radius of relative stiffness (RRSI 
2. Value of concrete coefficient of thermal expansion was measured using a core obtained during field testing. 

(0.6"C = 1°F) (25.4 rnm = 1 in.) (1 





Table 3. Estimated PSI values. 
(0.305 m = 1 ft) (15.8 mrnlkm = 1 idmi) 



The effects of age on the estimated PSI are shown in figure 2. Age does not appear to 
have a direct relationship to PSI. This is reasonable as these pavements are part of the primary 
highway system and as such are maintained to ensure an acceptable level of service at "all" 
times. Similar trends have been observed at other CRC pavement sites. This is one of the 
reasons that ride quality and PSI (based primarily on ride quality) are not good indicators of 
CRC pavement performance. Several agencies, therefore, use number of failures (punchouts 
and patches) as an indicator of CRC pavement performance. 

Terminal Joints 

The use of lug anchors and wide flange beam terminal joints was equally divided. 
However, most of the sections using lug anchor joints were older than 15 years (10 sections). 
Similarly, most of the sections using wide flange beam joints were 7 years old or younger (10 
sections). This indicates that the current trend is to use wide flange beams as terminal joints. 
Wide flange beam joints generally exhibited less distress such as spalling and faulting - 
primarily because of the young ages. 

Deflections Under Load 

Average Sensor 1 deflections (maximum deflection under the load plate) ranged from a 
low of 0.048 rnm (1.9 mils) to a high of 0.137 mm (5.4 mils) under the 40.03 kN (9,000 lb) 
FWD load for the basin (interior) testing. The deflection values are, of course, affected by 
slab thickness and baselsubgrade support. The deflections and the subsequent backcalculated 
pavement stiffness characteristics therefore revresent the conditions at the time of testing only. 

The deflections measured at the transverse crack along the mid-slab location were 
generally comparable to the basin deflections generally measured between crack locations. 
However, edge deflections measured at transverse crack locations tended to be almost twice as 
much as the basin (or mid-slab crack location) deflections for the morning testing (upward slab 
curl along the edges). The edge deflections tended to be less for the afternoon testing but still 
considerably larger than basin test deflections. The afternoon edge deflections were reduced 
by about 10 to 30 percent from the morning edge deflections. Figure 3 shows a comparison of 
edge and mid-slab deflections at crack locations with basin test deflections. The tied-concrete 
shoulders do not appear to have contributed much to reducing edge deflections. 

Also, the change in edge deflection between morning and afternoon testing does not 
appear to have been affected much by slab support condition - firm support such as LCB, 
ATB, or CTB versus softer support provided by granular or permeable bases. The edge versus 
basin deflections are illustrated in table 4 which also contain data on shoulder type and base 
type. 

Loss of Support Analysis 

Loss of support analysis was performed using the data from deflection testing along the 
edge locations. At each test location, FWD loads of 40.03, 53.38, and 71.17 kN (9,000, 



Table 4. Edge versus basin deflections. 

(0.305 m = 1 ft) 



12,000, and 15,000 lb) were used. The maximum deflections at each of the 3 load levels were 
used to extrapolate loss of support conditions along the edge. Figure 4 illustrates the 
procedure used to estimate the loss of support, which is equal to the "apparent" deflection at 
zero load. Table 5 presents the loss of support values for each section using the average 
maximum deflection values for each load level. It is seen that most of the sections do exhibit 
some loss of support both during the morning and the afternoon testing. The loss of support 
for the afternoon testing tended to be slightly lower. The data also indicate that for some 
unexplainable reasons, WI-4 section exhibited very high loss of support during the morning 
testing which is also reflected in the high deflections measured along the edges during the 
morning testing. 

The net loss of support, the difference in loss of support between early morning and 
late afternoon testing, provides an indication of the "permanent" loss of support due of 
moisture warping and base consolidation. Net loss of support in excess of 2 mils (0.002 in) 
should be considered a cause of concern, with regards to induced concrete flexural stresses 
under loading and with regards to potential for pumping. 

There does not appear to be any significant influence of shoulder type or base type on 
the magnitudes of the loss of support. However, it should be noted that the data are 
confounded by actual temperature conditions and pavement thicknesses at each site. 

Overall Pavement Stzfiess 

For concrete pavements, the overall pavement stiffness can be described very 
effectively using the radius of relative stiffness (RRS), P, value. The Q value is an important 
structural parameter of concrete pavements and has a direct influence on pavement behavior 
(structural response). The RRS was estimated for each section using the theoretical formula 
and using the actual slab thickness (average core thickness), laboratory measured modulus of 
elasticity value, and best estimate of the modulus of subgrade reaction. The RRS values were 
also backcalculated from the deflection testing using Program ILLI-BACK. These RRS values 
are presented in table 2. Figure 2 shows a comparison of the estimated RRS and RRS based on 
the basin (interior) testing. Figure 3 shows a comparison of RRS values from mid-slab and 
edge testing at transverse crack locations with basin test RRS values. The following is a 
summary of the comparison of the RRS values: 

For basin testing, the backcalculated RRS values were independent of load 
levels which ranged from about 40.03 kN (9,000 lb) to about 53.38 kN (16,000 
lb). Thus, a single load level of 40.03 kN (9,000 lb) is considered adequate for 
CRCP basin testing. However, multiple load levels should be used for testing 
along the pavement edge if loss of support determination is desired. 

RRS values for testing at crack locations were generally lower than those along 
basin (non-crack) locations. 
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The estimated RRS values compared well with the basin RRS values. However, 
the estimated RRS values are somewhat dependent upon the modulus of 
subgrade reaction values used. 

a There was some increase in RRS values for mid-slab crack location from 
morning to afternoon testing, However, there was very little increase in the 
edge crack location RRS values from morning to afternoon testing even though 
actual deflection values were lower. 

The crack location RRS values for edge testing were only slightly lower than for 
the mid-slab testing. However, this decrease was not at all "proportional" to the 
difference in magnitudes of deflections at the mid-slab and edge locations. I[t 
should be noted that the RRS values computed for the edge testing are 
"effective" or eauivalent values as no allowance was made in the backcalculation 
analysis for edge boundary conditions. It appears that the normalized deflection 
basin areas for edge testing are similar to the normalized deflection basin areas 
for the mid-slab testing, thus compensating for the high deflection values 
measured for edge testing. The backcalculated RRS values are determined using 
the normalized deflection basins. 

a The use of concrete shoulder appears to have mixed effect on the backcalculated 
RRS values. The IL-5, IA-3, and WI-3 sections exhibited edge crack test RRS 
values almost equal to the basin test RRS. However, all five Oklahoma test 
sections, IL-1, and WI-4 exhibited much lower RRS values for the edge crack 
testing compared to the basin testing RRS values. Thus, it appears that concrete 
shoulders may not be very effective in all cases for structural strengthening of 
the mainline CRC pavements. The use of concrete shoulder may still be 
strongly desired for other reasons such as maintenance-free shoulder, effective 
joint sealing, etc. 

It appears that the most effective way to strengthen the mainline CRC 
pavement along the edge is to use widened lanes which eliminate much of the 
free-edge loading conditions. The widened lanes may be used more effectively 
with tied-concrete shoulders. 

The deflection test data were further analyzed to backcalculate the modulus of subgrade 
reaction, k, and the slab rigidity, D. The relationship between RRS, k, and D is as follows: 

RRS = (D/k)O.'' (5) 

and 

D = ( ~ h ~ 1 . n  (1 - p2)) 

where: E = concrete modulus of elasticity 



h - - slab thickness 

P = concrete Poisson's ratio 

While the RRS term describes the overall stiffness of the total pavement system, the D 
term describes the rigidity of the concrete slab only. As discussed above, the RRS values 
along the slab edge were very similar to the values at the mid-slab locations. The explanation 
for this behavior is as follows: 

Given: RRS(edge) = (Dedge1kedd"25 
Assume : kdge = 0.5 k,,,,,, (slab curling effects) 

Dedge = 0.5 Dinteriol (slab edge boundary condition) 
Then: RRS(edge) = (0.5 Dinterior/O. 5 kintenor)0.25 

= (Din~erior/kinterioc)O'~~ 

= RRSinterior 

Thus, RRS is not a good descriptor for evaluating the slab integrity along the edge. 

The modulus of subgrade reaction (backcalculated using Program ILLI-SLAB) and D 
values are given in table 2. The following is a summary of the average values for the various 
parameters for all 23 test sections. 

Average Values 

4, mm (in) k, MPaIm (mi) D. kN-m (million Ib-in3) 

Basin Testing 914 (36) 81 (300) 546,000 (480) 

Mid-Slab Crack Testing 
Morning Testing 762 (30) 103 (380) 341,000 (300) 
Afternoon Testing 838 (33) 92 (340) 391,000 (344) 

Edge Crack Testing 
Morning Testing 762 (30) 54 (200) 171,000 (150) 
Afternoon Testing 787 (31) 62 (230) 216,000 (190) 

Thus, it is seen that the effective k values along the edges are about 60 to 70 percent of 
the values for the mid-slab locations and that the D values along the edge are about 30 to 60 
percent of the values for the mid-slab locations. The basin testing (uncracked locations) 
resulted in the highest D values. These trends in k and D values are what one would expect 
and appear to be more descriptive of the actual physical condition (edge) of the pavement 
system. It is also likely that the backcalculated D value would be much lower at those edge 
locations that exhibit the beginning of a punchout or exhibit wide cracks. Thus, it is 
reconmended that the D and k values be used in interpreting the results of edge testing, in 
addition to the use of RRS. 



A review of the D values indicate that the tied-concrete shoulder did not contribute to 
the rigidity of the mainline slab as the ratios of edge D to the mid-slab D values are very 
similar for sections with tied-concrete shoulder and sections without tied-concrete shoulder. 

Crack Spacing Analysis 

The average crack spacings for each site are shown in figure 7. During the study, it 
was realized that a good method for characterizing the cracking pattern for CRC pavements did 
not exist. In the past use has been made of the cumulative frequency distributions for 
representing the total number of cracks that have spacings equal to or less than the designated 
crack spacing. This is certainly a good method providing a clear visual description of the 
cracking pattern. The cumulative frequency plots for each of the test sections are given in 
figure 8. These plots are arranged by States. These plots can be used to identify the number 
of cracks (by percent) that are greater than or less than the designated crack spacing, A 
summary of the cumulative frequency plot data is presented later in this section. 

The cumulative frequency plots of the type presented in figure 8 do not, however, 
represent the true picture of the cracking pattern as the focus of these plots is the number of 
cracks. A more representative characterization is the cumulative frequency based on the length 
of paving exhibiting a designated crack spacing. Thus, as an example, if 40 percent of the 
cracks (by number) have crack spacing equal to or less than 0.9 m (3 ft), the length of paving 
exhibiting crack spacing equal to or less than 0.9 m (3 ft) may be only 20 percent or less. 
Similarly, if 10 percent of the cracks (by number) have crack spacing greater than 3.0 m (10 
ft), the length of paving exhibiting crack spacing greater than 3.0 m (10 ft) may exceed 20 
percent. It is the length of paving that exhibits a certain cracking pattern that is equally 
important (if not more important) than the number of cracks that exhibit a certain cracking 
pattern. The cumulative frequency plots based on length of paving are given in figure 9. 

Table 6 shows a comparison of the crack spacing characterization using the frequency 
distributions based on the number of cracks and the length of paving involved. The length of 
paving definition appears to be more descriptive. For cluster cracking, it indicates the 
potential for cluster cracking related problems based on the amount (by length) of cracking that 
is less than 0.9 m (3 ft). It also clearly indicates the length of paving that incorporates 
undesirable longer crack spacing, in excess of 3.0 m (10 ft). A concern with longer spaced 
cracks is the development of crack spalls, steel rupture, and punchout at companion closely 
spaced cracks. These problem items are also better characterized by the number of crack 
locations where these problems may develop in the future, Thus, for problem cluster cracking, 
the involved length of paving is more significant than the number of cracks. For longer spaced 
cracks, it is the number of cracks that is more significant than the involved length of paving. 

From table 6, the following can be ascertained: 

1. IL-1 has a large number of cracks having spacings in excess of 3.0 m (10 ft). 
However, this section was only a few months old and had not yet gone through 
a winter cycle. 



Table 6. Crack spacing distributions. 

Notes: 
1.  spt = spot corrossion of steel bar 
2. sprd = spread corrossion of steel bar (25.4 nun = 1 in) (0.305 m = 1 fi) 
3. Severity levels - L = low; M = moderate; H = high 
4. Patching data includes both partial and full depth patching 



2. IL-4, IL-5, IA-2, IA-3, and WI-2 have more than 40 percent length exhibiting 
crack spacing equal to or less than 0.9 m (3 ft). 

3. IA-1, IL-1, all Oklahoma sections, and OR-2 have more than 50 percent length 
exhibiting crack spacing in excess of 1.8 m (6 ft). 

4. IA-1, IL-1, all Oklahoma sections, and OR-2 also have more than 15 percent 
length exhibiting crack spacing in excess of 3.0 m (10 ft). OK-1 has 73 percent 
length exhibiting crack spacing in excess of 3.0 m (10 ft). The large incidence 
of larger crack spacings can only be considered as potential problem areas 
(except for IL-1 as it can be expected to develop a more normal crack spacing 
pattern with time). 

5. It is not clear why IA-1 (20 years age), OK-1 (4 years age), and OR-2 (4 years 
age) have comparatively different cracking patterns (compared to other in-state 
test sections). It appears that construction time concrete placement conditions 
may have influenced the cracking pattern, for lack of any other identifiable 
cause. However, the placement conditions generally affect only the early crack 
spacing pattern as the crack spacing tends to stabilize after several cold season 
(winter) periods. IA-1 and OK-1 did have CTB layers. 

6. The larger crack spacings for OK-1, OK-2, OK-3, and OK-4 are due to the use 
of lower steel amount (0.5 percent). 

7.  The two sections with permeable bases (IL-1 and OK-5) did have higher 
amounts of cracks with longer spacings. It is not clear if this is a real trend as 
the data are confounded by age (newer pavements). 

8. The use of epoxy-coated reinforcing bars did not appear to have any effect on 
the overall cracking pattern. 

9. The older pavements (over 15 years old) generally had very few or no cracks 
with spacings in excess of 3.0 m (10 ft). 

10. The Illinois and Wisconsin sections had very few or no cracks with spacings in 
excess of 3.0 m (10 ft), irrespective of age, thickness, and other design features. 

In order to relate the crack spacing to the structural response of the pavements, the 
concept of the average of several closest crack spacings was developed. The crack spacing 
pattern for IA-1 is shown in figure 10, based on individual crack spacing. This type of pattern 
is very difficult to relate to structural response that is provided by the effective length (or area) 
of the CRC pavement. The effective length is generally considered to be about 1.5 to 2.0 
times the RRS value on each side of the applied load - about 1.2 to 1.8 m (4 to 6 ft) on each 
side of the load. Thus, it was necessary to develop a different way to represent the crack 



spacing pattern that would incorporate better the effective length of the pavement. The concept 
that was developed was to use the average spacing of a certain number of closest cracks. 

Figure 11 shows a comparison of the average crack spacings based on 3 and 5 closest 
cracks. The cracking patterns are very similar and more importantly do not exhibit the random 
pattern shown in figure 11. Because a large number of projects exhibit very small crack 
spacings (< 0.6 m (2 ft)), it was decided to use the average spacing of the closest five cracks 
(ASCFC) to characterize the cracking pattern for evaluation of structural response due to 
loading. 

The plot of the ASCFC with distance is also useful in identifying locations of cluster 
cracking (groups of cracks with average spacing of less than about 0.6 m (2 ft)). Similarly, 
cracking patterns with large crack spacings can also be easily identified (e.g., at OK-1 where 
ASCFC exceeded 3.0 m (10 ft) at several locations). The ASCFC trends provide a more 
visual definition of crack spacing pattern than use of the standard deviation or the coefficient of 
variation parameters. The ASCFC plot (with distance) can also be used to identify the extent 
of a pavement section that exhibits "acceptable" cracking pattern. For example, if acceptable 
values of ASCFC are assumed to be between 0.9 and 1.8 m (3 and 6 ft), then as shown in 
figure 12, the length of the pavement section outside the acceptable limits can be easily 
identified. It is possible that this length can be used as a performance indicator and compared 
with the extent of other manifested distresses such as punchout/patching, ride quality, etc. 

The RRS values were compared with crack spacing for each test section. The plot of 
basin test RRS values along side the average spacing of five closest cracks indicate that 
pavement stiffness is not very dependent on crack spacing as long as there is high load transfer 
efficiency at the transverse cracks. The load transfer effectiveness was generally greater than 
90 percent for most of the test sections. However, there appears to be some interaction 
between cluster cracking (average crack spacing of less than 0.6 m (2 ft)) and RRS. The RRS 
in many instances were lower for lower average crack spacing especially for the older test 
sections. 

Overall, the variability in the RRS values along the test section appears to be more 
influenced by the "apparent" variability in the support condition. The extent of variability does 
not appear to be influenced by the base type (stabilized versus granular) nor by the subgrade 
type (fine-grained versus coarse-grained) . 

The effect of the following design features on crack spacing development was 
evaluated: 

Thickness. 
Tied-concrete shoulder. 

a Permeable base. 
Epoxy coated bars. 



Thickness Effects 

Figure 13 shows the average crack spacing categorized by concrete thickness - less than 
254 mrn (10 in) and equal to or greater than 254 mm (10 in). No clear trends are apparent. 
The data are also confounded by age, percent steel, and climatic region. 

Tied-Concrete Shoulder Effects 

Figure 13 shows the average crack spacing categorized by outside shoulder type - AC 
or PCC shoulder. No definitive trends are apparent. The data are also confounded by age, 
percent steel, and climatic region. 

Permeable Base Effects 

Figure 13 shows the average crack spacing categorized by base layer - permeable 
cement treated base or non-permeable base. The two sections with permeable base did exhibit 
slightly higher average crack spacings, However, both of these sections were young - IL-1 
was only a few months old and OK-5 was only 2 years old. Therefore, it is likely that within 
the next few years, these two sections would exhibit cracking patterns similar to the sections 
with the non-permeable CTB. One of the concerns with the use of the permeable CTB is that 
it may contribute to the thickness of the concrete slab through bonding which would then 
require use of a slightly higher steel percentage to ensure acceptable cracking pattern. 

In order to further study the effect of permeable CTB, data from an additional CRC 
section constructed on a permeable CTB were obtained. This section was located along 1-295 
in Virginia (just south of Exit 9B sign, near Milepost 8). The section details are as follows: 

Date Constructed: SummerlFall 1991 

Pavement Details: 
Slab thickness = 229 rnrn (9 in). 

a Permeable CTB thickness = 102 mm (4 in). 
e CTB thickness = 152 mrn (6 in). 
0 Percent steel = 0.65 percent. 

No tubes or chairs used - concrete placed in two lifts with the steeI 
placed at surface of bottom lift. 
Permeable CTB cement content = 13 1 kg/m3 (220 lb/yd3). 
Permeable CTB aggregate = ASTM No. 57. 
Shoulder type = jointed plain concrete. 

A 305-m (1,000-ft) length of the section was surveyed on May 17, 1994. The section 
exhibited the following cracking pattern: 



Crack Spacing. m (ft) Percent of Cracks 

Total number of cracks1305 m (1,000 ft) = 322 
Average crack spacing = 0.95 m (3.11 ft) 
Standard deviation of crack spacing = 0.54 m (1.78 ft) 

The above data indicate that 3 years after construction, the crack spacing along the 
permeable base section exhibits acceptable cracking pattern. Most of the cracks either 
exhibited no distress or were of low severity. Thus, the concern that CRC pavements 
constructed over permeable CTB may not exhibit acceptable cracking pattern (because of 
"interlocking/bonding " with the permeable base) may not be justifiable. However, it should be 
stressed that adequate percent steel ( 2  0.65 percent) should be used to minimize any potential 
problems related to use of the permeable CTB. 

Epoxy Coated Bar Effects 

Figure 13 shows the average crack spacing categorized by bar coating - epoxy coated or 
not epoxy coated. The three sections with epoxy-coated bars did exhibit lower average crack 
spacing. Although the sample size is small, it appears that the use of epoxy coated 
reinforcement may not result in undesirable cracking pattern. The current FHWA Technical 
Advisory T 5080.14, dated June 5, 1990, recommends that the bond area should be increased 
15 percent to increase the bond strength between the concrete and reinforcement of epoxy- 
coated steel reinforcement is used. This implies that 15 percent more steel should be used if 
epoxy-coated bars are used. The sections with epoxy-coated bars had the following steel 
amounts : 

OK-3 = 0.5 percent steel 
W-2 and WI-3 = 0.67 percent steel 

Thus, it appears that use of 15 percent more steel bars (or increase in steel content by 
about 0.1 percent for the same size of steel bars) may not be warranted provided the steel 
content is properly estimated. 



Effect of Age on Crack Spacing 

The effect of age on crack spacing development is shown in figure 14. There appears 
to be a trend toward a decrease in crack spacing with age with crack spacing stabilizing after 
about 8 to 10 years. The effect of crack spacing on ride quality and estimated PSI are shown 
in figure 15. Crack spacing appears to have an effect on ride quality and estimated PSI. 
Shorter crack spacing result in higher IRI (and lower PSI) values indicating that cluster 
cracking does result in poorer riding surface. 

Load Transfer EfSiciencies at Cracks and Crack Width Analysis 

Load transfer efficiencies were determined using the data from the morning and 
afternoon testing at crack locations, All sections, except the Oklahoma sections and WI-1 
exhibited high load transfer efficiencies (> 90 percent) at crack locations. The Oklahoma 
sections have the widest crack spacings due to lower steel amount. This may be contributing 
to the development of the poor load transfer at crack locations. 

Crack widths at the test section ranged from 0.20 mm to about 0.84 mm (ignoring the 
apparent high values noted at the two Pennsylvania sites) during the mornings. The morning 
slab mid-depth temperatures during crack width measurements ranged from 4.4 "C (40 OF) to 
about 18.3 "C (65 OF). The cracks did close a little bit during the afternoon when mid-slab 
temperatures increased from about -15.0 to -9.4 OC (5 to 15 OF). For each section the crack 
widths were normalized to mid-depth slab temperatures of 4.4 "C (40 OF) and -17.8 "C (0 OF) 
to allow comparisons between sites. The normalization was performed by using the laboratory 
measured coefficient of thermal expansion. The normalized crack width data are shown in 
table 7 and figure 16. These data are for the 30.5 m (100 ft) subsection used for crack width 
measurements and not for the full 305 m (1,000 ft) section. 

As shown in table 7, the normalized crack width (at 4.4 OC (40 OF)) range from 0.24 
rnm at IL-1 to 1 .O1 mm at OK-1 and WI-1. The average normalized crack width at 4.4 "C (40 
OF) is 0.59 mrn. The small crack width at IL-1 is explainable in that IL-1 section was only a 
few months old. The large normalized crack width at OK-1 is the result of the large average 
crack spacing. Table 7 also indicates that IA-1 with the larger crack spacing exhibits larger 
normalized crack widths. 

Criteria for limiting crack width for CRC pavements are presented in the AASHTO 
Guide based on studies performed in Texas. The maximum crack width to avoid spalling is 
recommended to be 1.07 mm. For the wet-freeze region test sections, using the crack width 
data normalized to - 17.8 "C (0 OF), it is seen that IA-1, WI-1, and WI-4 are marginal with 
respect to the AASHTO crack width criteria. It should be noted that WI-1 also had somewhat 
lower load transfer efficiency at the crack locations. 

Figure 17 shows the relationship between normalized crack widths and average crack 
spacing. No clear trend is evident as the data is confounded by concrete material type, age, 
and percent steel. 



Table 7. Crack widths 

W 
P 

(0.6 "C = 1 OF) (25.4 mm = 1 in) (1.8 mm/mm/ "C = 1 in/in/ OF) 



EfSect of Steel Amount 

The longitudinal reinforcement has a significant influence on performance of CRC 
pavements. Higher amounts of reinforcement result in smaller crack spacing for a given set of 
conditions (concrete quality, climatic conditions). Figure 18 shows the effect of steel amount 
on crack spacing. Considering that the data points incorporate a broad range of pavement age, 
concrete quality, and climatic conditions, there is a strong overriding linkage between percent 
steel and crack spacing. At a steel percentage of about 0.8 percent, average crack spacing may 
approach about 0.6 m (2 ft) which borders on undesirable crack spacing in the presence of 
poor support conditions - results in a very high incidence of cluster cracking and a high 
potential for future punchouts when the supDort condition is marginal. A percent steel in the 
range of 0.6 to 0.7 percent appears to provide average long-term crack spacing in the range of 
0.9 to 1.5 m (3 to 5 ft). 

The effect of steel amount on ride quality is shown in figure 19. Again, there is a some 
linkage between percent steel and ride quality (IRI) considering a wide range of support 
(baselsubgrade) conditions. This is, however, not surprising as figure 19 represents a 
composite of figures 15 and 18. Figure 15 showed that a smaller crack spacing provided a 
comparatively rougher ride. Thus, it can be concluded that a higher steel amount (percent) 
may lead to closer crack spacing, which would lead to comparatively poorer ride. It should be 
noted that the poor ride is a function of the condition of the transverse cracking and 
patching/punchouts. Thus, it appears that pavement distresses can be expected to be higher for 
sections with closely spaced transverse cracks or, as a corollary, for sections incorporating 
higher amounts of steel percentage for the currently used range of concrete strengths. It is 
possible that a different conclusion would be reached if concrete strengths used were much 
higher than conventionally used concrete strengths having average splitting tensile strengths in 
the range of 3.10 to 4.48 MPa (450 to 650 lbf/in2) (all ages). Also, it must be pointed out that 
some of the European experiences indicate that close crack spacing (average crack spacing of 
about 0.6 m (2 ft)) due to use of steel amount of 0.85 percent can still provide excellent 
performance under heavy truck traffic, provided that a good support condition is constructed. 

The above discussion should not be interpreted as indicating higher steel amounts are 
not preferable. There appears to be an optimum range of steel amount - about 0.6 to about 0.7 
percent for conventionally specified concrete strengths. Smaller amounts of steel would result 
in larger transverse crack spacing with attendant problems of steel ruptures and more frequent 
punchout incidences. Similarly, larger amounts of steel would result in closely spaced 
transverse cracking (cluster cracking), which creates a potential for punchouts on poor 
base/subbase/sub~rade . 

During the design process, the amount of steel determined to obtain acceptable crack 
spacinglcrack widtldsteel stresses is based on the assumption that the design concrete strength 
will be obtained. However. for a given (design) steel content, if a higher concrete strength is 
actually obtained. that crack spacings may be larger than anticipated. Similarly, if lower 
concrete strength is actually obtained during construction, then a much closer crack spacing 
may result. This is very important to establish especially when using marginal amount of steel 



- less than 0.6 percent. The larger crack spacing may result in higher steel stress and wider 
cracks resulting in premature failures. Therefore, if the possibility exists that higher than 
specified concrete strengths may be obtained on any given project, then the prudent course 
would be to specify a slightly higher steel content to accommodate the expected higher 
concrete strength. 

Based on the data obtained as part of this study, use of steel in the amount less than 
0.60 percent is not recommended as the cracking pattern that develops is very marginal (as 
exhibited by the Oklahoma test sections). The larger crack spacings that develop as a result of 
low steel amount create potential locations for steel ruptures and punchouts at closely spaced 
cracking adjacent to widely spaced (> 3.7 m (12 ft)) cracks. 

Summary of Distresses 

A summary of data related to various distress items and potential associated causative 
factors are listed in table 8. Pavements 15 years old and older generally exhibit moderate 
severity of spalling at transverse cracks. The older pavements also exhibit various amounts of 
patching. Sections WI-1 and WI-5 exhibited the most number of patches (partial and full- 
depth) within the 305-m (1,000-ft) sections tested. Only two sections (OK-4 and PA-2) 
exhibited punchouts that had not been patched. There does not appear to be any correlation 
between patching amount and ride quality indicating that the patches if constructed properly are 
not detrimental to ride quality. The Oklahoma sections (ranging in age from 2 to 7 years) 
exhibited very little distress other than low to moderate severity of transverse cracking. These 
sections also had the lowest percent of longitudinal steel reinforcement and above average 
crack spacing. 

Steel corrosion based on core examination was found to be present at most of the 
sections in the wet-freeze regions with the exception of sections where epoxy-coated 
reinforcement was used. Also, there appeared to be a strong correlation between observed 
corrosion, based on core examinations, and the corrosion potential measured in the field using 
the copper-copper sulphate half-cell potentiometer, Corrosion potential measurements lower 
than about -0.30 volts indicated that potential for corrosion did exist at the site as verified by 
core examination. 

Analysis of Data Using Distress Performance Models 

As indicated previously, there are very few distressfperformance models that exist for 
CRC pavements. The models that have been based on past studies include the following: 

1 .  SHRP LTPP Ride Quality Model for CRC pavements. 

2 .  AASHTO Design Guide (prediction of cumulative equivalent single axle loads 
(CESAL's), estimation of slab thickness and reinforcement design). 

3. Illinois and Texas distress models based on number of failures. 





4. Highway Performance Monitoring System (HPMS) model. 

SHRP LTPP Ride Quality Model'3' 

A model was recently developed using data collected as part of the LTPP GPS-5 
experiment involving performance evaluation of in-place CRC pavements. The model has the 
following form: 

IRI = 262.05 + 1.47 * CESAL - 2.94 * THICK - 232.3 * PSTEEL (7) 
- WIDENED - 16.8 * SUBGRADE 

where: IRI = International Roughness Index, mmfkm (inlmi) 
CESAL = Cumulative 80.07 kN (18,000 lb) ESAL in traffic 

lane, millions 
THICK = Concrete slab thickness, mm (in) 
PSTEEL = Percent steel (longitudinal reinforcement) 
WIDENED = 1 for widened lane, 0 for 3.7-m (12-ft) wide lane 
SUBGRADE = 1 for coarse-grained soils, 0 for fine-grained soils 

The model was based on data from 42 152-m (500-13) long test sections and has a R~ of 
0.55. 

For fine-grained soils, slab thickness of 254 rnm (10 in), and standard lane width of 3.7 
m (12 ft), the model reduces to the following: 

IRI = 232.65 + 1.47 * CESAL - 232.2 * PSTEEL (8) 

For a CESAL of 10,000,000, the IRI value expected is given by: 

IRI = 247.35 - 232.2 * PSTEEL 
= 131 for PSTEEL = 0.5 percent 
= 108 for PSTEEL = 0.6 percent 
= 85 for PSTEEL = 0.7percent 
= 62 for PSTEEL = 0.8 percent 

Similar results are obtained for coarse grained subgrades. The model indicates that a 
smoother ride can be obtained with higher steel amounts. This is somewhat contradictory to 
the trend noticed with data from the current study. Data obtained from the reported study 
indicate that higher steel amounts may cause a rougher ride because of closely spaced cracks in 
presence of weak or variable subgrade support. 

AASHTO Design Guide Models 

The AASHTO Guide incorporates CRC pavement thickness design procedure within 
the procedures for jointed concrete pavements. As such no realistic predictions can be made 



using the AASHTO Design Guide equation relating CESAL's to various pavement parameters 
for CRC pavements. 

Given the following conditions: 

Modulus of subgrade reaction = 81.4 MPalm (300 pci) 
Concrete modulus of rupture = 4.48 MPa (650 lbf/in2) 
Concrete modulus of elasticity = 3 1 030 MPa (4,500,000 lbf/in2) 
Terminal PSI - - 3 .o 
Design reliability = 90 percent 

The following levels of CESAL's can be expected to be carried by the pavement: 

- 38.4 million CESAL's for thickness of 305 rnm (12 in) 
- 12.2 million CESAL's for thickness of 254 mm (10 in) 
- 3.3 million CESAL's for thickness of 203 rnrn (8 in) 

Unfortunately, reliable estimates for CESAL's at many sites were not available. Where 
the estimates were available, it became quickly apparent that the actual CESAL's (estimates 
provided by state agencies) are generally much higher than those predicted by the AASHTO 
Guide. The AASHTO Guide tends to be very conservative with predicting 
allowable/acceptable cumulative ESAL's for concrete pavements. 

The AASHTO Guide also includes models to allow computation of the appropriate 
amount of steel to be used for CRC pavements. These models can be used indirectly to 
estimate the crack spacing, crack width, and the longitudinal steel stress. 

These models have, however, been supplanted in reliability by the recent improvements 
in the CRCP mechanistic models developed at the University of Texas. Therefore, no further 
evaluation is presented here with the AASHTO design models. The following chapter presents 
a more comprehensive evaluation of the field data in relation to predicted crack spacing and 
crack width using one of the mechanistic models. 
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Figure 1. Ride quality as a function of age. 
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Figure 2. Estimated PSI as a function of age. 
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Figure 3. Comparison of basin and crack location deflections. 
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Figure 4. Determination of loss of support along edges. 
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Figure 5. Comparison of basin and estimated radius of relative 
stiffness (RRS) values. 
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Figure 6. Comparison of basin and crack location test RRS values. 
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Figure 7. Crack spacing summary. 
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Figure 9. Crack spacing distribution (by length of paving) 
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Figure 10. Crack spacing pattern for IA-1- individual crack spacings. 
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Figure 11. Crack spacing pattern for IA-1 based on 
closest 3 or 5 cracks. 
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Figure 12. Illustration of procedure to identify extent of 
marginal cracking pattern. 
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Figure 14. Average crack spacing as a function of age. 
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Figure 15. Ride quality and PSI as a function of average crack spacing. 
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Figure 17. Normalized crack width as a function of crack spacing. 



% Steel Reinforcement 

(0.305 m = 1 ft) 
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Figure 19. Ride quality as a function of percent steel reinforcement. 



CHAPTER 3 - PREDICTIONS OF CRC PAVEMENT CRACKING 

General 

Analysis to predict crack spacing were conducted for a total of twenty 305-m (1,000-ft) 
sections from Iowa, Illinois, Pennsylvania, Oklahoma, and Wisconsin. The Oregon sections 
were not analyzed. This chapter provides a background on the various crack spacing models 
and presents the results of crack spacing analysis performed using the CRCP-5 program. 

Crack Spacing Computer Models 

Since the transverse cracking process in CRC pavement involves an on going sequence 
of change in concrete strength and environmental conditions, it is advantageous to computerize 
certain stress and strain distributions, as shown in figure 20, in the form of algorithms to 
model the pavement crack spacing, To simplify the analysis, certain assumptions are made 
with regard to material properties and environmental conditions. The computer models are 
useful for the purpose of predicting crack spacing, crack width, and the stresses in concrete 
and steel for a given set of environmental and material conditions. In this study CRCP-5, 
developed at the Center for Transportation Research at the University of Texas at Austin, and 
TTICRCP, developed at the Texas Transportation Institute, were reviewed. However, only 
the CRCP-5 model was used in this study since it was the most currently available at the time 
of this study in this series of CRC pavement desigdanalysis tools. 

CRCP-5 was developed for the prediction of cracking in CRC pavements due to in- 
plane stresses caused by drying shrinkage and temperature drop. Included in the model is 
equilibrium analysis of stress in the concrete, steel reinforcement, and resistance due to friction 
at the baselsubbase interface. The friction on the baselsubbase is considered as a function of 
the pavement displacement which depends upon temperature and material properties. The 
model also accounts for the agettensile strength relationship of the concrete which allows for 
analysis of crack formation with time as the internal tensile stress exceeds the tensile strength 
of the concrete. Basically, CRCP-5 consists of two parts. One part is to analyze the structural 
response of the pavement system and predicts transverse crack spacing distributions. The 
other part estimates pavement life in terms of distress manifestations. In the first part, the 
Monte Carlo Method is applied to include material variabilities in the mechanistic analysis. A 
calibrated fatigue relationship directly representing the behavior of concrete and the 
relationship between wheel load stress (and indirectly those stresses resulting from curling and 
warping effects) and crack spacings are utilized in the second part to provide a predictive 
model of pavement performance. 

The CRCP-5 model incorporates equations developed for force equilibrium of bond, 
steel, and subbase friction in the pavement System far the prediction of structural responses due 
to contraction restraint in CRC pavement. The model assumes a crack forms when the 
concrete stress calculated from the equilibrium equations is greater than the concrete strength 



at that location. The model assumes the stress in the concrete at a crack is zero. The stresses 
due to volurnrnetric changes are also assumed to be uniformly distributed throughout the slab 
thickness. Since the model contains an algorithm for the change in concrete strength with 
time, the criteria for cracking can be adjusted with time. The following assumptions are made 
in the CRCP-5 model: 

1 .  A crack occurs when the concrete stress exceeds the concrete strength; after 
cracking, the concrete stress at the location of the crack is zero. 

2 .  Concrete and steel properties are linearly elastic. 

3. In the fully bonded sections of the concrete slab, there is no relative movement 
between the steel and the concrete; stresses are assumed to be uniformly 
distributed with depth in the slab. 

4. The force-displacement curve which characterizes the frictional resistance 
between the concrete slab and the underlying base is elastic. 

5 .  Material properties are independent of space. 

6. Effects of concrete creep and slab warping are neglected. 

7.  Temperature variations and shrinkage due to drying are uniformly distributed 
throughout the slab; hence, a one dimensional axial structural model is adopted 
for the analysis of the problem. 

The model also assumes fixed end conditions at the mid-slab location and for the 
reinforcement at the crack centerline. No condition for variable depth of cover is included. 
Fully restrained conditions are used as a basis for the development of the equations since the 
total length of steel bars is assumed to be constant. The model limits variable frictional 
resistance between the concrete slab and the underlying base between existing cracks. 

The basic equations for the CRCP-5 model are derived by considering a full length of 
CRC pavement in which a free body diagram is developed in (figure 20). By considering 
overall equilibrium: 

F, + Fa = F*, + .lFidX 

where 

Fsc = force in the steel at the crack 
Fi = friction force per unit length along the slab length 
FSX = force in the steel at location, x and 
Fcx = force in the concrete at the location x. 



Compatibility equations are included in the model for volumrnetric changes in the 
concrete pavement under environmental effects in which: 

where 
sttess in the concrete at location x 
stless in the steel at location at x 
thermal coefficient of expansion of the concrete 
thermal coefficient of expansion of the steel 
temperature change, positive if temperature decreases 
drying shrinkage of the concrete 
elastic modulus of the steel 
elastic modulus of the concrete 
E,/Ec (modular ratio) 

The material characteristics indicated above can be found from standard test 
procedures, references, or design relationships. The above generalized compatibility equation 
applies to the region in which the steel and concrete are fully bonded. The effect of subbase 
friction (F,) was also included in equations expressing the change in steel and concrete stress 
with length: 

where 
A, = cross-sectional area of concrete 
P = ratio of cross-sectional area of steel to concrete 
u = uniformly distributed bond stress 
d = rebar diameter 



These expressions are important since they describe how the stresses in the reinforcing 
steel and the concrete vary from the crack face (where the concrete stress (a,) is assumed to be 
zero) to the fully bonded region of the slab segment. However, these expressions have 
application to the fully bonded region but the change in either the concrete or the steel stress in 
the fully bonded region is assumed to be small since the change in bond stress and friction 
effects is small in that region. 

The CRCP-5 program also contains a model for prediction of punchout development 
based on fatigue damage accumulation due to wheel load stresses developing at potential 
longitudinal crack locations. Longitudinal cracking is significant in the development of 
punchout distress. The damage accumulation determined by this model, shown below, 
incorporates the crack spacing distribution obtained from the program results to generate a 
relative estimate of the punchout performance in terms of: 

where 

A,B = Regression coefficients to be determined 
o = Flexural stress 
f = Flexural strength 

The above expression is useful in determining relative comparisons of pavement life 
between different designs of CRC pavements, for a given combination of crack spacing 
distributions, support conditions, and climatic conditions. 

The model developed at the TTI designated TTICRCP takes a different approach to 
cracking in the CRC pavement by characterizing the bond stress distribution between the steel 
and the concrete which is not based on an assumption of uniform bond distribution. No direct 
relationship is assumed between the bond stress and the crack width. 

The basic assumptions of the TTICRCP model are similar to those used in CRCP-5 and 
are as follows: 

1 .  The concrete and the reinforcing steel are linearly elastic. 
2 .  The base material underneath the slab is rigid, and will not deflect under loading 

by the horizontal friction force. 
3.  All materials are homogeneous. 
4. All temperature and shrinkage induced strains are uniformly distributed 

throughout the depth and the width of the CRCP slab. 
5 .  The effect of warping, curling, and creep are neglected. 



6. All behavior in the slab is symmetrical about the midpoint of the slab. 

Cumulative Distributions 

Analysis of data collected from the field test sections is discussed in the following 
sections on a State by State basis. The pavement sections consist of 305-m (1,000-ft) sections 
located in Iowa, Illinois, Pennsylvania, Oklahoma, and Wisconsin selected for this study. The 
Oregon sections are not included in this analysis. The characterization of the data is generally 
described with respect to cumulative crack distributions and cluster cracking. Data on several 
Texas sections are provided in this study with respect to cluster cracking. 

In order to obtain a representative cracking sample of the pavement from each 305-m 
(1,000-ft) section, two 30.5-m (100-ft) sections from each of the previously described 305-m 
(1,000-ft) sections were selected at random for detailed data analysis. The recorded crack 
spacing in each 30.5-m (1004) section was placed in an ascending order. The cumulative 
probability for each crack spacing was calculated in terms of the cumulative distribution of the 
crack spacing for a given sample. The cumulative probability for a particular crack spacing 
was found by dividing the number of cracks less than a given crack spacing by the total 
number of cracks included in the sample. 

Given the cumulative probability, each of the crack patterns derived from each 30.5-m 
(100-ft) section were tested for both normal and lognormal distribution. This test was made by 
determining the fit between the calculated cumulative probability and the associated crack 
spacing. For this purpose, two graphs were plotted with cumulative probability on x-axis and 
crack spacing on y-axis. One graph with a linear scale on y-axis and other with a log scale on 
y-axis. The regression was done for both the graphs. Both linear and log distributions of the 
crack spacing were considered in the regression analysis. The coefficient of correlation (?) 
value was calculated for both curves where the linear distribution was assumed to be normally 
distributed and the log distribution was assumed to be lognormally distributed. The regression 
having maximum coefficient of correlation was chosen as the distribution of that 305-m (1,000- 
ft) section. Table 9 lists the type of distributions for all the twenty sections referred to in 
appendix H and illustrated in appendices A through E with graphs for each test section. 

In order to obtain a more representative distribution for each 305-m (1,000-ft) section, 
a pooled variance and pooled mean were calculated from the individual variances and means of 
two 30.5-m (100-ft) sample sections. The pooled variance was used to calculate the pooled 
standard deviation. The following formulas were used to calculate the pooled variance and 
pooled mean. 

(n, -1)S2 + (n, - 1)s; 
.C 2 = 



Table 9. Distribution table for the test sections. 
(0.305 m = 1 ft) 

Test Section (305 m (1,000 ft)) 

PENNSYLVANIA- 1 

PENNSY LVANIA-2 

ILLINOIS- 1 

ILLINOIS-2 

ILLINOIS-3 

Type of Distribution 

Normal 

Normal 

Normal 

Normal 

Lognormal 

WISCONSIN-2 

WISCONSIN-3 

WISCONSIN-4 

WISCONSIN-5 

IOWA-1 

IOWA-2 

IOWA-3 

Normal 

Normal 

Normal 

Normal 

Lognormal 

Normal 



where 

s,l - - 
n1 - - 
4 - - 

- s12 - 
- sI2 - 

pooled variance 
number of cracks in sample 1 
number of cracks in sample 2 
variance of sample 1 
variance of sample 2 
pooled average crack spacing, m (ft) 
average crack spacing, m (ft) of sample 1 
average crack spacing, m (ft) of sample 2 

To determine the probability that any measured crack spacing will fall in the interval 
from pp to some Y crack spacing, the number of standard deviations that Y lies away from the 
mean is calculated using the formula (for normal distribution): 

where 
Z = standard normal deviate 
Y = crack spacing 
OP = pooled standard deviation 

The value of Z computed using this formula is sometimes referred to as the Z score 
associated with the Y value. Using the computed value of Z, the appropriate probability is 
determined from the probability tables listed for a normal distribution. Similar approach is 
taken for a lognormal distribution except: 

Y = lny,  
P = In pp, and 
0 - - (3 Cln yl 

The previously described cumulative field distribution curves illustrate the level of 
probability associated with a specified cracking interval. These trends, shown in appendixes A 
through E, indicate the range of crack spacing and the likelihood of cracking intervals outside 
the desired range of 0.9 and 2.4 m (3 and 8 ft). Also, these curves are compared against 
cracking distribution developed for the same sites from computer results (using CRCP-5) for 
all the sections. 

As pointed out before, the CRCP-5 program gives the cumulative probability for a 
particular combination of materials, design, and climatic conditions. The CRCP-5 plots were 

5 9 
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superimposed on actual crack spacing distributions from the inservice CRC pavements from 
Iowa, Illinois, Pennsylvania, Oklahoma, and Wisconsin. Efforts were made to simulate the 
actual field data curves using the CRCP-5 program, but for all of the sections either the tensile 
strength of the concrete or coefficient of variation of concrete or both the parameters were 
modified in order to match the field data. However, past modeling efforts using CRCP-5 have 
predicted crack spacing distribution that are more closely spread than that indicated by the field 
data. The adjusted and unadjusted CRCP-5 analysis plots were superimposed on the pooled 
data curves. The reasons for any noted variation are provided in the later part of this chapter 
on site by site basis. 

Detailed results of the crack spacing analysis are presented in appendixes as follows: 

Appendix A - Illinois Sections 
Appendix B - Iowa Sections 
Appendix C - Oklahoma Sections 
Appendix D - Pennsylvania Sections 
Appendix E - Wisconsin 

The following data are presented in the appendixes for each test section: 

1. Field crack spacing distribution data for two 30.5-m (100-ft) subsections and 
pooled data. 

2. Crack spacing distribution predicted by CRCP-5 for two assumed curing 
temperatures. 

3. Crack spacing frequency. 
4. Probability of cluster cracking (2, 3, and 4 consecutive cracks). 

The following appendixes are also included: 

Appendix F - Development of CRCP-5 Input Data (steel, concrete, and other 
material and climatic data) 

Appendix G - Correlations of Cluster Ratios (results of correlations of cluster 
ratios with different attributes) 

Appendix H - Correlations of Y Cracking (results of correlations of Y cracking 
with different attributes) 

The average crack spacing and the cluster ratios determined for each test section are 
given in table 10. The lower the value of the cluster ratio (which is discussed later), the lower 
the incidence of cluster cracking. 

Cluster Cracking 

It is generally recommended in design that the crack spacing for CRC pavement should 
be selected such that the crack width is small enough to minimize the entrance of water and to 
provide the necessary load transfer through aggregate interlock. Consequently, cracking 



Table 10. Field mean crack spacing values. 
(0.305 m = 1 ft) 

Mean Crack Standard Deviation of Cluster 
Section Spacing, m (ft) Crack Spacing, m (ft) Ratio 

IA- 1 1.80 (5.89) 1.18 (3.87) .55 

IA-2 0.91 (2.98) 0.68 (2.24) .42 

IA-3 

PA- 1 

PA-2 

OK- 1 

OK-2 

OK-3 

OK-4 

OK-5 

IL- 1 

IL-2 

IL-3 . 
IL-4 

IL-5 

WI-1 

WI-2 

WI-3 

WI-4 

WI-5 

0.91 (2.98) 

1.46 (4.80) 

1.32 (4.32) 

2.57 (8.44) 

1.39 (4.57) 

1.45 (4.75) EPOXY 

1.94 (6.36) 

1.87 (6.13) 

1.55 (5.10) 

1.29 (4.22) 

1.09 (3.58) 

0.65 (2.13) 

0.92 (3.02) 

0.88 (2.88) 

0.88 (2.90) Epoxy 

1 .05 (3.46) Epoxy 

1.40 (4.58) 

1.03 (3.38) 

1.54 (1.76) 

0.81 (2.67) 

0.75 (2.47) 

1.76 (5.78) 

1.02 (3.37) 

0.91 (2.99) 

0.98 (3.21) 

1.02 (3.36) 

1.07 (3.51) 

0.81 (2.66) 

0.64 (2.10) 

0.36 (1.17) 

0.64 (2.11) 

0.69 (2.27) 

0.43 (1.42) 

0.48 (1.59) 

0.68 (2.22) 

0.57 (1.86) 

.23 

.17 

.22 

.85 

.32 

.27 

.20 

.40 

.36 

.21 

.25 

.21 

.28 

.31 

.24 

.09 

.27 

.10 



design criteria have evolved over time to include shorter cracking intervals. Early 
recommendations suggested design crack spacing should be between 1.5 and 2.4 m (5 and 8 13) 
based on deflection test results and steel corrosion studies. Most recently the minimum crack 
spacing recommendation has changed to as low as 0.9 m (3 ft) based on load transfer and 
pavement stiffness requirements (9). The maximum crack spacing recommended to minimize 
spalling at the transverse cracks is a range between 1.8 to 2.4 m (6 to 8 ft). As pointed out 
previously, punchout distress may occur at a greater frequency in pavement sections with crack 
spacing of 0.3 to 0.6 m (1 to 2 ft). In spite of noted reinforcing steel effects in design, a 
certain percentage of crack spacing usually falls below the specified minimum crack interval. 
Consequently, a very short cracking interval as occurs in cluster cracking, has been recognized 
as an undesirable feature, especially for poor support conditions. 

The percentage frequency of cracks occurring in clusters were calculated for all CRC 
pavement sample sections. The crack spacing frequency distribution was determined and given 
in appendixes A through E and grouped in crack spacing ranges of 0.6 to 0.9 m (2 to 3 ft), 0.9 
to 1.2 m (3 to 4 ft), 1.2 to 1.5 m (4 to 5 ft), and 1.5 to 1.8 m (5 to 6 ft). This type of 
information provides an indication of the level of cluster cracking within each 305-111 (1,000-ft) 
section. The crack spacing data were also plotted against the probability of two, three, or four 
consecutive cracks occurring within a certain distance. 

Cluster cracking is a type of "distress" in CRC pavements. Consequently, cluster 
cracks typically will act as a locus for punchout development under repeated application of 
traffic loads particularly in area of poor subbase support. Stress in the reinforcement and the 
pavement may be higher in these groups of cracks possibly leading to wide crack widths and 
contributing to punchout distresses at these locations. Generally speaking, cluster cracks occur 
within a distance of 0.3, 0.6, or 0.9 m (1, 2, or 3 ft) intervals. The probability of two, three 
or four consecutive cracks were chosen for analysis of occurring within a range of distances to 
evaluate the evidence of cluster cracking manifest within a particular pavement segment. The 
probability was calculated for two consecutive cracks occurring within less than a 0.3-m (l-ft) 
distance, a 0.6-m (2-ft) distance and so on. Similarly, probabilities were calculated for other 
previously described combinations. A simple algorithm was developed to calculate the 
probability of cluster cracking. The crack spacing data from the different State survey data 
bases were used as a input to calculate the number of combinations that a certain number of 
consecutive cracks Iie in less than 0.3-, 0.6-, 0.9-, and 1.2-m (I-, 2-, 3-, and 4-ft) distances. 
This algorithm also calculates the total number of combinations of possible consecutive crack 
combinations in a given papulation of cracks. The number of combinations is calculated by 
deducting (r - 1) from the total number of cracks where 'r' is the number of consecutive cracks 
under consideration. 

The probability of cluster cracking is the total number of combinations that a certain 
group of consecutive cracks lie within a certain distance divided by the total number of 
combinations. A graph is provided for each section illustrating the trend in the cumulative 
probability as it varies with the number of consecutive cracks in appendixes A through E. 
Prior to further discussion of the field results the following observations are made. It should 
be noted that cluster cracking for ideal CRC pavement cracking distributions (where the 



pavement cracking is uniformly distributed) would appear for 2 consecutive cracks (at 0.6-rn 
(2-ft) intervals) and 3 consecutive cracks as shown in figure 21. A characteristic of an ideal 
crack spacing distribution would be reflected in how well the curve for 2 consecutive cracks 
reflects the curve for 3 consecutive cracks (at the same intervals) if it were superimposed upon 
the curve for 3 consecutive cracks by doubling the crack distance interval at any probability. 
In other words, the curve for 2 consecutive cracks can, so to speak, be converted into a curve 
for 3 consecutive cracks by shifting the curve to the right the interval distance associated with 
the interval between two consecutive cracks. 

Elaborating on this line of reasoning, the information provided in figure 21 for each 
sample section can be used to determine a "cluster ratio" to serve as a measure of cluster 
cracking manifest by a particular crack pattern. The cluster ratio can be found from dividing 
the crack distance interval for 3 consecutive cracks based upon doubling the crack interval 
distance associated with any probability along the curve for 2 consecutive cracks by the crack 
Iocation (at the same probability) corresponding to the curve associated with 3 consecutive 
cracks and subtracting this quantity from one as shown below: 

2 * x, 
Cluster Ratio = 1 - 

x2 

where XI and X, are the crack distant intervals for 2 and 3 consecutive cracks, respectively. 
Cluster cracking is discussed later in the state by state analysis. The lower the cluster ratio the 
lower the evidence of cluster cracking in the crack pattern. Cluster ratios for various test 
sections are listed in table 10. As discussed later, it is recommended that cluster ratios be 
limited to less than 20 percent. 

State by State Cracking Distributions 

Illinois Sample Sections (Appendix A) 

Five 305-m (1,000-ft) CRC pavement sections were selected in the State of Illinois as 
part of the detailed data collection. These sections are located in a wet freeze region. The IL- 
1 section was constructed in June 1990 with a permeable concrete base and is on US-51 South 
Bound. The IL-2 section was constructed in the year 1971 with a cement treated base and is 
located on 1-72 West Bound. The IL-3 section was constructed in May 1976 with an asphalt 
treated base and is located on US-36 East Bound. The IL-4 section was constructed in year 
1971 with an asphalt treated base and is located 1-55 on East Bound. The IL-5 section was 
constructed in June 1986 with a lean concrete base and is situated on US-50 on West Bound. 

The mean crack spacing for the IL-1 section is higher than the other Illinois sections. 
A permeable stabilized concrete subbase was used for IL-1 section and that this section was 
only a few months old. However, little guidance on the selection of frictional resistance for 
permeable stabilized subbases was available in the literature. Therefore, the value of frictional 
resistance listed in table 21 in appendix F corresponds to the crack spacing distribution that fit 



the field distribution reasonably well. It is interesting to note that a relatively low frictional 
resistance resulted from this analysis which tends to indicate that a certain amount of 
"displacement" may occur prior to "interlocking" developing at the subbase interface. This 
hypothesis tended to be supported from the resulting higher mean crack spacing for the IL-1 
section and from the possibility that the "interlock" effect may be manifest in the relatively 
higher cluster ratio for the IL-1 section. On this basis, a lower subbase frictional resistance 
was assigned to the IL-1 section in the analysis than other Illinois sections because of the type 
of subbase. Although some effect due to the asphalt treated subbase is noted, the primary 
factors for the low mean crack spacing for the IL-4 section may be due to the high curing 
temperature and low tensile strength of the concrete. 

Crack distribution plots (figures 45, 46, 49, 50, 53, 54, 57, 58, 61, and 62) of the 
CRCP-5 analysis for Illinois sections tend to be on the high side of the field crack distribution 
curves. This trend for the sections with an asphalt treated subbase may indicate that the listed 
friction resistance is too low for these sections. Also, all the sections may have been subjected 
to curling conditions at a greater temperature than that listed for these projects. 

Figures 48, 52, 56, 60, and 64 show the crack spacing frequency and probability of 
cluster cracking curves for the Illinois sections. It appears from the above figures that only 
one or two of the Illinois sections indicate strong cluster cracking. The higher curing 
temperature, noted in appendix F, may have caused a lower average crack spacings in IL-4 and 
IL-5 sections. No strong trends appears between the crack spacing frequency distributions and 
the cluster cracking characteristics of the Illinois sample sections. The remaining figures in 
appendix A for measured crack widths will be discussed in chapter 4. 

Iowa Test Sections (Appendix B) 

Three 305-m (1,000-ft) sections were selected from different CRC pavements in the 
State of Iowa. The section IA-1 was constructed in the year 1971 on a cement treated subbase 
and is located on 1-29 North Bound, the section IA-2 was constructed in the year 1969 on an I 

I 

asphalt treated subbase and is located on 1-80 West Bound, and the Section IA-3 was I 

constructed in the year 1976 on an asphalt treated subbase and is located on 1-380 North 
Bound. 

The percent of longitudinal steel was same for all the sections. The field mean crack i 

I 
spacings for these sections were listed in table 10. The mean crack spacing is same for IA-2 
and IA-3 sections which are lower than the mean crack spacing of IA-1 section. In light of the 

I 

subbase types and the curing conditions listed for these sections, the crack pattern trends are 
I 

I 

not easily explained. However, even though a lower tensile strength is associated with the IA- 
2 and IA-3 sections (as noted in appendix F) but it is difficult to attribute the entire magnitude 
of the differences in the field and predicted cracking trends to this alone. I 

I 

Upon comparison of the CRCP-5 results (figures 71, 75, and 79) for all the Iowa 
sections, the prediction curves are on the high side of the field curves. Ideally the field and 
prediction curves should overlap each other. The IA-1 simulated results (figure 71) do not as 



match well with the field results as the match indicated with other two Iowa test sections 
(figures 75 and 79). The field data provided for each section were used to the extent possible. 
Since the was some uncertainty in the curing temperature, a range of temperatures were 
analyzed to bracket the possible analytical results. None of the Iowa sample sections fell 
within these limits. It is not entirely clear why the fit is not better than illustrated. 

The concrete elastic modulus, compressive strength, and flexural strength of the 
concrete were assumed to be related to the tensile strength of the concrete. Graphs illustrating 
the crack spacing frequency and probability of cluster cracking are shown for these sections. 
The crack spacing frequency data indicate the number of cracks that occur within certain crack 
spacing ranges. The cluster cracking data indicates the probability of a certain number of 
cracking occurring within a given interval. The comparison of the crack spacing frequency 
distribution and probability of cluster cracking (figures 73 and 77) shows that the IA-1 and the 
IA-2 sections display the greatest amount of cluster cracking. The cluster ratio is tabulated (as 
is the mean crack spacing and the standard deviation of cracking) for each section shown in 
table 10. 

A significant amount cluster cracking was determined for the IA-1 and IA-2 sections. 
The curing temperature and the cracking standard deviation apparently may be related to the 
potential of cluster cracking. The IA-1 section had a higher curing temperature and a crack 
spacing standard deviation than the other two Iowa pavement sections. However, temperature 
at curing seems to show only a moderate correlation to cluster cracking. Pavements that 
typically are cured at higher temperatures have a shorter average crack spacing than those 
cured at lower curing temperatures. Figure 72 for IA-1 section reveals that nearly 8 percent of 
the cracks are in the 0.6- to 0.9-m (2- to 3-ft) range. Figure 73 (cluster cracking) shows that 
the change in the probability of two consecutive cracks occurring within the range of crack 
locations is not evenly distributed as it is in section IA-2 or IA-3 (particularly for two and three 
consecutive cracks) both of which contained asphalt treated bases. What also worth noting is 
the character of the frequency distribution of the crack spacing shown in figure 73 and 77 with 
high cluster ratios to figure 81 manifesting a lower cluster ratio. Even though ambient 
temperature condition at the time of construction has some affect on cluster cracking, some 
interaction is also apparent due to subbase type (where granular bases tend to be the least 
contributory). 

Oklahoma Sample Sections (Appendix C) 

Analysis was done for five 305-m (1,000-ft) sections in Oklahoma. The OK-1 section 
was constructed in October 1987 and it was opened to traffic in March 1989. This section is 
located on 1-40 West Bound. OK-2 section was constructed in August 1986 and is located on 
US-69 North Bound. This section was opened to traffic in September 1988. OK-3 is located 
on 1-35 North Bound and it was constructed in August 1988. The traffic was permitted in May 
1989 on this Interstate. OK-4 section was constructed in May 1984 and was opened to traffic 
in August 1985. This section is located on US-69. The OK-5 section is located on 1-40 East 
Bound and was constructed in May 1989. This pavement was opened to traffic in November 
1990. 



The field mean crack spacing is very high for OK-1 section. The field mean crack 
spacings are also comparatively high for OK-2 and OK-3 sections. Sites OK-1 through OK-3 
consisted of a asphalt treated subbase. Permeable concrete was used as the subbase material 
for OK-5 section. The OK-1 section was constructed at a time when the temperatures were 
very low and this may have contributed to the large average crack spacing observed in this 
pavement section. 

Figures 84, 88, 92, 96, and 100 show the crack distribution plots for Oklahoma 
sections. The plots show that the numerical results for sample section OK-4 and OK-5 nearly 
matched the field data. But the curves for other sections were not close to the field data. 

Figures 85, 86, 89, 90, 93, 94, 97, 98, 101, and 102 gives the percentage frequency 
and cluster cracking probability plots for Oklahoma sections. Cluster cracking is evident in the 
OK-1 and the OK-2 sample sections. The crack spacing distribution displayed in these two 
sample sections are similar to the one shown in the IA-1 sample section and appears to be 
undesirable cracking distribution. 

Pennsylvania Sample Sections (Appendix D) 

Two 305-m (1,000-ft) sections were selected from two CRC pavements in the State of 
Pennsylvania. These sections are located in wet and freeze zones. The PA-1 section was 
constructed in the year 1976 and is located on 1-180 East Bound. The PA-2 section is located 
on 1-81 North Bound. A granular material was used as a subbase for both the sections. 

Comparison of CRCP-5 results and field data (figures 109 and 113) shows that the 
numerical results for the PA-1 test section nearly matched the field data. The PA-2 CRCP-5 
curve is not as close to the field curve when compared to PA-1. Again it is not clear why in 
one case the fit is adequate whereas in the other the comparison is not satisfactory. Even 
though sections PA-1 and PA-2 had 0.45 and 0.55 percent steel, respectively, no potential 
problems related to performance were noted in the data collected from these sites. 

Comparison of probability of cluster cracking (as indicated by the cluster ratio) and 
cracking spacing frequency results (figures 1 10, 11 1, 1 14, and 115) of the Pennsylvania 
sections shows that the PA-1 section has a lower level of cluster cracking than the crack pattern 
in section PA-2. However, based on the characteristics of figure 110 (a gap in crack intervals 
occurring between 0.9 and 1.2 m (3 and 4 ft)), one may expect a high cluster ratio to result. 

Wisconsin Sample Sections (Appendix E) 

Five 305-m (1,000-ft) sections were selected for analysis from different CRC 
pavements in Wisconsin. WI-1 section was constructed in year 1973 and is located on 1-43 
North Bound. WI-2 section was constructed in the year 1985 and is located on 1-90 East 
Bound. WI-3 and WI-4 sections were selected from 1-90194 West Bound and was constructed 
in the year 1984. WI-5 section was constructed in the year 1975 and is located on 1-90194 East 
Bound. Figures 118, 122, 126, 130, and 134 shows the plots of CRCP-5 analysis. It appears 



a good fit resulted between the predicted and field crack distribution except for the sample 
section WI-4. 

It is appears from the percentage frequency and cluster probability plots (figures 119, 
120, 123, 124, 127, 128, 131, 132, 135, and 136) that the WI-2 and 4 show the greatest 
amount of cluster cracking. Little can be stated as to how the frequency distribution 
corresponds to the tendency of cluster cracking within a given crack pattern for a CRC 
pavement. However, based on this data by itself, it is difficult to indicate if epoxy-coated 
rebar causes any detrimental effects on cluster cracking or the development of poor crack 
pattern characteristics. 
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Figure 20. Freebody of CRCP segment and stress distribution in the 
concrete and steel. 







CHAPTER 4 - ADDITIONAL EVALUATION OF CRACK SPACING DATA 

General 

In this chapter further analysis of the collected field data is accomplished in terms of the 
variation of crack width and variations in parameters associated with the crack spacing 
characteristics (i.e., Y cracking, cluster ratio, etc.). This variation is examined with respect to 
pavement thickness, tied-concrete shoulders, permeable subbases, epoxy-coated reinforcement, 
amount of steel reinforcement, and other design parameters. The characterization of the data, 
as presented in chapter 3, with the respect to cumulative crack distributions and cluster 
cracking will be useful in this regard. 

Crack Width and Crack Spacing 

Crack width and crack spacing are characteristically thought of as indicators of 
pavement performance. Although Zuk developed a theoretical relationship between these two 
parameters as a function of steel percentage, concrete shrinkage, and temperature coefficients, 
other parameters such as pavement age and depth of steel cover may also be imp~rtant.'~) Each 
of these factors is examined in light of the data that were collected at each sample site; some of 
which are included in the Zuk expression for crack width: 

where L - - 
z - - 
a, - - 
t t - - 

Crack spacings 
Drying shrinkage 
Concrete coefficient of thermal expansion 
Temperature drop at level of steel curing temperature - pavement 
temperature at time of measurement 
Steel reinforcement diameter 
Percent reinforcement 
Bond strength of concrete 
Concrete tensile strength 
Concrete modulus of elasticity 

Crack width measurements from the Illinois, Oklahoma, and Wisconsin test sections 
were considered for detail analysis. The crack width measurements were taken at the sections 
in the morning and in the afternoon. The crack widths measurements taken in the morning 
hours were typically greater than the crack width measurements taken in the afternoon. 

Table 11 shows the average crack widths for several measurements taken in both the 
morning and afternoon time periods. It can be observed from table 11 that the WI-1 section 
has the higher average crack width. The average crack spacing for WI-1 section is 0.88 m 



(2.88 ft). Because of the lower average crack spacings for WI-1 section, the lower average 
crack width would be expected for this section. The size of the longitudinal bar used for this 
section was #4. This may have caused cracks to become wider. The IL-1 section has the 
lower crack width. The IL-1 section has the largest percent of longitudinal steel when 
compared to all the other sections when the crack widths were measured. IL-1 was also only a 
few months old when tested. 

The variation of crack width with crack spacing and variation of average crack 
widthtcrack spacing ratio with percent reinforcement, pavement age, and depth of cover is 
shown in figures 65 to 68, figures 103 to 106, and figures 137 to 140 for Illinois, Oklahoma, 
and Wisconsin test sections, respectively. A small difference is noted in between the 
theoretical crack width found from Zuk's expression for crack width (w) and the measured 
crack widths. It is interesting to note how well the theoretical expression predicts the trend in 
crack widths as a function of steel percentage and steel spacing. The area of steel 
reinforcement is also important but only affects the crack width indirectly in how in affects the 
actual crack spacing. 

The crack width trend is as expected with respect to steel percentage as shown in figure 
67 and is similar to crack width and crack spacing shown in figure 65. Figure 67 shows an 
increase in crack width with pavement age. The trends with respect to traffic (accumulated 
ESAL noted in parenthesis) seem to show a similar trend, however some anomalies are 
associated with both of these trends. The trends shown in figure 68seem to be generally 
unexpected which suggest indirectly that the depth of cover does not affect crack width. The 
trends in measured crack width data for Oklahoma and Wisconsin (figures 103 to 106 and 137 
to 140) show similar characteristics as the crack width curves for the Illinois sections and tend 
to be well represented by Zuk's crack width model. Crack width versus pavement age 
appeared to show a strong effect. WI-2, WI-3, and OK-3 contained epoxy-coated rebar but the 
crack width trends with the design parameters noted above that were observed in these sections 
did not appear to be significantly different from the trends observed in the sections containing 
conventional reinforcement. 

From observation of the field data illustrated in figure 22, the tensile strength of the 
concrete appears to have some effect on the cumulative crack spacing distribution. Although a 
considerable amount of scatter exists in this figure, theoretical models suggest that the trend in 
data of this nature must indicate an increase in mean crack spacing as the concrete strength 
increases. Therefore, as the tensile strength of the concrete increases, the average crack 
spacing tends to increase according to the illustrated data. Figure 23 indicates the curing 
temperature has little effect on the average crack spacing within the ranges included in this 
study. One would expect that the lower the curing temperature, the greater the average crack 
spacings. However, it appears that even though curing temperatures may affect the early age 
crack spacing pattern, the long-term crack pattern does not appear to be affected by the curing 
temperature. The cement treated base designation in these figures includes both CTB and lean 
concrete bases. 



Table 11. Average crack width data for Illinois, 
Oklahoma, and Wisconsin sections. 
(0.305 m = 1 ft) (25.4 mm = 1 in) 

Test Section 
(30.5 m (100 ft)) 

IL- 1 

IL-2 

IL-3 

IL-4 

IL-5 

WI-5 46 28 

Average Crack Width (0.01 mm) 

Morning 

22 

5 7 

48 

3 5 

29 

Afternoon 

16 

44 

42 

27 

22 



Cluster Ratio and Y Cracking 

The definition of the cluster ratio was provided in chapter 3 and is based upon the 
characteristics of the crack pattern being distinct from the distress of Y cracking. The cluster 
ratio is tabulated (as is the mean crack spacing and the standard deviation of cracking) in table 
10 for a majority of the test sections included in the study. The utility of the cluster ratio will 
be presented later in this section. However, it is also worthwhile to point out that the percent 
of Y cracking (number of cracks associated with a Y crack divided by those which are not in a 
given crack pattern multiplied by 100) may also be useful in CRC pavement evaluation 
analysis. Discussion is provided below to assess the correlation of these parameters to depth of 
steel cover, curing conditions, as other design characteristics in terms of subbase type. 

Appendix G was prepared to provide a summary of possible correlations taken from the 
collected data base of cluster ratio to the above mentioned characteristics. Cluster ratios are 
plotted for different subbase types included in the pavement samples versus curing 
temperature, standard deviation of crack spacing, mean and standard deviation of depth of steel 
cover, percent of reinforcement, and total shrinkage strain in the figures illustrated in appendix 
G. It is interesting to note that the trend in the cluster ratio versus curing temperature is not 
particularly strong but is with respect to deviation of crack spacing. This appears to be 
characteristic of the trend line indicating the variation in mean crack spacing with curing 
temperature noted previously in figure 23. Other illustrated comparisons show varying 
correlation strengths. Correlation of cluster ratio to depth of cover indicated some correlation 
while correlations between cluster ratio and standard deviation of steel cover and percent of 
reinforcement was very low. 

It is not surprising that a reasonably strong correlation is evident between the cluster 
ratio and the standard deviation of crack spacing. The illustrated trend suggests that as the 
deviation in crack spacing increases so does the cluster ratio. The other strong trend is 
indicated with total shrinkage strain as determined from the sample crack width measurements. 
As the total strain (i.e., drying shrinkage) increases, reduction in cluster ratio results (as the 
crack density increases). Assuming that a minimum tolerable cluster ratio can be established 
based upon certain performance criteria (i.e., ride quality, punchouts described in failures per 
mile (FPM)), it may be possible to suggest that a given level of drying shrinkage should be 
"allowed" to occur in order to maximize performance of the pavement. This concept tends to 
suggest a need to "manage" concrete pavement curing (i.e., time of curing placement, type, 
etc.) to achieve predetermined desired results that ultimately affect the long term performance 
of the pavement. 

Similar comparisons as those made with cluster ratio were also illustrated in appendix 
H with respect to Y cracking again in terms of different subbase types. Of these comparisons, 
none of them were particularly strong, however two of them are noteworthy. Y cracking 
decreases as the depth of steel cover increases. It is also interesting to note that the trend in 
cluster ratio with this parameter indicated a distinctive opposite effect. A similar circumstance 
exists with the comparison of Y cracking to total shrinkage strain. Although, only a moderate 
correlation exists, the trend in Y cracking is again opposite that of cluster ratio. The percent 



of Y cracking is listed for each sample section in table 12. No strong correlations appeared 
with respect to subbase type to percent Y cracking. 

It is also important to note the correlation of the standard deviation of steel cover with 
the depth of steel cover illustrated in figure 24. As has been noted in previous studies, as the 
depth of steel cover increases so does the variability in depth of cover. In fact, there appears 
to be little difference in whether the method of placement was by either the use of chairs or by 
tube feeding procedures. Although, it is not illustrated, there was some correlation between 
pavement thickness and the deviation in steel cover. As the thickness increased, the deviation 
in steel cover increased. However, it should be noted that little correlation existed between the 
pavement thickness and the cluster ratio. 

In light of these observations and those indicated in the above figures and in appendices 
G and H, it does not appear that any one type of subbase included in this study stands out in 
causing more cracking related distress or a form of potential distress than any of the other 
subbase types. The evaluation of permeable subbase pavements indicate that they have no 
more potential for cluster cracking (table 10) than other subbase types. 

As shown in figure 25, which illustrates cluster ratios for the SH-6 CRC pavement 
study sites located in Houston, Texas, the cluster ratio is also sensitive to aggregate type. 
These sections, which contained both winter and summer placements, consisted of 279 mm (11 
in) CRC pavement placed on a 152 rnm (6 in) CTB with an AC bond breaker using a single 
mat of deformed reinforcing steel. Although several items of interest are shown in this figure, 
one conclusion, based on this data, appears to suggest that the river gravel tend to produce 
lower amounts of cluster cracking if placed under winter conditions. Steel percentage may 
have some effect on controlling the amount of cluster cracking that a pavement may experience 
but the trends indicated in appendix G did not appear to be strong. Aggregate type for the test 
sections is shown in table 12. 

Punchout Related Per$ormance 

Pavement performance predictions varied widely across all sections. They are 
summarized in figure 26 in terms of the number of failures per mile (FPM). The average 
crack spacing can be an important factor in the overall performance of a CRC pavement 
system. It appears from the trend indicated in figure 26 that the mean cracking interval should 
be at least 1.2 to 1.5 m (4 to 5 ft) to minimize the incidence of punchout distress. Other 
factors are also involved in the development of this type of distress. However, it is evident 
that characteristics of the crack pattern such as mean crack spacing, standard deviation in crack 
spacing, and pattern uniformity should not be overlooked in the construction of quality CRC 
concrete pavements. 

Information illustrated in the performance figures referred to above was compared to 
the calculated cluster ratios and noted Y cracking in figure 27. Although the scatter in the 
plotted data is quite wide, there is some indication that both the cluster ratio and the percent Y 
cracking should be kept below a limit of 20 percent to enhance the level of performance of the 



Table 12. Percent Y cracks data. 
(0.305-m = 1 ft) 

Test Section 
(30.5-m (100-ft)) 

IL- 1 

IL-2 

IL-3 

IL-4 

IL-5 

OK- 1 

OK-2 

OK-3 

OK-4 

OK-5 

WI-1 

WI-2 

WI-3 

WI-4- 

WI-5 

PA- 1 

PA-2 

Percent 
Cracks 

4 

18 

17 

15 

18 

19 

7 

12 

3 

2 

23 

10 

7 

10 

13 

Base 
Type 

Permanent CTB 

CTB 

ATB 

ATB 

LCB 

ATB 

ATB 

ATB 

Soil-Asphalt 

Permanent CTB 

Granular 

Aggregate 
Type 

Crushed Stone 

Crushed Stone 

Crushed Stone 

Crushed Stone 

Crushed Stone 

Crushed Stone 

Crushed Stone 

Crushed Stone 

Crushed Stone 

Crushed Stone 

Stone (Quartz) 

Granular 

Granular 

Granular 

Granular 

Granular Crushed Gravel 

Granular Crushed Gravel 



pavement system. Environmental conditions are indirectly inferred as significant factors from 
the correlations illustrated in appendixes G and H. Management of the pavement curing 
process during construction is one measure which can be taken to minimize both the cluster 
ratio and the percent Y cracking. 

Summary of Observations 

It appears that the crack space distribution can be predicted to some extent. However, 
a certain amount of variation occurs which is not entirely explainable on the basis of 
information obtainable for this study. None of the design features of interest (i. e., thickness, 
tied-concrete shoulders, permeable subbases, epoxy-coated rebars, and the percent of steel 
reinforcement) indicated a particularly strong influence in any of the correlations considered in 
this analysis probably because of the small number of sections included in this study. 
However, the most useful approach in determining the influence of any of these design features 
may be through examination of the effect each may have on the resultant crack pattern (except 
for tied shoulders). 

Pavement Thickness 

The effect of pavement thickness appeared to be well represented in the Zuk equation 
for crack prediction. Thicker CRC pavement tends to manifest greater degrees of steel cover 
variability which leads to greater cluster ratios and crack space deviations. Any gains obtained 
from thicker pavement sections performance-wise may be offset by lower quality crack 
patterns if steel placement is not adequately controlled. Pavement thickness requirements are 
determined based on design considerations which are thoroughly discussed in reference 9. 
However, it is well to point out that load transfer capacity of a CRC pavement system is a 
function of the thickness design and the resulting widths of the transverse cracks. Normal 
variability in crack width (coefficient variation of 10 to 15 percent) can be offset by increasing 
the thickness of CRC pavement on the average by one inch. 

Permeable Bases 

The effect of subbase type was examined in several ways in this study. In most 
comparisons, the permeable bases tended to have higher cluster ratios than the other sections. 
However, so did the other factors the cluster ratios were correlated with. Even in those 
comparisons where climatic related factors were involved, pavements constructed with 
permeable bases fell within the data trends. Therefore, it is suspected that the effect of 
permeable bases on development of poor crack patterns is less significant that of climatic 
conditions. The potential negative impact on the cracking pattern from the use of permeable 
subbases was not evident in the data base collected from the sample sites. However, based on 
experience in Texas, the restraint causes by high friction interfaces at the boundary between a 
main slab and a stabilized base has significantly affected the resulting crack pattern. For this 
reason, the standard of using an asphalt bond breaker was adopted in Texas to alleviate this 
negative effect. 



Epoxy-Coated Reinforcemenz 

The effect of epoxy-coated reinforcement appeared to be minimal on the various crack 
pattern characteristics identified in this study. No distinguishing features regarding the trends 
examined in the plotted data with respect to epoxy-coated rebars could be identified. 

Percent Steel Reinforcement 

In the analysis of the characteristics of the various crack patterns, no identifiable trends 
were noted. This would suggest that in terms of methods to control or improve the crack 
pattern, technology focusing on the variation of steel percentage may not be as sensitive as 
methods which focus on improved quality construction and variability. However, this 
conclusion is qualified for the range of conventional concrete strengths and the range of steel 
amounts considered in this study. The use of higher concrete strength in conjunction with 
higher steel amounts needs to be investigated. Such a design may greatly alleviate crack 
spalling and minimize punchout related distresses. 
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Figure 26. 20 year FPM as a function of mean crack spacing. 
(0.305 m = 1 ft) 
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CHAP'IER 5 - ANALYSIS OF GPS-5 DATA 

Introduction 

During the early 19801s, the Transportation Research Board (TRB) of the National 
Research Council, under the sponsorship of the Federal Highway Administration (FHWA) and 
with the cooperation of the American Association of State Highway and Transportation 
Officials (AASHTO) undertook a thorough study of the deterioration of the nation's highway 
and bridge infrastructure system. The study recommended that a Strategic Highway Research 
Program (SHRP) be initiated to focus research and development activities that would make 
major contributions to improving highway transportation. The study report published as TRB 
Special Report 202 during 1984, emphasized six research areas, with the Long Term Pavement 
Performance (LTPP) program as one of the key research areas. During 1985 and 1986, the 
detailed research programs were developed for SHRP by independent contractors. The 
detailed programs were published in May 1986 as a TRB Report entitled, "Strategic Highway 
Research Program - Research Plans. " 

The Long Term Pavement Performance was envisioned as a comprehensive program to 
satisfy "the total range of pavement information needs." It draws on "technical knowledge of 
pavements presently available and seeks to develop models that will better explain how 
pavements perform. It also seeks to gain knowledge of the specific effects on pavement 
performance of various design features, traffic and environment, use of various materials, 
construction quality, and maintenance practices. " As sufficient data becomes available with 
time, analysis will be conducted by various agencies to provide better performance prediction 
models for use in design and pavement management, to provide much better understanding of 
the effects of many variables on pavement performance, and to provide new techniques for 
pavement design and construction. 

The LTPP Program incorporates two primary types of studies. The General Pavement 
Studies (GPS) involve 800 in-service pavement test sections throughout the U.S. and Canada. 
The Specific Pavement Studies (SPS) are intensive studies of few specific variables involving 
new construction, maintenance treatments, or rehabilitation activities. 

The General Pavement Studies include the following experiments: 

Asphalt Concrete (AC) on Granular Base 
AC on Bound Base 
Jointed Plain Concrete 
Jointed Reinforced Concrete 
Continuously Reinforced Concrete 
Existing AC Overlay on AC Pavements 
New AC Overlay on AC Pavements 
Existing AC Overlay on Portland Cement Concrete (PCC) 
New AC Overlay on PCC Pavements 
Unbounded PCC Overlays on PCC Pavements 



This report presents a summary of the data collected to date for the GPS-5 experiment 
related to CRC pavements. A preliminary analysis of the data is also presented to identify key 
factors that affect the behavior and performance of CRC pavements. 

The GPS-5 Experiment 

Pavements in the GPS-5 experiment include continuously reinforced portland cement 
concrete pavements placed directly on a base layer or upon unstabilized coarse grained 
subgrade. One or more subbase layers can exist but were not required. A seal coat (prime 
coat) is also permissible just above a granular base layer. 

Sampling template factors and levels for GPS-5 are summarized below: 

Moisture : Wet (Refer to figure 1) 
Dry (Refer to figure 1) 

Temperature : F - Freeze (Refer to figure 1) 
NF - Non-Freeze (Refer to figure 1) 

Subgrade Type: F - Fine 
C - Coarse 

Traffic Rate: L - Less than 300 KESALIYear 
H - Greater than or equal to 300 KESALIYear 

Percent Reinforcing: L - Less than or equal to 0.61 percent 
G - Greater than 0.61 percent 

PCC Thickness: L - Less than 216 rnm (8.5 inches) 
H - Greater than or equal to 216 mm (8.5 inches) 

The sampling template for GPS-5 is shown as table 13. 

Experimental Design Philosophv 

The development of the experimental design of each specific experiment of the GPS and 
the SPS was based on identifying factors considered to have significant influence on pavement 
performance. Three factors were selected as a basis of the sampling factorials and were 
defined as qualitative (distinct levels) or quantitative (continuous numerical levels). The 
qualitative factors used in most of the GPS and SPS experiments include the following: 

1. Moisture conditions - wet or dry 
2 .  Temperature conditions - freeze or non-freeze 
3.  Subgrade type - fine or coarse 

The generalized moisture and temperature zones defined for the LTPP program are 
shown in figure 28. A wet zone is one having annual precipitation greater than 508 mm 





(20 in.). A freeze zone is one having annual air freezing index greater than 83 "C-Days (150 
OF-Days). A subgrade is defined as being fine if it has more than 50 percent material passing 
the #200 sieve. 

For the quantitative factors for GPS, mid-points were established for these factors based 
on expected numerical ranges, so that all values below the mid-point were considered low and 
all values above the mid-point were considered high. The qualitative factors vary for each 
GPS experiment and in general include factors such as layer thicknesses and traffic levels. 
Two distinct levels were defined for all GPS quantitative factors with the exception of three 
levels (low, medium, and high) for asphalt concrete thickness in GPS-1. 

Test Section Layout 

Each test section in the GPS-5 experiment consists of a 152 m (500 ft) monitoring 
length and a 15.2 m (50 ft) section at each end of the monitoring length used for material 
sampling. The overriding philosophy of the LTPP program is not to permit any destruction 
sampling within the 152 m (500 ft) monitoring length of the section. The monitoring lengths 
are used for collecting the specific monitoring data (FWD, profilometer, surface distress, skid 
(friction), and transverse profile) at each site. 

LTPP Data Collection and Storage 

The LTPP program involves extensive data collection. The following data are collected 
for each test section. 

1. Inventory 
2. Materials Testing 
3.  Climatic 
4. Maintenance 
5. Rehabilitation 
6. Traffic 
7. Monitoring (Falling Weight Deflectometer (FWD), profilometer, surface 

distress, friction, and transverse profile) 

Data are collected for each test section by Regional Contractors (funded initially by 
SHRP and since 1992, by FHWA). The Regional Contractors also perform deflection and 
profile testing and conduct manual pavement distress surveys. Photographic distress surveys 
are performed by another Contractor. 

To ensure uniform and consistent data collection and construction, detailed guidelines 
have been prepared and implemented. These guidelines incorporate collection of inventory 
data, traffic data, monitoring data, materials testing data, and maintenance and rehabilitation 
data. Details of various data collection requirements are given in References 9, 10, 11, and 
12. 



Each of the seven LTPP data modules is composed of numerous tables, with each table 
representing a collection of related information. The tables contain individual records that 
store information for a specific pavement test section, layer, etc. LTPP data are stored in the 
National Information Management System (NIMS) located at TRB in Washington, DC. The 
data base is expected to evolve during the course of the LTPP program to accommodate the 
data collected and the needs of researchers as they are identified. LTPP data are available to 
the public only from the NIMS. Before any data are released to the public, a series of quality 
assurance checks are performed to ensure the integrity of the data. 

New and updated data from the LTPP IMS are released once a year. The 5th public 
release of the LTPP IMS data took place during August 1993. 

Summary of GPS-5 Data 

At the time of the 5th public release of LTPP IMS data (August 1993), the status of 
GPS-5 was as follows: 

No. of Sections 

Wet-Freeze Region 35 
Wet-No Freeze Region 36 
Dry-Freeze Region 7 
Dry-No Freeze Region 7 

Total 85 

Four sections have been released, were overlaid and are now being monitored as part of 
GPS-7B - New AC Overlay on PCC Pavements. The test sections range in age from 1.7 to 
28.5 years (as of January 1992) and can be found in 29 States. Texas has the largest number 
of test sections - 19. A summary of the GPS-5 data is given in table 14. 

Inventory/Climatic Data Summary 

The following data is summarized in a graphical form: 

Figure 29 - Age Summary 
Figure 30 - Percent Longitudinal Steel Summary 
Figure 3 1 - Annual Freezing Index Summary 
Figure 32 - Annual Precipitation Summary 
Figure 33 - Average Design and Core Thickness Summary 
Figure 34 - Traffic Data Summary 



Table 14. GPS -5 data summary. 
(0.305 m = 1 ft) (25.4 mm = 1 in) 



Table 14. GPS-5 data summary (continued). 
(0.305 m = 1 ft) (25.4 rnm = 1 in) 



Table 14. GPSd data summary (continued). 



Monitoring Data Summary 

The monitoring data available for GPS-5 consists of crack spacing, deflection, profile, 
and visual condition survey data. 

Crack Spacing 

Two types of condition surveys may be performed at each GPS-5 site. The survey 
procedure of choice for the LTPP program is based on 35mm photographic surveys using the 
PADIAS system. The PADIAS procedure is intended to identify the extent and severity of 
most surface distresses. The second procedure is the manual (walking) condition survey in 
which the type extent, and severity of distresses are noted and mapped. A review of the results 
of the two types of surveys indicate that the PADIAS system cannot reliability identify low and 
no severity cracking in CRC pavements and as such the total number of cracks per section 
cannot be obtained using the PADIAS system. Therefore, the average cracking spacing data 
was developed using the results of the manual surveys. Figure 35 provides a summary of 
average crack spacing at each GPS-5 section for which manual survey data were available. 
Average crack spacing ranges from 0.62 to 2.54 m (2.03 to 8.33 ft). 

Profile Data 

For the LTPP program, the profile of a pavement section is characterized by the 
International Roughness Index (IRI). A summary of the IRI data is given in figure 36. The 
IRI values determined from measurements made in 1992 and 1993 range from 664 to 2686 
mmlkm (42 to 170 idmi). 

Distress Data 

Although many test sections in the GPS-5 experiments are over 15 years of age and 14 
sections are over 20 years of age, the test sections do not exhibit noticeable amounts of 
patching and punchout distress. Also, most sections had very little medium to high severity 
cracking reported. However, at the same time 4 sections have been overlaid, probably as a 
result of the need for overlaying adjacent length of the CRC pavement. Only one of the 
overlaid sections exhibited patches within the monitoring length. 

It thus appears that the distress data as being collected under the LTPP program is 
either not being recordedlinterpreted correctly or the test section data collected in the present 
form is not representative of the appropriate pavement project. Based on the results of the 
current FHWA sponsored study on CRC pavement performance, it is clear that performance 
evaluation of CRC pavements must incorporate longer lengths of pavement to ensure that 
failure conditions in the pavement are reliably obtained. Thus, the visual condition survey 
must include a survey of 4.83 to 8.05 krn (3 to 5 mi) length of the CRC project in addition to a 
detailed survey of the 152 m (500 ft) monitoring length of the test section. The visual 
condition survey should record the number and severity of patches and punchouts. 



CRC pavement behavior is characterized by crack spacing (average crack spacing and 
cumulative frequency type statistics for crack spacing) and CRC pavement performance is 
characterized by number of failures (patches and punchouts), ride quality, and structural 
capacity (deflection testing). For the GPS-5 experiment, it appears that cracking related data 
must be obtained by manual surveys and actual crack mapping must be done to allow 
appropriate crack spacing statistics to be determined. Also, the GPS-5 monitoring plan must 
include visual survey of 4.83 to 8.05 krn (3 to 5 mi) length of the project to allow reliable 
determination of number of failures (punchoutlpatches) per kilometer (mi). Crack width data 
is also important and should be collected over a representative subsection of the monitoring 
length. 

As a result of the above discussed lack of appropriate data, no additional discussion is 
presented on distress related data. 

Deflection Data 

Deflection testing at the GPS-5 sites has been conducted over different seasons and 
varying ambient and in-situ conditions. As such, the deflection data is confounded by many 
factors. As a result no discussion of the deflection data is presented. Currently, a seasonal 
monitoring program is in progress at almost 60 test sections. It is expected that the results of 
this program may allow normalization of the deflection test data so that deflection responses at 
different sections can be compared more reliably. A limited analysis of the deflection data 
indicates that deflections along the pavement (lane) edge ranged from almost 100 percent to 
200 percent of the deflections along the mid-lane locations. 

Data Analysis 

The effects of age on average crack spacing are shown in figures 37 and 38 for no- 
freeze and freeze areas, respectively. No clear trends are apparent. Figures 39 and 40 show 
the effect on average crack spacing for percent steel less than 0.62 percent and equal to or 
more than 0.62 percent. Once again, no clear trends are noticeable. 

The effect of percent steel on crack spacing is shown in figure 4 1. However, because 
of wide variation in the data, no clear trends are evident. 

The effect of age, percent steel, and crack spacing on IRI (profile index) are shown in 
figures 42, 43, and 44, respectively. Once again, no clear over-riding trends are evident. 

Recently, as part of the analysis of LTPP data, attempts were made to develop distress 
prediction models.(3) However, because of very little distress existing within the 152 m (500 
ft) monitoring lengths of the GPS-5 test sections, no distress prediction models could be 
developed. A performance model was developed using ride quality as the performance 
indicator. This model has the following form: 



IRI = 262.05 + 1.47 * CESAL - 2.94 * THICK - 232.3 * PSEEL (20) 
- WIDENED - 16.8 * SUBGRADE 

where: IRI = International Roughness Index, mm/krn (inlmi) 
CESAL = Cumulative 80.07 kN (18,000 lb) ESAL in traffic 

lane, millions 
THICK = Concrete slab thickness, millimeters (in) 
PSTEEL = Percent steel (longitudinal reinforcement) 
WIDENED = 1 for widened lane, 0 for 3.66 m (12 ft) wide lane 
SUBGRADE = 1 for coarse-grained soils, 0 for fine-grained soils 

The model was based on data from 42 sections and has a R2 of 0.55. For slab 
thicknesses ranging from 203 to 305 rnm (8 to 12 in), standard lane width of 3.7 m (12 ft), and 
traffic ranging from 10 to 20 million ESAL's, the model can be approximated as follows: 

IRI = 246.30 - 232.2 * PSTEEL (21) 

The above "reduced" model indicates that use of higher steel percentage should 
improve the ride quality. 

As for the effect of traffic on I N ,  no analysis was conducted because of the very 
limited amount of reliable traffic data available. 

Summary 

This supplemental report presents a summary of key data related to the GPS-5 
experiment. Only a limited data analysis was possible at this time. This limited evaluation of 
data has pointed out several limitations in the data collection procedures for the GPS-5 
experiment. These limitations are summarized below: 

1. Reliable crack spacing data must be collected to allow average crack spacing and 
other crack spacing related statistics (including individual crack spacing) to be 
developed. Crack spacing is a very important (if not the most important) 
characteristic of CRC pavements. 

2. The PADIAS system should not be relied on for crack spacing data. Manual 
condition surveys should be mandatory for the GPS-5 experiment. 

3. Crack width data (and slab temperature data) should be collected for a 
representative subsection of each section. Currently, a limited amount of crack 
width data is collected in conjunction with FWD testing at crack locations. 

4. Visual condition surveys should be extended to 4.83 to 8.05 km (3 to 5 mi) of 
the project at each test section to obtain data on number of failures (patches and 
punchouts) per kilometer (mi). The 152 m (500 ft) monitoring lengths are too 



short to develop such information. The number of failures per kilometer (mi) is 
a key performance indicator for CRC pavements. 

The limited analysis presented was conducted to identify if there were strong influences 
of certain parameters on crack spacing, ride quality, and failures. No such specific trends 
stand out because crack spacing is affected by many factors including the ambient conditions 
during the construction of the pavement (concrete placement). 
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Figure 29. Age summary. 
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Figure 30. Percent longitudinal steel summary. 



Figure 31. Annual freezing index. 
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Figure 32. Annual precipitation summary. 
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Figure 33. Design thickness summary. 
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Figure 34. 1989 AADT (2-way) and ESAL. 
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(0.305 m = 1 ft) 

F'igure 35. Average crack spacing summary (manual). 

Figure 36. Average IRI summary. 



0.00 5.00 10.00 15.00 20.00 25.00 30.00 

Age, years 

(0.305 rn = 1 ft) 

Figure 37. Crack spacing versus age - freeze sections. 
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Figure 38. Crack spacing versus age - no-freeze sections. 
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Figure 41. Crack spacing versus percent steel. 
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CHAPTER 6 - SUMMARY AND RECOMMENDATIONS 

Summary 

The analysis of the field data from a select number of CRC pavement test sections was 
presented in the previous chapters. Because of funding constraints, only a small number of 
sections were investigated. However, this was not a major disadvantage as the major focus of 
the study was to evaluate the performance of each section in detail and determine cause and 
effect relationships between various pavement characteristics and performance (functional and 
structural). No global regression analysis based relationships are presented here because of the 
small sample size and because of the interactions of many confounding factors. 

This study has highlighted some new concepts and approaches of evaluating different 
aspects of CRC pavement performance incorporating the results of distress surveys (cracking 
pattern), crack width measurements, deflection testing along the edge and crack locations, and 
ride quality evaluation. An attempt was made to determine why certain CRC pavement 
sections behaved (in terms of cracking pattern) significantly differently than other sections with 
many factors being similar for these sections. The different cracking patterns at IA-1, OK-1, 
and OR-2 (compared to other in-state sections) could not be explained directly. It is quite 
possible that the ambient temperature conditions and curing conditions at these sections may 
have contributed to the development of the cracking pattern. 

It should be noted that no attempt was made in this study to conduct an indepth analysis 
of specific "known" problem factors such as D-cracking, alkali-silica reactivity (ASR), and 
local aggregate effects. These known issues were unfortunately not accounted for in earlier 
concrete pavement construction, but are taken into account in new construction now. 

Based on the results of the study, it appears that there may be a threshold value for 
percent steel for the currently used range of concrete strengths (splitting tensile strength in the 
range of 3.10 to 4.48 MPa (450 to 650 lbf/in2)). Use of higher steel amount with conventional 
concrete strengths may result in more closely spaced cracking. While closely spaced cracking 
is not in itself a problem. it can lead to excessive punchout related problems in presence of 
poor support conditions. 

There is a strong interaction between percent steel, concrete strength, and crack 
spacing. For conventionally used concrete strengths (splitting tensile strength at 28 days of 
about 2.76 to 3.45 MPa (400 to 500 lbf/in2)), steel in the amount of 0.6 to 0.7 percent appears 
to provide desirable long-term average crack spacing in the range of 0.9 to 1.5 m (3 to 5 ft). 
The use of steel content less than 0.6 percent is cautioned as it is clear from the Oklahoma test 
sections and a recent Maryland project along U.S. 50 (not reported here) that use of 0.5 
percent steel will result in longer crack spacings and possible premature development of 
punchouts at closely spaced cracks adjacent to longer spaced cracks. The use of 0.65 percent 
as the minimum steel content is strongly recommended with the conventional concrete 
strengths typically used in the U.S. If higher steel content is to be used, then appropriately 



higher strength concrete should be specified to maintain desirable average crack spacing in the 
range of 0.9 to 1.5 m (3 to 5 ft) or a stabilized base must be specified. 

The measured crack widths normalized to -17.8 OC (0 OF) generally appear to be within 
the recommended limit of about 1 rnrn. However, some sections were marginal with respect to 
desired crack width. Recent studies'9) have indicated the cracks less than 1 mrn in width may 
be required for heavily trafficked CRC pavements under 330 mm (13 in) in thickness to ensure 
adequate performance. 

The effect of tied concrete shoulder could not be classified as very positive with respect 
to improving the structural response of the CRC pavements (as indicated by deflection testing 
along the edges). Use of tied-concrete shoulders may have other advantages and as such may 
be used in conjunction with CRC pavements. The use of widened lane for CRC pavement 
appears to be promising and should be seriously considered as a design option. Based on the 
good performance of the three Oregon sections (each incorporating a 4.0 m (13 ft) wide 
outside lane), the use of widened lane should not be a cause for concern because of the longer 
aspect ratio for each cracked portion of the pavement. 

The effect of base type on CRC performance was not very pronounced. The effect of 
the use of a "hard" support (e.g., LCB) could not be clearly addressed. However, the two 
sample sections (IL-1, OK-5) containing permeable bases did exhibit greater cluster ratios and 
average crack spacing. Both of these sections were relatively new and the section in Oklahoma 
was constructed with a lower amount of steel. Also, a separate evaluation of a 3-year old 
Virginia CRC pavement constructed with a permeable CTB indicated that adequate crack 
spacing can develop in CRC pavements incorporating permeable CTB. 

The use of epoxy-coated reinforcement did not result in undesirable cracking pattern. 
The FHWA Technical Advisory T5080.14, dated June 5, 1990, recommends that the bond 
area should be increased 15 percent to increase the bond strength between the concrete and 
reinforcement if epoxy-coated steel reinforcement is used. This implies that 15 percent more 
steel should be used if epoxy-coated bars are used. Based on the limited field data, it appears 
that the use of 15 percent more steel may not be warranted provided the steel content is 
properly estimated. However, additional data need to be compiled to verify this observation. 

Based on the deflection testing, the following summary is presented: 

1. Load transfer efficiencies at transverse cracks of CRC pavements, even after 
many years of service, remain high - generally greater than 90 percent, provided 
adequate steel amount is used. The Oklahoma sections with 0.5 percent steel 
exhibited lower load transfer efficiencies. 

2 .  Edge deflections measured at transverse crack locations tended to be twice as 
high as the base or midslab crack location deflections. 



3. Edge deflections measured at transverse crack locations were higher during 
early morning than during afternoon testing. 

4. The radius of relative stiffness, Q, did not characterize well the effective 
pavement stiffness along the edge. The better parameter to describe the edge 
"structural stiffness" is the slab rigidity, D. The D values were found to be 
considerably lower along the edge that at the interior. The backcalculated D 
value may be a better indicator of votential punchout locations. 

5 .  Deflection data did not correlate well with the cracking pattern indicating that 
the pavement stiffness is not very dependent on crack spacing as long as there is 
high load transfer efficiency at the transverse cracks. Overall, the variability in 
the deflections and the backcalculated pavement stiffness values appears to be 
more influenced by the apparent variability in the support condition. 

The profile data indicate that CRC pavements generally provide good ride even after 
many years of service. Although ride quality may decrease with age, age (and cumulative 
traffic) by itself was not a major contributor to decrease in ride quality. As the data indicated, 
many CRC pavement continue to provide a good ride (IRI between 72 and 157) even after 15 
years of service. This was confirmed by the profile testing data from the GPS-5 test sections. 

Other specific findings based also on the theoretical analysis of crack spacing 
development are summarized below. 

1. Based on the results discussed in chapters 3 and 4, development of early 
cracking patterns is most significantly affected by climatic conditions at the time 
of construction. In other words, design variables such as the percent of 
reinforcement, concrete strength, type of rebar coating, subbase type appeared 
to be secondary in nature. The long term cracking appears to be affected by 
amount of steel, age, and concrete strength. The cracking development appears 
to slow down (stabilize) after about 3 to 4 years. 

2. Construction related variability (i.e. depth of steel cover and concrete strength) 
and degree or quality of curing appears to be most significant in affecting cluster 
cracking in the crack pattern. 

3. The crack spacing distribution predicted by CRCP-5 program showed variable 
results when compared to the measured field values. In order to simulate the 
field values, a range in possible curing temperatures were considered based on 
climatological data for a given state or area. It was assumed in the study that 
the compressive strength of the concrete, elastic modulus, and flexural strength 
of the concrete were dependent on the tensile strength of the concrete as was the 
drying shrinkage in the concrete. Thus, CRCP-5 program was not always able 
to simulate field cracking pattern. 



4. As pointed out above, curing temperature has an effect on the crack spacing 
distribution. The higher the curing temperature and the lower the minimum 
temperature condition following construction, the shorter the crack spacing 
interval. The lower the curing temperature, the larger the average crack 
spacings. 

5 .  The crack width depends on many of the design parameters previously 
recognized that influence its prediction. However, other parameters such as the 
depth of cover and the age of the pavement are also important. As expected, 
older pavements tend to have wider crack widths than the new pavements. 

6 .  Although analysis programs suggest that the average crack spacing are greater 
for pavements placed on basedsubbases with lower frictional resistance values, 
the field results did not substantiate this fact. It appears that in actual practice, 
once initial cracking develops, the effect of baselsubbase friction is not as 
significant for the shorter lengths of pavement between cracks. 

7. There is some evidence to suggest that cluster cracking potential increases if the 
pavements are cured at higher temperatures. Some interaction may exist with 
the curing temperature and the degree of drying shrinkage. Cluster cracking 
decreases as shrinkage increases or apparently as the degree of cracking 
increases. 

8. Theoretically predicted crack widths decreased with an increase in percent of 
longitudinal steel. Some evidence was apparent in the field data to support this 
observation. 

The performance of CRC pavement systems are affected by many factors related to 
material, design, climatic, and support parameters. The first three factors affect CRC 
pavement performance primarily through their effect on the development of the crack pattern 
and subsequently the resulting crack widths. Extensive discussion has been previously 
presented in volume I describing the role these factors play in crack development. Some of the 
important material properties are the strength and the thermal coefficient of expansion of the 
concrete. Elastic modulus is not as important because of the offsetting affects it has on crack 
spacing and crack width. Typically, however, as the thermal coefficient of expansion increases 
the crack pattern will become more dense and as the concrete strength increases the less dense 
the crack pattern becomes. Closely spaced crack patterns have traditionally become locations 
of punchout development typically if these locations are incidental with poor subgradelsubbase 
support conditions. For this reason it is recommended that close crack patterns be avoided. 
The use of high strength concrete may be appropriate for some coarse aggregate types, 
particularly those which have a tendency to develop close cracking intervals - otherwise the . 

development of high strength may result in widely spaced crack patterns. The effect of high 
strength concrete can be offset in this regard by using greater percentages of reinforcing steel 
but this may result in an expensive costruction alternative. Ultimately, the design engineer 
must employs the right combination of steel reinforcement, coarse aggregate, Portland cement 



content, and curing methodology to achieve a crack pattern that manifests tight crack widths 
and high load transfer qualities. 

Recommendations 

Further research and development for CRC pavement should focus on improving the 
cracking pattern of the pavement through improved construction and design technology and the 
use of positive crack control techniques. An over abundance of evidence manifest in this and 
past studies have pointed to the importance of the crack pattern as key to successful pavement 
performance. For many years the design of CRC pavement has focused on the percent of steel 
reinforcement and the expected drop in pavement temperature over the course of a year. 
However, it is apparent the crack pattern of CRC pavement cannot be controlled by the steel 
design alone and that other considerations deserving of further research should be included in 
the design process such as the type of aggregate, method of curing, and shrinkage potential, 
depth of steel cover, rate of strength gain in the first three days after construction, among 
others. Recent research efforts in Texas have indicated that positive crack control methods 
employed during the construction process show a high potential of providing improved crack 
patterns with less viability than those which occur on a random basis. The use of techniques 
such as this will forgo the need for high percents of steel reinforcements since the design 
engineer will have greater control over the resulting crack pattern. Since the use of high 
strength concrete will have a tendency to result in large average crack spacings, positive crack 
control techniques should offset this effect and allow for the use of such materials in CRC 
pavement systems. 

Future research should consider investigating the concept of dynamic design of CRC 
pavements. With this concept, the amount of steel and concrete strength would be adjusted at 
the time of construction based on anticipated ambient temperature conditions or temperature 
restrictions may need to be imposed for paving. 

CRC pavement has probably the greatest potential of all concrete pavement types of 
providing zero-maintenance service. This potential can be realized through the use of available 
technology to achieve longer service life and greater pavement performance at a lower cost to 
the tax payer. However, this can only be achieved if the design and construction features of 
CRC pavements are managed well on an active basis. The design process for a CRC pavement 
should continue through the construction and not end as soon as the plans and specifications 
are prepared. A more active interaction between the design process and actual ambient 
conditions during construction needs to be developed to achieve CRC pavements that will have 
acceptable cracking pattern. This may require imposing of guidelines on acceptable ambient 
conditions for placement of CRC pavements and overlays. 





APPENDIX A - ILLINOIS TEST SECTIONS DATA ANALYSIS 
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Figure 45. Field crack spacing distribution data: sample section Illinois-1. 
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Figure 47. Crack spacing frequency: sample section Illinois-1. 
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Figure 48. Probability of cluster cracking from sample section Illinois-1. 
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Figure 51. Crack spacing frequency: sample section Illinois-2. 

Figure 52. Probability of cluster cracking from section Illinois-2. 
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Figure 53. Field crack spacing distribution data: sample section Illinois-3, 
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Figure 54. CRCP-5 crack distribution analysis for two curing 
temperatures from sample section Illinois-3. 
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Figure 55. Crack spacing frequency: sample section Illinois-3. 
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Figure 59. Crack spacing frequency: sample section Illinois-4. 
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temperatures from sample section Illinois-5. 
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Figure 63. Crack spacing frequency: sample section Illinois-5. 
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Figure 67. Variation in crack width with pavement age for Illinois sample sections. 
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APPENDIX B - IOWA TEST SECTIONS DATA ANALYSIS 
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Figure 71. CRCP-5 crack distribution analysis for two curing 
temperatures from section Iowa-1. 
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Figure 72. Crack spacing frequency: sample section Iowa-1. 
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Figure 74. Field cracking distribution data: sample section Iowa-2. 
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Figure 75. CRCP-5 crack distribution analysis for two curing 

temperatures from section Iowa-2. 
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Figure 76. Crack spacing frequency: sample section Iowa-2. 
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Figure 79. CRCP-5 crack distribution analysis for two curing 

temperatures from section Iowa-3. 
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Figure 80. Crack spacing frequency: sample section Iowa-3. 
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Figure 81. Probability of cluster cracking: sample section Iowa-3. 
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APPENDIX C - OKLAHOMA TEST SECTIONS DATA ANALYSIS 
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Figure 83. Field cracking spacing distribution data: sample section Oklahoma-1. 

Figure 84. CRCP-5 crack distribution analysis for two curing 
temperatures from section Oklahoma-1. 
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Figure 85. Crack spacing frequency: sample section Oklahoma-I. 
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Figure 86. Probability of cluster cracking: sample section Oklahoma-1. 
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Figure 87. Field crack spacing distribution data: sample section Oklahoma-2. 
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Figure 88. CRCP-5 crack distribution analysis for two curing 

temperatures from section Oklahoma-2. 
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Figure 89. Crack spacing frequency: sample section Oklahoma-2. 
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Figure 90. Probability of cluster cracking: sample section Oklahoma-2. 

Oklahoma-2 
8 0 -  

7 0 -  

60  - 

2 5 0 -  .- - .- 
D 

2 Consec Crocks 

/ f 4 Conrec Crocks 

4 0 -  
, 

/' 

/ 
L 

ot: 
1x0 3 0 - 

1 0 -  ,' 
7-- -1 

0  2 4 6 8 10  12 1 4  
Cumulative Crack Locution (Feet) 



1 3 5 7 9 11 13 

CRACK SPACING (ft) 

(0.305 m = 1 ft) 
Figure 91. Field crack spacing distribution data: sample section Oklahoma-3. 
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Figure 92. CRCP-5 crack distribution analysis for two curing 

temperatures from section Oklahoma-3. 
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Figure 93. Crack spacing frequency: sample section Oklahoma-3. 
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Figure 96. CRCP-5 crack distribution analysis for two curing 
temperatures from section Oklahoma-4. 
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Figure 98. Probability of cluster cracking: sample section Oklahoma-4. 
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Figure 99. Field cracking spacing distribution data: sample section Oklahoma-5. 
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Figure 100. CRCP-5 crack distribution analysis for two curing 

temperatures from section Oklahomad. 
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Figure 101. Crack spacing frequency: sample section Oklahoma-5. 
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Figure 102. Probability of cluster cracking: sample section Oklahoma-5. 
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Figure 105. Variation in crack width with pavement age for 
Oklahoma sample sections. 
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APPENDIX D - PENNSYLVANIA TEST SECTIONS DATA ANALYSIS 
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Figure 108. Field crack spacing distribution data: sample aection Pennsylvania-1. 
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Figure 109. CRCP-5 crack distribution analysis for two curing 
temperatures from section Pennsylvania-1. 
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Figure 110. Crack spacing frequency: sample section Pennsylvania-1. 
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Figure 111. Probability of cluster cracking: sample section Pennsylvania-1. 
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Figure 112. Field crack spacing distribution data: sample section Pennsylvania-2. 

Figure 113. CRCP-5 crack distribution analysis for two curing 
temperatures from section Pennsylvania-2. 
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Figure 114. Crack spacing frequency: sample section Pennsylvania-2. 
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Figure 115. Probability of cluster cracking: sample section Pennsylvania-2. 
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Figure 116. Performance prediction for sample sections in Pennsylvania. 





APPENDIX E - WISCONSIN TEST SECTIONS DATA ANALYSIS 
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Figure 117. Field crack spacing distribution data: sample section Wisconsin-1. 
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Figure 118. CRCP-5 crack distribution analysis for two curing 

temperatures from sample section Wisconsin-1. 
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Figure 119. Crack spacing frequency: sample section Wisconsin-1. 
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Figure 120. Probability of cluster cracking: sample section Wisconsin-1. 



Figure 122. CRCP-5 crack distribution analysis for two curing 
temperatures from sample section Wisconsin-2. 
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Figure 123. Crack spacing frequency: sample section Wisconsin-2. 
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Figure 124. Probability of cluster cracking: sample section Wisconsin-2. 
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Figure 125. Field crack spacing distribution data: sample section Wisconsin-3. 
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Figure 126. CRCP-5 crack distribution analysis for two curing 

temperatures from sample section Wisconsin-3. 
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Figure 127. Crack spacing frequency: sample section Wisconsin-3. 
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Figure 128. Probability of cluster cracking: sample section Wisconsin-3. 
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Figure 129. Field crack spacing distribution data: sample section Wisconsin-4. 
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Figure 130. CRCPd crack distribution analysis for two curing 

temperatures from sample section Wisconsin-$. 
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Figure 131. Crack spacing frequency: sample section Wisconsin-A 
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Figure 132. Probability of cluster cracking: sample section Wisconsin-4. 
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Figure 133. Field crack spacing distribution data: sample section Wisconsin-5. 
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Figure 134. CRCP-5 crack distribution analysis for two curing 

temperatures from sample section Wisconsin-5. 
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Figure 135. Crack spacing frequency: sample section Wisconsin-5. 
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Figure 136. Probability of cluster cracking: sample section Wisconsin-5. 
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Figure 137. Variation in crack width with crack spacing for 

Wisconsin sample sections. 
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Figure 138. Variation in crack widthlcrack spacing ratio with 

percent reinforcement for Wisconsin sample sections. 
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Figure 139. Variation in crack widthtcrack spacing ratio with 

pavement age for Wisconsin sample sections. 
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Figure 140. Variation in crack widthlcrack spacing ratio with 
depth of cover for Wisconsin sample sections. 
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APPENDIX F - DEVELOPMENT OF CRC PAVEMENT ANALYSIS INPUT 

CRCP-5 Program Inputs 

The CRCP-5 requires various input parameters in order to function. The parameters that 
a required by CRCP-5 are listed below: 

Percent of longitudinal reinforcement. 
Longitudinal steel bar diameter (in). 
Yield stress of steel (psi). 
Elastic modulus of steel (psi). 
Coefficient of thermal expansion of steel (in/id°F). 
Pavement slab thickness (in). 
Coefficient of thermal expansion of concrete (in/id°F). 
Total shrinkage of concrete (idin). 
Elastic modulus of concrete (psi). 
Compressive strength of concrete. 
The ratio of tensile strength to the modulus of rupture of concrete. 
Number of pairs of age tensile strength relationships. 
The coefficient of variation of concrete (COV). 
Curing temperature of the concrete. 
Number of days in the analysis period. 
Minimum temperature that is going to occur immediately after the construction of 
the pavement. 
The days before reaching the minimum temperature i.e., the time gap between the 
construction of the pavement to the occurrence of the minimum temperature. 
Number of days before the pavement is open to traffic. 
Wheel load (lb). 
Wheel load base radius (in). 
Modulus of subgrade reaction (pci). 
Frictional characteristics of subbase. 

The CRCP-5 requires numerical values for the above parameters. Input data set was 
created for an individual section. Overall 20 data sets were created. These data sets were used as 
an input in the CRCP-5 program. The values percent of longitudinal steel, longitudinal steel bar 
diameters, slab thickness, and date of construction of the pavement were obtained from the 
construction details of the individual projects from the respective states. The ensuing discussion 
will give how the values were chose for different parameters. 

Steel Properties 

The steel yield strength is a transition point in the stress/strain curve between elastic and 
plastic load response. It is a required steel stress limit in design to limit the permanent yielding 
of the reinforcing steel required to maintain very tight crack widths. The typical crack widths 
range from 0.05 cm to 0.06 cm. 



Billet steel and axle steel (ASTM A6 15 and A6 17) are available in grade 40 and Grade 
60, while rail steel is available in grade 50 and Grade 60. The Grade designation indicates the 
yield strength of the steel, i.e., Grade 50 has a yield strength of 50,000 psi and Grade 60 has a 
yield strength of 60,0000 psi. Grade 60 is required for longitudinal reinforcement in CRCP, but 
either Grade 60, Grade 50, or Grade 40 is acceptable for transverse reinforcement. 

Table 15. Steel reinforcement properties for sample sections. 

Test 
Section 

PA- 1 

PA-2 

Placement 
of Steel 

Tube Fed 

Chairs 

Long. Percent 
Steel (%) 

0.45 

0.55 

Epoxy 
Coated 

No 

No 

Long. Bar 
Size 

5 

5 

Depth sf Cover 
' 

Mean 

3.40 

2.73 

STD 

.23 

.13 



The modulus of elasticity of steeI is taken as 2.9 x lo6 psi for all the sections. The 
coefficient of thermal expansion of steel is assumed to be 5 x lo6 inIid0F for all the sections. 
Table 15 gives the percentage of longitudinal steel used in the test sections and also the 
longitudinal bar diameter used in the sections. It also gives the information regarding the 
placement of steel and whether the steel is epoxy coated or not. 

Concrete Properties 

The thermal coefficient of expansion varies with such factors as water-cement ratio, 
concrete age, richness of the mix, relative humidity, and type of aggregate. The type of coarse 
aggregate exerts a great influence on the thermal coefficient. Recommended values of thermal 
coefficients are listed in table 16 as a function of coarse aggregate. 

Table 16. Recommended value of the thermal coefficient of concrete 
for various coarse aggregate types. 

(0.6 "C = 1 OF) 

Elastic modulus of concrete was calculated from tensile strength using the formula: 

Type of Coarse Aggregate 
in Concrete 

Quartz 
Sandstone 

Gravel 
Granite 
Basalt 

Limestone 

where: E, - - Elastic modulus of concrete (psi). 
ft 

- - Tensile strength of concrete (psi). 

Thermal Coefficient of 
Concrete (10-6/0F) 

6.6 
6.5 
6.0 
5.3 
4.8 
3.8 

The ratio of the direct strength of concrete to the compressive strength of concrete ranges 
from about 0.07 to 0.1 1. An average value of 0.09 is taken for all the test sections. The 
compressive strength of the concrete is calculated from the formula: 

where: f, - - Compressive strength of the concrete (psi). 
ft - - Tensile strength of the concrete (psi). 



The ratio of modulus of rupture to the tensile strength of the concrete is assumed to be 
0.6. The flexural strength of the concrete is assumed to be equal to the tensile strength of the 
concrete in the analysis. 

Total Drying Shrinkage 

Loss of water from concrete is known as drying shrinkage of concrete and is a significant 
factor in the reinforcement design. The rate of shrinkage decreases with age. The value of 
shrinkage at 28 days is used for the design shrinkage value. Both shrinkage and strength of the 
concrete are strongly dependent upon the water-cement ratio. As more water is added to the mix, 
the higher the shrinkage and the lower the strength. Therefore, shrinkage may be proportional to 
strength. There are many methods to calculate the shrinkage. Some of them are listed below. 

Most of the shrinkage formulations suggested are experimentally bases and are empirical 
in nature. The American Concrete Institute (ACI) expresses shrinkage in concrete in terms of 
time and ultimate shrinkage. The following general equation is provided by ACI for the 
prediction of shrinkage in concrete: 

where: f - - Time in days. 
t - - Age of concrete. 
a - - Constant for a given shape and size of structure. 
(cSh)t = Ultimate shrinkage. 

The total shrinkage r,,(t, t,) can be computed by CEB 1990 method from the following 
equations: 



where: t = 

t, = 
t* = 

ho = 

fcm = 
- 

fmo  - 
P s c  = 

Age of concrete (days) 
Age of concrete (days) at the beginning of the shrinkage 
1 day 
100 mm 
Mean compressive strength of concrete at the age of 28 days (MPA) 
10 MPA 
Coefficient (4 for slowly hardening cements, 5 for normal or rapid 
hardening cements, 6 for rapid hardening high strength cements) 
-1.55 [1 - RH/100)3] for 40 % I RH < 99% 
0.25 for RH 2 99% 

Drying shrinkage was also calculated using the temperature and crack width data using 
the foIlowing equations: 

Drying shrinhwge = E,, - (29) 

E,, = Shrinkage due to crack widths 
r,, = Shrinkage width of cracks/crack spacing 
rc, = Total width of crackskrack spacing 
Etem = (Tcur - Tam& 

where: Tcur = Curing temperature 
Tam,, = Temperature at the time of crack width measurements 
a = Coefficient of thermal expansion of concrete 

Table 17 was also used to determine the shrinkage corresponding to the indirect tensile 
strength of concrete. For Illinois, Wisconsin, and Oklahoma sections the shrinkage was 
calculated from temperature and crack width data. Due to the lack of crack width data for Iowa 
and Pennsylvania the shrinkage was calculated using table 17. Table 18 gives shrinkage values 
for the sample sections. 

Table 17. Approximate relationship between shrinkage and indirect tensile 
strength of concrete. 

(6.89 kPa = 1 psi) (25.4 mm = 1 in) 

Indirect Tensile Strength (psi) 

300 or less 

400 

500 

600 

700 or more 

Shrinkage, infin 

0.0008 

0.0006 

0.00045 

0.0003 

0.0002 



Table 18. Total shrinkage using CRSI table and crack widths. 
(25.4 mm = 1 in) 

Test Section 

IL- 1 

IL-2 

IL-3 

IL-4 

1 

Total Shrinkage (inlin) 

Table 4.3 

4.7E-04 

3.3E-04 

3.OE-04 

4.9E-04 

Using Crack Width Data 

4.2E-05 

4.1E-04 

2.9E-04 

3.5E-04 



Temperature 

The curing temperature is based on the date of construction reported for the pavement 
section. The maximum temperature of the day was taken from the day of the construction to the 
30 days after the construction of the pavement and it was averaged to get the curing temperature 
in OF. This temperature data was obtained from the individual climatological records for the 
given State. The minimum winter temperature was also taken from the same source of 
information. The analysis period was assumed to be 28 days. The analysis program requires a 
daily minimum temperature throughout the analysis period. The analysis period was assumed to 
be started from the first day of the construction of the pavement which required daily 
temperatures for the analysis. Table 19 gives the curing temperature and minimum temperature 
data for each pavement site. 

Wheel Load 

Eighteen kip wheel load is taken as a standard for all the test sections. The wheel base 
radius is taken as 150 mm (6 in). In the analysis program the number of days before the 
pavement is open to traffic is set to a maximum limit of 28 days. If number of days before 
opening to traffic exceeds 28 days, the program will assume 28 days as the required days. This is 
a reason why the analysis period in the program was also assumed as 28 days. The analysis 
program requires tensile strength and temperature data for this analysis period. For the 28 day 
analysis period the traffic load may not make much difference so, the wheel load stress is 
assumed as zero in the program for the analysis. 

Frictional Characteristics 

The tensile strength of concrete is the dominant factor which affects the crack spacing in 
CRC pavements. Therefore careful consideration was given for tensile strength of concrete in 
the analysis. The analysis program requires the tensile strength data at 1 ", 3rd, Sth, 7th, 1 4th, 2 1 ", 
and at the 28th day of the analysis period. The 2Fh day tensile strength is known for all the test 
sections and was used to calculate the tensile strength at the other days of the analysis period. 
The following formulas are used to calculate the tensile strength. The formulas are given in 
terms of modulus of rupture. It was assumed that the ratio of tensile strength of the concrete to 
the modulus of rupture is 0.5. 

The 28 day tensile strength was converted to modulus of rupture using the above ratio. 
By doing this we can calculate the 28 day modulus of rupture (F,,). The modulus of rupture at 
any time T(FA) can be calculated once the F,, values are known. Table 20 gives the tensile 
strength for the sample sections using the following equation: 

where: FA = Ratio of the modulus of rupture at time T to the modulus of rupture at 28 
days. 

T = time since slab construction in years. 



Table 19. Concrete pavement properties for sample sections. 
(25.4 mm = 1 in) (1.8 mm/mm/"C = 1 inlinl°F) (6.89 kPa = 1 psi) 

Test 
Section 

PA- 1 

PA-2 

IL- 1 

IL-2 

IL-3 

IL-4 

IL-5 

OK- 1 

OK-2 

OK-3 

OK-4 

OK-5 

WI- 1 

Slab 
Thickness (in) 

9.1 

9.5 

10.2 

8.8 

8.2 

9.2 

8.5 

9.3 

9.2 

10.3 

9.4 

10.1 

8.0 

Thermal Coefficient 
(in/inI0 F) 

6.OE-06 

6.OE-06 

3.8E-06 

3.8E-06 

3.8E-06 

3.8E-06 

3.8E-06 

3.8E-06 

3.8E-06 

3.8E-06 

3.8E-06 

3.8E-06 

6.5E-06 

Compressive 
Stress (psi) 

5367 

6056 

5444 

6422 

6689 

5244 

5367 

531% 
I 

Ec (psi) 

4.21E+6 

4.48E+6 

4.24E+6 

4.61E+6 

4.71E+6 

4.17E+6 

4.21E+6 

4.19E+6 

Of (psi) 

483 

545 

490 

578 

602 

472 

483 

478 

5 73 

497 

475 

482 

663 

6367 

5522 

5278 

5356 

7367 

4.59E+6 

4.27E+6 

4.18E+6 

4.21E+6 

4.94E+6 



Table 20. Curing temperature and minimum temperature after 
construction of the pavement. 

(0.6"C = 1 O F )  

Test 
Section 

PA-I 

PA-2 

IL- 1 

IL-2 

IL-3 

IL-4 

IL-5 

OK- 1 

OK-2 

OK-3 

OK-4 

OK-5 

WI-1 

WI-2 

WI-3 

WI-4 

WI-5 

Curing 
Temperature ( O F )  

6 3 

90 

84 

8 5 

72 

90 

84 

70 

92 

94 

79 

79 

78 

75 

64 

79 

82 

Minimum Temperature After the 
Construction of Pavement (OF) 

-14 

4 

-4 

- 13 

-4 

-7 

-4 

1 

9 

-17 

-1 1 

-3 

-22 

-22 

-25 

-3 0 

-1 5 



The modulus of rupture (F) can be estimated at any time T using the following 
expression: 

where: F = Modulus of rupture at time T. 
F,, = Modulus of rupture at 28 days. 



Table 21. Subgrade characteristics for sample sections. 
(0.27 MPafm = 1 pci) (6.89 kPa = 1 psi) (25.4 mm = 1 in) 

Test 
Section 

PA- 1 

PA-2 

IL-1 

IL-2 

IL-3 

IL-4 

IL-5 

OK- 1 

OK-2 

OK-3 

OK-4 

OK-5 

WI- 1 

WI-2 

WI-3 

WI-4 

WI-5 

IA- 1 

Subbase 
Type 

Unbound Granular 

Unbound Granular 

Permeable Concrete 

Cement Treated 

Asphalt Treated 

Asphalt Treated 

Lean Concrete 

Asphalt Treated 

Asphalt Treated 

Asphalt Treated 

Soil Asphalt 

Permeable Concrete 

Unbound Granular 

Unbound Granular 

Unbound Granular 

Unbound Granular 

Unbound Granular 

Cement Treated 

AASHTO 
Class 

A-2-6 

A-2-6 

A-7-5 

A-6 

A-7-5 

A-7-5 

A-7-5 

A-6 

A-7-5 

A-4 

A-6 

A-2-6 

A- 1 -a 

A- 1 -a 

A- 1 -a 

A-3 

A-3 

A-3 

k 

225 

225 

125 

155 

125 

125 

125 

155 

125 

200 

155 

225 

400 

400 

400 

250 

250 

250 

F (psi) 

3.0 

3.0 

1.1 

15.4 

1.6 

1.6 

3 .O 

1.6 

1.6 

1.6 

0.4 

0.6 

3.0 

3 .O 

0.6 

4.0 

3.0 

15.4 

Y (in) 

-0.02 

-0.02 

-0.052 

-0.01 5 

-0.03 

-0.03 

-0.024 

-0.0 1 1 

-0.01 1 

-0.01 1 

-0.2 

-0.03 

-0.02 

-0.02 

-0.03 

-0.03 

-0.02 

-0.025 



Table 22. Tensile strength of the concrete at different days. 
(6.89 Wa = 1 psi) 



APPENDIX G - CORRELATIONS OF CLUSTER RATIOS 
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Figure 142. Cluster ratio versus curing temperature for different subbase types. 
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Figure 143. Cluster ratio versus standard deviation of crack spacing for different 

subbase types. 
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Figure 144. Cluster ratio versus mean depth of steel cover for different 

subbase types. 
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Figure 145. Cluster ratio versus the standard deviation of steel cover for 

different subbase types. 
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Figure 146. Cluster ratio versus percent of steel reinforcement for different 

subbase types. 
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Figure 147. Cluster ratio versus total shrinkage strain for different 
subbase types. 





APPENDIX H - CORRELATIONS OF Y CRACKING 

Y Y Cracks 
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Figure 148. Y cracking versus curing temperature of different 
subbase types. 
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Figure 149. Y cracking versus mean depth of steel cover for different 

subbase types. 
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Figure 150. Y cracking versus standard deviation of steel cover for different 

subbase types. 
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Figure 151. Y cracking versus percent of steel for different 

subbase types. 
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Figure 152. Y cracking versus total shrinkage strain for different 
subbase types. 
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