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FOREWORD

This report is one volume of a seven-volume set presenting the results of a study to provide the
state-of-the-art for the design, construction, maintenance and rehabilitation of Continuously
Reinforced Concrete Pavements (CRCP). Through a through literature review of current and
past research work in CRCP and extensive field and laboratory testing of 23 in-service CRC
pavements, the effectiveness of various design and construction features were assessed;
performance of CRCP was evaluated; and procedures for improving CRC pavement technology
were recommended. The 23 test pavements were located in six states that participated in this
national pooled fund study. In addition the data available for 83 CRCPs included in the General
Pavement Study (GPS) number 5 of the Long Term Pavement Performance (LTPP) Program was
presented and analyzed. A number of CRCP maintenance and rehabilitation techniques that have
been used over the years, including joint and crack sealing, cathodic protection of reinforcing
bars, full-depth patching, resurfacing, etc., were also evaluated. This report will be of interest to
engineers and researchers concerned with the state-of-the-art design, construction, maintenance
and rehabilitation of CRCP including predictive models. The study was made possible with the
financial support of Arizona, Arkansas, Connecticut, Delaware, Illinois, Iowa, Louisiana,
Oklahoma, Oregon, Pennsylvania, South Dakota, Texas and Wisconsin.

Sufficient copies of this report are being distributed to provide two copies to each FHWA
regional office and three copies to each FHWA division office and each state highway agency.
Direct distribution is being made to the division offices. Additional copies for the public are
available from the National Technical Information Service (NTIS), United States Department of
Commerce, 5285 Port Royal Road, Springfield, Virginia 22161

. 270y
Charles J. Netmmers, P.E.

Director, Office of Engineering

Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its’
contents or use thereof This report does not constitute a standard, specification or regulation.

The United States Government does not endorse products or manufacturers. Trade and
manufacturers’ names appear in this report only if they are considered essential to the object of
the document.
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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 1930's, 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 full-depth 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 base/subbase 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 II - Field Investigation of CRC Pavements

Volume III - 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 III 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 II 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, ¢;

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 standard/new 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 and
hoping that placement 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 II.

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 technical/background 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.
o Joint width measurements.

o Windshield survey of adjacent 8.05 km (5 mi) of pavement.

2. Nondestructive deflection testing
o Basin testing (slab interior).
] Testing at crack locations (mid-slab and edge).
3. Profile testing
4. Corrosion-related testing
o Corrosion potential measurement.
° 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.

Design
Test Nearest Age as of SHRP Terminal Outside Long. Steel Epoxy 1,991 Lange
Section Mile No. of Falt 1991 | Climatic Joint Design Subgrade Base Shoulder Steel Placement Coated 2-Way Cumul.
D Route Post Direction Lanes Testing, Region Type Thickness, Type Type Type Amount, Method Steel AADT ESALs
years in. (AASHTO) % upto 9/91
1] uss na sB a =03 wf| wide flangel| 10 A-7-6] perm. ctb pcc 0.7 chair no ‘na| 180,000
o2 172 a5 wB a4 15 wf lug 8 A-6 ctb ac 0.59 tube no 7.500| 4,800,000
IL-3 US36| st.5+30 EB 4 20 wf lug 8 A-7-5 atb ac 0.6 chair no 17,700| 4,800,000
L4 155 86 EB 6 20 wf lug 8 A-7-5 atb ac 0.6 tube no 17,700{ 13,700,000
T Us50 na wB 4 5 wf| wide flange 8 A-7-5 Icb, pcc] 0.7 chair no na 300,000
1A-1 129 18 N 4 20 wif lug 8 A-2-6 ctb ac| 0.65 tube no 7.500| 3,700,000
A2 180 15 wB 4 22 wif lug 8 A-B atb ac 0.65 tube no| 12,700| 8,850,000
1A-3 1380 15 NB 4 15 wf lug 8 A-6 atb pecl 0.65 tube no 27,700| 5,300,000
oK1 140 231 WB 4 4 wnf| wide flange 9 A-6 atb) pccl 0.5 chair| no 15,000 na
ok-2| US69 na NB 4 5 wnf| wide flange 9 A-6 atb| pcc 0.5 chair no 10,000 " na
OK-3 135 148 NB 4 3 wnf| wide flange| 10 A4 atb pcc 0.5 chair yes| 30,000 “na
T oKa use9 na SB 4 7 wnf| wide flange 9 A-6] soil-asphalt pec| 0.5 chair. no 10,000 na
OK-5 140 299 EB 4 2 wnf| wide flange 10 A-2-6 perm. ctb pce| 0.61 chair no 13,000 na
" OR-1 5 184 SN a 7 wnf| wide flange 13 A-4 granular ac 0.6 tube| no|  29,700| 11,300,000
" OR-2 15 184 NB 4 a wnf| wide flange 10 A-4 ctb ac 0.6 tube no| 30,300/ 3,000,000
OR-3 1205 na SB 4 20 wnf lug 8 A-6 ctb ac 0.54 tube no §9,000| 30,000,000
PA-1 1180 23 EB 4 15 wf| wide flange 9 A-2-4 granular ac 0.45 tube no na na
PA-2 181 Rt 11 NB 4 22 wf lug 9 A-2-4 granularf pee 0.55 chair no na na
Wi 143 3 NB 4 18 wf lug 8 A-2-4 granular ac 0.65 chair no na na
wi-2 190 180 EB 4 6 wf| wide flange 10| A-2-4 granular pce 0.67 tube yes na na
wi-3 190/94 136 NB 6 7 wf lug 10 A-2-7 granular pce 0.67 tube yes na na
W4 190/94 11 wB 6 7 wf na 10 A-2-6 granular pce 0.67 tube no na na
_ WI-5 190/94 99 EB 4 16 wi lug 8 A-2-6 granular ac 0.61 chair no na e
Average 11.3 9.0 0.6
Std Dev 7.4 1.2 0.1
Maximum 22.0 13.0 0.7
Minimum 0.3 8.0 0.5

(254 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 coring/
boring and other site activities).

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

Data Compilation

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

1. Inventory
o Location and climatic features.
L Traffic, if available.
o Structural section.
° Design/construction, if available.
[ Performance, if available.
° Maintenance and rehabilitation, if available.
2. Visual Condition Survey
° Map showing crack spacing within the 305-m (1,000-ft) test
section.
o Crack spacing summaries and statistics.
° Drainage survey summary.
° Overall windshield survey summary.
o Terminal joint survey summary.
3. Deflection Testing
° Basin deflection data for each of the seven sensors along the 305-
m (1,000-ft) length of the test section.
o Slab temperature profile data.
o Results of load transfer testing at cracks.




o 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.

L 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.®
4, Crack Width Measurements
o Summary of crack width changes between morning and afternoon
measurements.

o Crack widths normalized to -17.8 °C (0 °F) and 4.4 °C (40 °F).

5. Laboratory Testing

° Concrete test data.
o Base/subbase/subgrade characterization.
o Chloride testing.
6. Reinforcement Related Testing
° Steel location.
L Steel corrosion evaluation.

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

7. Profile Testing
L 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 Analysis

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 °F) and -17.8 °C (0 °F) 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, ¢, modulus of subgrade reaction, k, and slab rigidity, D, for the pavement at each test
location. ¢ and D are defined as follows:

¢ = (ER/12(I - u2)k)*? 1)
where: E concrete modulus of elasticity
h = slab thickness
U = concrete Poisson's ratio
k modulus of subgrade reaction
and

D = ERn'/12(1 - p2) 0]

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
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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 base/subbase 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 generally 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 recommended 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
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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/Performance 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 pavements.® 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 (part 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 distress/performance 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 II 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 km (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.
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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 mm/km (53 in/mi) to a high of 2481 mm/km
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(157 in/mi) 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:®

PSI = 5¢ ™3 3

where PSI ranges from O to 5 and IRI is in mm/km (in/mi). 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.

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

PSI = 7.06 - 1.79l0g(IR) @)
# = 0.79)

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

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 O to 5 scale) values reported by the
State agencies for 1990. As seen, the estimated PSI values compare well with the State
reported values.
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Table 2. Summary of key data elements (continued).

Average Maximum Deflection {sensor 1) Under 9,000 Ib Load, 0.001 .in. % Change Edge Edge
Test Morning Mid-Slab Morning Edge Afternoon Mid-Slab Afternoon Edge in Edge Deflection Deflection
Section Basin Testing Crack Testing Crack Testing Crack Testing Crack Testing Deflection as % of as % of
ID Average | Std. Dev. | Average | Std. Dev. | Average | Std. Dev. | Average | Std. Dev. | Average | Std. Dev. | from Morn. | Basin Defl. | Basin Defl.
to Afternoon| (morning) {afternoon)
IL-1 2.2 0.4 3.1 0.5 5.2 0.8 2.8 0.3 3.8 0.5 27 236 173
IL-2 4.3 0.7 6.2 1.6 12 3.5 5.4 0.7 10.9 2.4 9 279 253
IL-3 4.9 0.5 5.2 0.2 10 0.9 5 0.1 9.3 0.5 7 204 190
IL-4 3.9 0.2 3.9 0.2 7.9 1.2 38 0.1 6.9 1.6 13 203 177
iL-5 44 0.7 4.3 0.6 9.3 1.2 4.1 0.4 6.6 0.7 29 21 150
1A-1 4.1 1.2 3.8 1.4 6.9 1.2 4.3 1.3 6.3 0.7 23 168 129
1A-2 5 0.4 5.3 0.5 13.4 1.6 4.7 0.3 9.6 1.2 28 268 192
1A-3 4.2 0.2 4.5 0.1 7.7 0.8 4.5 0.1 9.1 0.5 -18 183 217
OK-1 2.7 0.2 3.1 0.1 5 0.5 3.2 0.2 5.3 0.5 -6 185 196
0K-2 2.7 0.3 3 0.2 4.1 0.9 3 0.2 3.7 0.6 10 152 137
OK-3 29 0.3 3.3 0.2 5.2 0.4 3.3 0.2 4.6 0.5 12 179 159
OK-4 3 0.9 5 1 9.3 3.5 3.7 0.5 7.7 2.7 17 310 257
OK-5 3 0.6 4 0.3 5 0.7 3.5 0.2 4.3 0.5 14 167 143
OR-1 2.7 0.3 2.8 0.1 4.1 0.3 na na na na 152
OR-2 1.9 0.4 2.1 0.3 4.9 0.6 2.1 0.3 3.5 0.2 29 258 184
OR-3 4.7 1.5 4.3 0.6 7.2 1.3 na na na na 153
PA-1 2.2 0.4 2.3 0.1 4.4 0.7 24 0.1 na na 200
PA-2 5.3 1.8 4.5 0.9 6.4 0.8 5.5 0.6 5.8 0.9 9 121 109
Wwi-1 2.8 0.6 3.4 0.9 6.1 1.3 3.2 0.8 4.4 0.9 28 218 157
wi-2 2.8 0.4 2.8 0.3 7 0.9 2.8 0.2 5.4 1 23 250 193
wi-3 2.7 0.3 3.2 0.4 7.4 1.4 3.2 0.4 4.4 0.7 41 274 163
wi-4 3.2 0.4 4.3 0.8 16 4 3.8 0.4 5.1 1 68 500 159
wi-5 5.4 1.1 4.3 0.4 8.5 0.8 5.2 1.3 6.4 0.4 25 157 119
Average .5 0.6 3.9 0.5 7.5 1.3 3.8 0.4 6.1 0.9 19.3 218.7 172.9
Std Dev 1.1 0.4 1.0 0.4 3.1 1.0 1.0 0.4 2.2 0.6 17.6 78.6 39.4
Maximum 54 1.8 6.2 1.6 16.0 4.0 5.5 1.3 10.9 2.7 68.1 500.0 256.7
Minimum 1.9 0.2 2.1 0.1 4.1 0.3 2.1 0.1 3.5 0.2 -18.2 120.8 109.4

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

1.1 = radius of relative stiffness (RRS)

2. Value of concrete coefficient of thermal expansion was measured using a core obtained during field testing.

% Change | Mid-Slab | Mid-Slab % Change Edge Edge Load Average No. of Measured
Test in Mid-Slab Crack | Crack | in Edge Crack | Crack | Transfer Morning Afternoon | Average Average Unit Length Cracks Coeff. of
Section Crack | as % of as % of Crack | as % of as % of Efficiency | Mid-Depth | Mid-Depth Morning Afternoon Change,per F Included in Thermal

10 from Morn. Basin | Basin | from Morn. Basin | Basin | at Cracks Temp., Temp., Crk Width, | Crk Width, | (midsiab temp.} | Crack Width Expansion,
10 Afternoon | (morning) | (afternoon) | to Afternoon| (morning) | (afternoon) | (Edge), % F F .01 mm .01 mm {*0.000001) Study 0.000001 in.fin./F
w7 75 88 19 68 80 22 44 58 22 16 3.9 28 448
IL-2 12 68 76 4 65 68 83 58 73} 55 44 6.7 28 4.87
3 9 92 100 0 103 103 94 na na 48 42 na 25 5.28
IL-4 3 95 93 -5 98 93 95 64 76 35 27 9.4 43 5.2
BT 3 92 95 3 100 103 94 62 75 29 22 6.2 35 414
IA-1 8 100 108 0 83 83 93 67 81 46 37 32 15 T 429
WAzl 1 88 98 -5 102 98 95 57 73 20 14 2.3 19 a4
T as 0 95 95 3 92 95 93 65 72 a7 34 17.7 29 522
0Kl T a 69 66 -4 71 69 88 65 82 63 44 37 10 4.94
OK-2 ) 78 78 3 73 75 89 42 54 a8} 38 7.7 28 473
0K-3 0 90 90 9 78 85 93 61 78 54 44 37 19 3.98
T oK4 21 73 88 -4 79 76 76 40 54 76 70 2.4 17 4.86
0K 8 71 76 0 79 79 88 a2 a7 45 39 5.9 15 7.4
OR-1 na 87 na na 84 na 93 50 53 31 na na 21 YT
OR-2 3 82 84 3 79 82 92 a8 53 20 20] na 20 " 4.83
R na 83 na na 91 na 93 49 50 84 na na 18 4.22
PA-1 0 80 80 na 80 na 86 43 44 155 na na 19 4.68
PA-2 32 67 88 13 55 62 92 47 58 216 211 3.6 24 a1
Wi 2 96 92 8 92 100 86 55 68 91 69 14.4 26 5.59
T w2 3 97 100 -9 97 88 92 57 60 58 27 outlier 35 5.67
T wis] 22 90 110 -7 100 93 91 53 64 54 41 11.2 29 5.25
wial 30 n| T 92 13 82 71 9af 50 67 63 a5 8.0 23 5.03
wis| 32 80 106 7 80 86 91 48 64 45 28 9.8 28 4.49
Average 9.5 83.3 90.5 1.3 83.9 84.3 61.1 45.6 7.0 24 4.9
Std Dev 1.8 10.6 11.3 7.7 12.9 12.1 44.4 41.6 4.4 8 0.7
Maximum 32.1 100.0 110.0 18.5 102.6 102.6 216.0 211.0 17.7 43 7.4
Minimum 4.2 66.7 65.7 12,9 54.8 61.9 20.0 14.0 2.3 10 4.0

Notes:

(0.6°C = 1°F) 254 mm = 1 in.) (1.8 mm/mm/°C = 1 in/in/ °F)
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Table 3. Estimated PSI values.
(0.305 m = 1 ft) (15.8 mm/km = 1 in/mi)

Age as of Average PSI Using
Test Fall 1991 Crack PSI Using World Average State
Section Testing, Spacing, Average TRDF Bank Estimated | Reported
ID years feet IRIL, in/mi | Equation | Equation PSI 1990 PSI
IL-1 0.3 5.10 93 3.54 3.82 3.68 N/A
IL-2 15 4.22 127 3.29 3.47 3.38 3.60
IL-3 20 3.58 152 3.15 3.23 3.19 N/A
IL-4 20 2.13 157 3.13 3.18 3.15 3.30
IL-5 5 3.02 141 3.21 3.33 3.27 N/A
IA-1 20 5.89 72 3.74 4.06 3.90 3.90
IA-2 22 2.98 82 3.63 3.95 3.79 3.40
1A-3 15 2.98 118 3.35 3.56 3.45 3.30
OK-1 4 8.44 53 3.97 4.29 4.13 N/A
OK-3 3 4.75 74 3.71 4.04 3.88 N/A
OK-5 2 6.13 50 4.02 4.33 4.17 N/A
PA-1 15 4.80 75 3.70 4.03 3.87 N/A
PA-2 22 4.32 75 3.70 4.03 3.87 N/A
WI-1 18 2.88 112 3.39 3.62 3.51 2.50
WI-2 6 2.90 97 3.50 3.78 3.64 4.80
WI-3 7 3.46 81 3.64 3.96 3.80 3.90
WI-4 7 4.58 126 3.30 3.48 3.39 3.40
WI-5 16 3.38 93 3.54 3.82 3.68 4.00
Average 12.1 4.2 98.8 3.5 3.8 3.7 3.6
Std. Dev. 7.6 1.5 32.3 0.3 0.3 0.3 0.6
Maximum 22 8.4 157.0 4.0 4.3 4.2 4.8
Minimum 0.3 2.1 50.0 3.1 3.2 3.2 2.5




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 mm (1.9 mils) to a high of 0.137 mm (5.4 mils) under the 40.03 kN (9,000 1b)
FWD load for the basin (interior) testing. The deflection values are, of course, affected by
slab thickness and base/subgrade support. The deflections and the subsequent backcalculated
pavement stiffness characteristics therefore represent 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,
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Table 4. Edge versus basin deflections.

Maximum Deflection , 0.001 in. Edge No. of
Test Age as of Long. Basin Basin Deflection Outside Average | Trans. Cracks
Section | Fall 1991 | Subgrade Steel Basin Testing | Basin Testing as % of Shoulder Base Crack Mod/High
D Testing, Type Amount, Average Average Basin Defl. Type Type Spacing, Severity
years {AASHTO) % (afternoon) feet
iL-1 - 0.3 A-7-6 0.7 2.2 3.8 173 pce perm. ctb 5.1 (o]
IL-2 15 A-6 0.59 4.3 10.9 253 ac ctb 4.22 231
IL-3 20 A-7-5 0.6 4.9 9.3 190 ac atb 3.58 274
IL-4 20 A-7-5 0.6 3.9 6.9 177 ac atb 2.13 463
IL-5 5 A-7-5 0.7 4.4 6.6 150 pcc Icb 3.02 12
1A-1 20 A-2-6 0.65 4.1 5.3 129 ac ctb 5.89 144
1A-2 22 A-6 0.65 5 9.6 192 ac © atb 2,98 420
IA-3 15 A-6 0.65 4.2 9.1 217 pcc atb 2.98 423
OK-1 4 A-6 0.5 2.7 5.3 196 pcc atb 8.44 124
OK-2 5 A-6 0.5 2.7 3.7 137 pcc atb 4.57 203
OK-3 3 A-4 0.5 2.9 4.6 159 pcc atb 4.75 210
0OK-4 7 A-6 0.5 3 7.7 257 pccll soil-asphalt 6.36 144
OK-5 2 A-2-6 0.61 3 4.3 143 pcc perm. ctb 6.13 48
OR-1 7 A-4 0.6 2.7 na na ac granular 4.02 301
OR-2 4 A-4 0.6 1.9 3.5 184 ac ctb 5.6 274
OR-3 20 A-6 0.54 4.7 na na ac ctb 4.43 225
PA-1 15 A-2-4 0.45 2.2 na na ac granular 4.8 406
PA-2 22 A-2-4 0.55 5.3 5.8 109 pcc granuiar 4.32 256
wi-1 18 A-2-4 0.65 2.8 4.4 157 ac granular 2.88 259
Wi-2 6 A-2-4 0.67 2.8 5.4 193 pcc granular 2.9 314
wi-3 7 A-2-7 0.67 2.7 4.4 163 pcc granular 3.46 164
wi-4 7 A-2-6 0.67 3.2 5.1 159 pce granular 4,58 192
WI-5 16 A-2-6 0.61 5.4 6.4 119 ac granular 3.38 291
Average 11.3 0.6 3.5 6.1 172.9 4.4
Std Dev 7.4 0.1 1.1 2.2 39.4 1.4
Maximum 22.0 0.7 5.4 10.9 256.7 8.4
Minimum 0.3 0.5 1.9 3.5 109.4 2.1

(0.305 m = 1 fi)




12,000, and 15,000 Ib) 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 Stiffness

For concrete pavements, the overall pavement stiffness can be described very
effectively using the radius of relative stiffness (RRS), ¢, value. The ¢ 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 Ib) to about 53.38 kN (16,000
Ib). Thus, a single load level of 40.03 kN (9,000 Ib) 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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L 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.

® 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. It
should be noted that the RRS values computed for the edge testing are
"effective" or equivalent 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.

o 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)*# )
and
D = (ER/12(1 - ) (6)
where: E = concrete modulus of elasticity
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h slab thickness
W = 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) = (Dgpe/Kegge)” ™
Assume: Kegee = 0.5k (slab curling effects)

edge interior

Degge = 0.5 Dyyierior (s1ab edge boundary condition)
Then: RRS(edge) = (0.5 Dyyio/0-5 Kinerion)™™
= (D interior/ kinterior)o-zs

= RRS.

interior

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

¢, mm (in) k., MPa/m (pci) D, KN-m (million 1b-in®)

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
i 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
i 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
recommended that the D and k values be used in interpreting the results of edge testing, in
addition to the use of RRS.
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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.
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Table 6. Crack spacing distributions.

% of Cracks % Length | % of Cracks| % Length | % of Cracks| % Length
Test Age as of Outside Long. Basin Total = or < 3 ft | with Cracks > 6 ft with Cracks > 10t with Cracks No. of Na. of
Section Fall 1991 Base Shoulder Steel Test ! No. of Spacing =or < 3ft Spacing >6ft Spacing > 10 ft Patches Punchouts
D Route Testing, Type Type Amount, | Average Cracks (by no.) Spacing {by no.) Spacing (by no.) Spacing & Severity & Severity
years % in. (1,000 ft)
| usse - 03] perm.ctb pce 0.7 40 195 37 16 33 60 9 25 of " T o
) 72 18 ctb ac 0.59 37 237 a5 22 23 43 3 7 4ACIM),3PCC{LY| "0
IL-3]  uUs36 20 atb ac 0.6 38 279 51 30 10 21 1 1 1AC(M), 1PCCIL} 0
IL-4 155 20 atb ac 0.6 42 470 86 79 1 2 ) 0 0 0
L5} usso 5 icb pec) 0.7 38 329 67 44 10 25 ) 0 of o
7YY T Y 20 ctb ac 0.65 40 169 33 10 49 73 15 27 0 0
1A-2 180 22 atb ac 0.65 41 336 65 40 8 23 2 8 1ACIL} o
15 atb pcc 0.65 37 334 61 41 6 10 0 0 0 0
4 atb pee 0.5 35 118 28 5 58 88 43 73 of 0
“ok-2|[  uses 5 atb pec 0.5 40 217 40 18 25 50 8 21 of o
0K-3 135 3 atb pce 05 41 210 36 16 29 52 7 17 0 Y
OK-4 Us69 71 soil-asphalt pce 0.5 33 156 15 5 51 72 13 25 0 1L
OK-5 140 2[  perm. ctb pcc 0.61 33 164 24 9 45 67 13 26 ) 0
OR-1 15 7 granular ac 0.6 38 248 36 18 12 23 1 1 0 o
OR-2 15 4 ctb ac 0.6 38 179 25 10 34 53 8 20 0 0
OR-3 1205 20 ctb ac 0.54 35 227 41 21 23 43 3 9 o 0
PA-1 1180 15 granular ac 0.45 25 208 33 15 28 47 3 7 of o
PA-2 181 22 granular| pce 0.55 42 231 39 20 20 38 2 6 1PCC(L),Map Crack. 3L
wi-1 143 18 granular ac 0.65 26 347 69 38 9 25 1 2 84AC(L) 0
wi-2 190 6 granular, peccl 0.67 34 345 68 52 2 6 0 0 0 (o]
wi-3|  190/94 7 granular pce 0.67 30 288 48 32 5 10 0 0 0 0
wi-4| 190/94 7 granular pce 0.67 38 218 34 17 25 41 0 0 1PCCIL) )
wi-5|  190/94 16 granular ac 0.61 35 295 54 34 7 14 0 0 11AC(L), 13PCCIL) 0
Average 11.3 0.6 36.4 252 45 26 22 39 6 12
Std Dev 7.4 0.1 4.6 82 18 18 17 24 9 17
Maximum 22.0 0.7 42.0 470 86 79 58 88 43 73 -
Minimum 0.3 0.5 25.0 118 15 5 1 2 0 0
Notes:

1. spt = spot corrossion of steel bar

2. sprd = spread corrossion of steel bar
3. Severity levels - L = low; M = moderate; H = high

4, Patching data includes both partial and full depth patching

(25.4 mm = 1 in) (0.305 m = 1 ft)



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

29




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.
Permeable base.

Epoxy coated bars.
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Thickness Effects

Figure 13 shows the average crack spacing categorized by concrete thickness - less than
254 mm (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 I-295
in Virginia (just south of Exit 9B sign, near Milepost 8). The section details are as follows:

Date Constructed: Summer/Fall 1991

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

] Permeable CTB thickness = 102 mm (4 in).

] CTB thickness = 152 mm (6 in).

®  Percent steel = 0.65 percent.

o No tubes or chairs used - concrete placed in two lifts with the steel
placed at surface of bottom lift.

° . Permeable CTB cement content = 131 kg/m® (220 1b/yd?).

° 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:
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Crack Spacing. m (ft) Percent of Cracks

0-0.3 (0-1) 9.6
0.3-0.6 (1-2) 20.8
0.6-0.9 (2-3) 29.5
0.9-1.2 3-4) 12.8
1.2-1.5 (4-5) 10.2
1.5-1.8 (5-6) 9.7
1.8-2.1 (6-7) 4.9
2.1-2.4 (7-8) 1.6
2.4-2.7 (8-9) 0.6
2.7-3.0 (9-10) 0.3

Total number of cracks/305 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 (> 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
WI-2 and WI-3 = (.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. '

32




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 Efficiencies 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 °F) to
about 18.3 °C (65 °F). The cracks did close a little bit during the afternoon when mid-slab
temperatures increased from about -15.0 to -9.4 °C (5 to 15 °F). For each section the crack
widths were normalized to mid-depth slab temperatures of 4.4 °C (40 °F) and -17.8 °C (0 °F)
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 °C (40 °F)) range from 0.24
mm at IL-1 to 1.01 mm at OK-1 and WI-1. The average normalized crack width at 4.4 °C (40
°F) is 0.59 mm. 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 °F), 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.
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Table 7. Crack widths

Average No. of Measured Normalized Normalized

Test Morning Afternoon Average Average Unit Length Cracks Coeff. of Crack Width Crack Width

Section Mid-Depth | Mid-Depth Morning Afternoon Change,per F Included in Thermal at 40 F Temp at O F Temp

ID Temp., Temp., Crk Width, | Crk Width, | (midslab temp.) | Crack Width Expansion, at Mid-Depth at Mid-Depth

F F .01 mm .01 mm {*0.000001) Study 0.000001 in./in./F 0.01 mm 0.01 mm
Normalized @ 40 F |Normalized @ O F

IL-1 44 58 22 16 3.9 28 4.48 24 43
iL-2] 58 73 55 44 6.7 28 4.87 65 86
IL-3 na na 48 42 na 25 5.28 na na
IL-4 64 76 35 27 9.4 43 5.2 44 59
IL-5 62 75 29 22} 6.2 35 4.14 37 51
1A-1 67 81 46 37 3.2 15 4.29} 70 104
IA-2 57 73 20 14} 2.3 19 4.74 33 63
IA-3 65 72 47 34 17.7 29 5.22 61 83
OK-1 65 82 63 44 3.7 10 4.94 101 161
OK-2 42 54 48 38 7.7 28 4.73 49 70
0K-3 61 78 54 44 3.7 19 3.98 67 93
OK-4 40 54 76 70 24 17 4.86 76 111
OK-5 42 47 45 39 5.9 15 7.4 48 108
OR-1 50 53 31 na na 21 4.91 38 67
OR-2 48 53 20 20 na 20 4.83 26 55
OR-3 49 50 84 na na 18 4.22 90 119
PA-1 43 44 outlier outlier na 19 4.68 najl na
PA-2 47 58 outlier outlier na 24 4.1 na na
Wi-1 55 68 91 69 14.4 26 5.69 101 127
WI-2 57 60 58 27 outlier 35 5.67 66 86
WI-3 53 64 54 41 11.2 29 5.25 61 83
wi-4 50 67 63 45 8.0 23 5.03 70 96
WI-5 48 64 45 28 9.8 28 4.49 49 68
Average 49.2 36.9 7.3 24| 4.9 59 87
Std Dev 19.6 15.2 4.4 8 0.7 23 29
Maximum 91.0 70.0 17.7 43 7.4 101 161
Minimum 20.0 14.0 2.3 10 4.0 24 43

0.6 °C=1°F)(25.4mm = 1in) (1.8 mm/mm/ °C = 1 in/in/ °F)




Effect 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 support 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
0.9to 1.5m (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
(base/subgrade) 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 1bf/in®) (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/subgrade.

During the design process, the amount of steel determined to obtain acceptable crack
spacing/crack width/steel 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
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- 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 distress/performance 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.
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4. Highway Performance Monitoring System (HPMS) model.
SHRP LTPP Ride Quality Model®

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 ™)
- WIDENED - 16.8 * SUBGRADE

where: IRI = International Roughness Index, mm/km (in/mi)
CESAL = Cumulative 80.07 kN (18,000 1b) ESAL in traffic
lane, millions

THICK = Concrete slab thickness, mm (in)

PSTEEL = Percent steel (longitudinal reinforcement)
WIDENED = 1 for widened lane, O for 3.7-m (12-ft) wide lane
SUBGRADE = 1 for coarse-grained soils, O for fine-grained soils

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

For fine-grained soils, slab thickness of 254 mm (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 = 0.7 percent
= 62 for PSTEEL = 0.8 percent

Il

Il

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

Given the following conditions:

81.4 MPa/m (300 pci)
4.48 MPa (650 Ibf/in%)

Modulus of subgrade reaction
Concrete modulus of rupture
Concrete modulus of elasticity 31 030 MPa (4,500,000 1bf/in?)
Terminal PSI 3.0

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 mm (12 in)
- 12.2 million CESAL’s for thickness of 254 mm (10 in)
- 3.3 million CESAL’s for thickness of 203 mm (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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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 design/analysis tools.

CRCP-5 Model®

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 base/subbase interface. The friction on the base/subbase is considered as a function of
the pavement displacement which depends upon temperature and material properties. The
model also accounts for the age/tensile 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 for 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
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at that location. The model assumes the stress in the concrete at a crack is zero. The stresses
due to volummetric 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,+F,=F_,_+ /Fdx (10)
where

= force in the steel at the crack

friction force per unit length along the slab length
force in the steel at location, x and

force in the concrete at the location X.

w
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esle: Bes s>
I

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

o
o, = 7 + E, [(occ - @ )AT + esh] (11)

where

Oy = stress in the concrete at location x

Oy = stress in the steel at location at x

o, = thermal coefficient of expansion of the concrete

o, = thermal coefficient of expansion of the steel

AT = temperature change, positive if temperature decreases

€q = drying shrinkage of the concrete

E, = elastic modulus of the steel

E, = elastic modulus of the concrete

n = EJ/E, (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:

dx (Ac(-}; +p)] d, 12)

=-— - = (13)

where

= cross-sectional area of concrete

ratio of cross-sectional area of steel to concrete
uniformly distributed bond stress

rebar diameter

o

AET 3
]
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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 (o,) 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:

B
N o= ail)y (14)
o
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.

TTICRCP Model°

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.

56



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 (100-ft) 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.

g2 (n, -DS? + (n, - 1)S}?

15
P (n, - 1) +(m, -1 (13)
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Table 9. Distribution table for the test sections.
(0.305m = 1 ft)

Test Section (305 m (1,000 ft)) Type of Distribution
PENNSYLVANIA-1 Normal
PENNSYLVANIA-2 Normal

ILLINOIS-1 Normal
ILLINOIS-2 Normal
ILLINOIS-3 Lognormal
ILLINOIS-4 Lognormal
ILLINOIS-5 Lognormal
OKLAHOMA-1 Normal
OKLAHOMA-2 Normal
OKLAHOMA-3 Lognormal
OKLAHOMA-4 Lognormal
| OKLAHOMA-5 Normal
WISCONSIN-1 Lognormal
WISCONSIN-2 Lognormal
WISCONSIN-3 Normal
WISCONSIN-4 Normal
WISCONSIN-5 Normal
IOWA-1 Normal
IOWA-2 Lognormal
IOWA-3 Normal
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"= (i + 1y )

(16)
n, + n,
where
S, = pooled variance
n, = number of cracks in sample 1
n, = number of cracks in sample 2
S = variance of sample 1
S’ = variance of sample 2
Hy = pooled average crack spacing, m (ft)
Py = average crack spacing, m (ft) of sample 1
Uy = average crack spacing, m (ft) of sample 2

To determine the probability that any measured crack spacing will fall in the interval
from y, 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):

Z = = a7
%
where
Z standard normal deviate
Y = crack spacing
g, = 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 = Iny,
Y = In K, and
o = 0 [lny]

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
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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
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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
1A-1 1.80 (5.89) 1.18 (3.87) .55
IA-2 0.91 (2.98) 0.68 (2.24) 42
IA-3 0.91 (2.98) 1.54 (1.76) .23
PA-1 1.46 (4.80) 0.81 (2.67) 17
PA-2 1.32 (4.32) 0.75 (2.47) 22
OK-1 2.57 (8.44) 1.76 (5.78) .85
OK-2 1.39 (4.57) 1.02 (3.37) 32
OK-3 1.45 (4.75) Epoxy 0.91 (2.99) 27
OK-4 1.94 (6.36) 0.98 (3.21) .20
OK-5 1.87 (6.13) 1.02 (3.36) .40
IL-1 1.55 (5.10) 1.07 (3.51) .36
IL-2 1.29 (4.22) 0.81 (2.66) 21
IL-3 - 1.09 (3.58) 0.64 (2.10) .25
IL-4 0.65 (2.13) 0.36 (1.17) 21
IL-5 0.92 (3.02) 0.64 (2.11) .28
WI-1 0.88 (2.88) 0.69 (2.27) 31
WI-2 0.88 (2.90) Epoxy 0.43 (1.42) 24
WI-3 1.05 (3.46) Epoxy 0.48 (1.59) .09
WI-4 1.40 (4.58) 0.68 (2.22) 27
WI-5 1.03 (3.38) 0.57 (1.86) .10
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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 ft)
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 t0 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
tol2m@Bto4ft), 1.2to 1.5m (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-m (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 (1-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 lie in less than 0.3-, 0.6-, 0.9-, and 1.2-m (1-, 2-, 3-, and 4-ft) distances.
This algorithm also calculates the total number of combinations of possible consecutive crack
combinations in a given population 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
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pavement cracking is uniformly distributed) would appear for 2 consecutive cracks (at 0.6-m
(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
location (at the same probability) corresponding to the curve associated with 3 consecutive
cracks and subtracting this quantity from one as shown below:

2 x X1 18)
X,

Cluster Ratio =1 -

where X, 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
lllinois 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 I-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 I-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
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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 I-29 North Bound, the section IA-2 was constructed in the year 1969 on an
asphalt treated subbase and is located on I-80 West Bound, and the Section IA-3 was
constructed in the year 1976 on an asphalt treated subbase and is located on I-380 North
Bound.

The percent of longitudinal steel was same for all the sections. The field mean crack
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
subbase types and the curing conditions listed for these sections, the crack pattern trends are
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.

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
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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 I-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 I-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 I-40 East
Bound and was constructed in May 1989. This pavement was opened to traffic in November
1990.
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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 I-180 East Bound. The PA-2 section is located
on I-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 110, 111, 114, 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 I-90 East
Bound. WI-3 and WI-4 sections were selected from 1-90/94 West Bound and was constructed
in the year 1984. WI-5 section was constructed in the year 1975 and is located on I-90/94 East
Bound. Figures 118, 122, 126, 130, and 134 shows the plots of CRCP-5 analysis. It appears
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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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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 important.” 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:

% d 9
ew =Lxz +ea t) - — + L - (19)
E, 4up
where L = Crack spacings

z = Drying shrinkage

o, = Concrete coefficient of thermal expansion

t, = Temperature drop at level of steel curing temperature - pavement

temperature at time of measurement

d, = Steel reinforcement diameter

p = Percent reinforcement

u = Bond strength of concrete

o = Concrete tensile strength

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

Test Section

Average Crack Width (0.01 mm)

(30.5 m (100 ft)) Morning Afternoon
IL-1 22 16
IL-2 57 44
IL-3 48 42
IL-4 35 27
IL-5 29 22
OK-1 63 44
OK-2 48 38
OK-3 54 44
OK-4 76 70
OK-5 45 39
WI-1 91 69
WI-2 58 27
WI-3 54 41
WI-4 63 45
WI-5 46 28
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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

74



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 mm (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 Performance

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

Test Section . Percent Base Aggregate
(30.5-m (100-ft)) Cracks Type Type

IL-1 4 Permanent CTB Crushed Stone
IL-2 18 CTB Crushed Stone
IL-3 17 ATB Crushed Stone
IL-4 15 ATB Crushed Stone
IL-5 18 LCB Crushed Stone
OK-1 19 ATB Crushed Stone
OK-2 7 ATB Crushed Stone
OK-3 12 ATB Crushed Stone
OK-4 3 Soil-Asphalt Crushed Stone
OK-5 2 Permanent CTB Crushed Stone
WI-1 23 Granular Stone (Quartz)
WI-2 10 Granular

WI-3 7 Granular

WI-4 10 Granular

WI-5 13 Granular

PA-1 Granular Crushed Gravel
PA-2 Granular Crushed Gravel
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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.
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Epoxy-Coated Reinforcement

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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CHAPTER 5 - ANALYSIS OF GPS-5 DATA
Introduction

During the early 1980's, 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 (L.TPP) 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:

GPS-1 -  Asphalt Concrete (AC) on Granular Base
GPS-2 - AC on Bound Base

GPS-3 - Jointed Plain Concrete

GPS-4 - Jointed Reinforced Concrete

GPS-5 - Continuously Reinforced Concrete
GPS-6A -  Existing AC Overlay on AC Pavements

GPS-6B - New AC Overlay on AC Pavements

GPS-7A -  Existing AC Overlay on Portland Cement Concrete (PCC)
GPS-7B - New AC Overlay on PCC Pavements

GPS-9 - Unbounded PCC Overlays on PCC Pavements
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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 KESAL/Year
H - Greater than or equal to 300 KESAL/Year
Percent Reinforcing: L - Less than or equal to 0.61 percent
G - Greater than 0.61 percent
PCC Thickness: L - Less than 216 mm (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 Philosophy

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
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(20 in.). A freeze zone is one having annual air freezing index greater than 83 °C-Days (150
°F-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.

Inventory

Materials Testing

Climatic

Maintenance

Rehabilitation

Traffic

Monitoring (Falling Weight Deflectometer (FWD), profilometer, surface
distress, friction, and transverse profile)

Nounkwbhe

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.
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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 5Sth public
release of the LTPP IMS data took place during August 1993.

Summary of GPS-5 Data

At the time of the Sth 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 31 - Annual Freezing Index Summary

Figure 32 - Annual Precipitation Summary

Figure 33 - Average Design and Core Thickness Summary
Figure 34 - Traffic Data Summary
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Table 14. GPS-5 data summary.
(0.305m =1 ft) 254 mm = 1 in)
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Table 14. GPS-5 data summary (continued).

(0.305m =1 ft) 254 mm = 1 in)
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Table 14. GPS-5 data summary (continued).

Aver, ESAL Latest Lateat
Section | Section 10| State | Annuel | Record | Annusl | KESAL
No. KESAL | Yeors | KESAL | Yeor
1000 1000
1 3998|A 966 15 €73 88
5008 JAL 650 13 823 — 89]
4T079[AZ X .
56803|AR 6 1 98, 9
[ S5808]AR 106 [ 203 3]
8] 8748%]CA 778, 184 )
7] #eo0ot]cT 629) Y90 90|
8] 106004 ]0€ 738 3 587 [
74 gF )4 [
[11] 7 1098 1]
782 9 1921 [0
2 [ 7 [
3 630 25 1107 19|
4 (] 1 1030
5 558 1 768
L 92 1 140) 1
7 127 3 199 1
0 3597 0 8224 T
9| 14 ] K
20| 3239 3 4635 X
21 409 13 ]
22 409 17 2 1
23 96 17 54S 8
24 6826 3 5826 83
2% 238 '_iI 306
282 23 481 1
100| 234 19
692 ) e 89)
MS 95 28 89
=3 308 508 89|
26 ImS 632 1€ 1063 89
32| 295047]MO0 300 19 426 89
X $16062|NE 254 2 17 30
Y 75037 |NC 36! 1 20| 9
8 75826 NC B7. 301
] 378827jNC 432 75
7] 385002]M0 Etil 3
3!{ [ 25| 158 0
39| 395010|0H 1 9 89
a0] __404188]0K 5¢ 566 52
41[__sosree]ox 193 1931 ]
43| 405021]0K & 765
43| 4150060 193¢ [ 3273 59
44| 415006]0R 64 1 390 89
45| ais00sjon 564 18 1269 89
6] __415021]OR 1480 17, 1874 ]
47| 415022|0R 1813 2131 [1]
48] __417081]OR 440 454 [T
49]  421898]PA 904 i 1130 )
0] 421617]PA . . ; ]
1| 425020|PA 502 12 622 89
2| 455017|SC 54 12 836 89
83| a8t sC 33 C 457 89
54| 488038[SC 264 6 506 S
55 5020|S0 30¢ 20 75
56| 485025]S0 34 9 65
7| _485040]|SD B¢ 28 88 1
8| 483719]7x 3 26 344 89|
3| _483779]TX C 1 738 89
50 AT 1 S 103 89|
1 TX 1 111
2 T 76 12 561 )
3| 486164[TX 428 20 363
64| a8E274[TX 270 16 293 ]
S| 485278[7X 390 _‘ 17 59 89
86| 485283 TX 7 354 89
7] 485284[TX 10 218 8
8] 485287 [Tx 200 16 187 89
9| 301|TX 74 9 175 C
70| 485110]7TX 1675 5 387 [
71| 488317|7X 8. 8 352 [
72 $323|TX 47 11 519 [
73 5328 |TX 443 16 462 []
74 5334{TX 39 21 536 8
75 6338 TX 54 X §19 T
78] 485336|TX 4 4 207 8
77| 612684|VA a79 7 589 T
78 16008 VA 779 14 246 X
79 15009 |VA 164 X 93 89|
80 15010|VA 31 3 29 89
81| 545007|wv 1168 ® 141 89
[} 55037 |wW1 118 [0 257 83
83 550 :0]Wi 49 1 419 89
Aver. 656 21
S1. Dev. 878 1.0'9
Max 5.826 586
Min Ta T8

90



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
mm/km (42 to 170 in/mi).

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 recorded/interpreted 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 km (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.
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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 km (3 to 5 mi) length of the project to allow reliable
determination of number of failures (punchout/patches) 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 41. 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.® 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:
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IRl = 262.05 + 1.47 * CESAL - 2.94 * THICK - 232.3 * PSTEEL (20)
- WIDENED - 16.8 * SUBGRADE

where: IRI = International Roughness Index, mm/km (in/mi)
CESAL = Cumulative 80.07 kN (18,000 1b) ESAL in traffic
lane, millions
THICK = Concrete slab thickness, millimeters (in)
PSTEEL = Percent steel (longitudinal reinforcement)

WIDENED
SUBGRADE

1 for widened lane, O for 3.66 m (12 ft) wide lane
1 for coarse-grained soils, O for fine-grained soils

The model was based on data from 42 sections and has a R? of 0.55. For slab
thicknesses ranging from 203 to 305 mm (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 IRI, 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
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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.
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Figure 31. Annual freezing index.
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97




Design Thickness, In.

14

12

10

AADT/ESAL

-y

1 4

1000000

900000

800000

700000

600000

500000

400000

300000

200000

100000

7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79

(25.4 mm = 1 in)

Figure 33. Design thickness summary.
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Average Crack Spacing, feet
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Figure 35. Average crack spacing summary (manual).
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Figure 38. Crack spacing versus age - no-freeze sections.
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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 Ibf/in?)). 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 Ibf/in?)), 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
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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 °C (0 °F) generally appear to be within
the recommended limit of about 1 mm. However, some sections were marginal with respect to
desired crack width. Recent studies® have indicated the cracks less than 1 mm 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.
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Edge deflections measured at transverse crack locations were higher during
early morning than during afternoon testing.

The radius of relative stiffness, ¢, 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 potential punchout locations.

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.

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.

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.
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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 bases/subbases 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 base/subbase 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 subgrade/subbase
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
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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.
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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 52. Probability of cluster cracking from section Illinois-2.
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APPENDIX B - IOWA TEST SECTIONS DATA ANALYSIS
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Figure 70. Field crack spacing distribution data: sample section Iowa-1.
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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.
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Figure 87. Field crack spacing distribution data: sample section Oklahoma-2.
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Figure 96. CRCP-5 crack distribution analysis for two curing

temperatures from section Oklahoma-4.

139




30 m

FREQUENCY (%)
—_ N N
w (@] (3]

o
Il

2-3  3-4 4-5 5-6
CRACK SPACING (f1)

(0.305m=1ft)
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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-S.
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Figure 100. CRCP-5 crack distribution analysis for two curing
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Figure 101. Crack spacing frequency: sample section Oklahoma-5.

Oklahoma-=5

o
(=)
R

/ ’
2 Consac, Crocks

7
7 -
3 Consec., Crocks
507 k-
4 Consec, Cracks
e
40 /

% Probability
w
=)

N
o
\

N\
;

R [ —
0 é——*—r—'—ﬂ’}’/ K % ="

0 2 4 6 8 10 12 14
Cumulative Crack Location (Feet)

(0.305m=1 ft)
Figure 102. Probability of cluster cracking: sample section Oklahoma-5.

142




Oklahoma Sections

0.035
4
0.03 +
0.025 - P .
~
£ Morning
£ 0021
=] Afterroon
2
-fé 0.015 1 Zuk ot - Mom
S
0.01 - Zuk Ect - Afth
0.005 4
0 H sg 1 N
457 475 6.13 6.36 845
Mean Crack Spating (Ft)

(254 mm=11in) (0.305 m =1 ft)
Figure 103. Variatign in crack width with crack spacing for
Oklahoma sample sections.

Oklahoma Sections

Morning
Afternoon
Zuk Ectt - Morn

Zuk Ect - Aftn

Crack Width(mils¥Crack Spacing(Ft)

04 045 05 (157 0.61
Percent of Steel

(0.0254 mm = 1 mil) (0.305 m =1 ft)
Figure 104. Variation in crack width/crack spacing ratio with
percent reinforcement for Oklahoma sample sections.

143




Oklahoma Sections

Afternoon

B2
Morning
.

Y T T T T T T T

~ M o~ — o
(44)Buronds 52010 /(SIIUL)UIPIM A901D

(Years)

Age

0.58

305m=1ft)
k width with pavement age for

Oklahoma sample sections.

(0.0254 mm = 1 mil) (0

105. Var

101 1N crac

1at

igure

F

Oklahoma Sections

7
Morning
-
Afternoon

3
R

ORI RO IO

RS

FORA AR

T T T T T T T T T T
['p] j ~ un ag] un [Q] [Te) - o) o
~

¥} o~ - o
(14)Buionds »oDuD /(SULL)UIPIM HOD 4D

4.84

4.63
)

In.

(

Depth of Cover

(0.0254 mm = 1 mil) (0.305 m =1 ft) (25.4 mm = 1 in)

io with

t

ing ra

k width/crack spac

depth of cover for Oklahoma sample sections.

101 1n crac

Figure 106. Variat

144



4 Failure per Mile

12
10
8
6
4
2
0
ESAL
—— Oklahoma-1 —— Oklahoma-2 ~%- Oklahoma-3
—&- Oklahoma-4 ~¥*- Oklahoma-6
(1.61 km = 1 mi)

Figure 107. Performance prediction for sample sections in Oklahoma.

145







APPENDIX D - PENNSYLVANIA TEST SECTIONS DATA ANALYSIS

Figure 108.
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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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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:

PN B WD~

— e ke = e = \D
SAINAIF e N S

17.

18.
19.
20.
21.
22.

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/in/°F).

Pavement slab thickness (in).

Coefficient of thermal expansion of concrete (in/in/°F).

Total shrinkage of concrete (in/in).

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 (1b).

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.

167



Billet steel and axle steel (ASTM A615 and A617) 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 Long. Percent | Long. Bar | Placement Epoxy Depth of Cover
Section Steel (%) Size of Steel CQated Mean STD
PA-1 0.45 5 Tube Fed No 3.40 23
PA-2 0.55 5 Chairs No 2.73 A3
IL-1 0.70 6 Chairs No 5.05 49
IL-2 0.59 5 Tube Fed No 2.15 40
IL-3 0.60 5 Chairs No 3.86 25
IL-4 0.60 5 Tube Fed No 3.01 .18
IL-5 0.70 6 Chairs No 3.24 17
OK-1 0.50 5 Chairs No 3.87 41
OK-2 0.50 5 Chairs No 4.45 27
OK-3 0.50 5 Chairs Yes 4.84 34
OK-4 0.50 5 Chairs No 4.08 31
OK-5 0.61 6 Chairs No 4.63 .70
WI-1 0.65 4 Chairs No 2.78 37
WI-2 0.67 6 Tube Fed Yes 4.32 33
WI-3 0.67 6 Tube Fed Yes 4.02 36
WI-4 0.67 6 Tube Fed No 4.76 37
WI-5 0.61 6 Chairs No 2.55 35
IA-1 0.65 6 Tube Fed No 422 27
IA-2 0.65 6 Tube Fed No 3.11 34
IA-3 0.65 6 Tube Fed No 3.16 30
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The modulus of elasticity of steel is taken as 2.9 x 10° psi for all the sections. The
coefficient of thermal expansion of steel is assumed to be 5 x 10° in/in/°F 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"°F)
Type of Coarse Aggregate Thermal Coefficient of
in Concrete Concrete (10/°F)
Quartz 6.6
Sandstone 6.5
Gravel 6.0
Granite 5.3
Basalt 4.8
Limestone 3.8

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

L&
= 4730 * 1478 |— "t (22)
E, = 4730 » 0.09 » 147.8

where: E, = Elastic modulus of concrete (psi).
f, Tensile strength of concrete (psi).

The ratio of the direct strength of concrete to the compressive strength of concrete ranges
from about 0.07 to 0.11. An average value of 0.09 is taken for all the test sections. The
compressive strength of the concrete is calculated from the formula:

1,
= 23
Je 0.09 23) ‘
where: f, = Compressive strength of the concrete (psi).
f, = Tensile strength of the concrete (psi).
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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:

t o
Cadi = 2 24)
where: = Time in days.
t = Age of concrete.
o = Constant for a given shape and size of structure.
(&g = Ultimate shrinkage.

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

Ecs (t’ ts) - 8c;'so Bs (t - ts) (25)

f:cso - 83 (fcm) BRH (26)

& (fom) = l 160 + 10|3ac[ 9 - j{"'” * 107 27
L t-t) 3

bt - 1) 350(m/h,f + (¢ - 1) /1, @8
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where: t =
t, =
t, =
ho =
fcm =
meO =

BSC

Pra =
Bra =

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 % < RH <99%

0.25 for RH > 99%

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

SCW

Il

8tem

Ew =

etem

where: Tcur =
Tamb -
a =

Drying shrinkage = &.,, - &,,, (29)

Shrinkage due to crack widths
Shrinkage width of cracks/crack spacing
Total width of cracks/crack spacing
(Tcur - Tamb)(x

Curing temperature
Temperature at the time of crack width measurements
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) (254 mm =1 in)

Indirect Tensile Strength (psi) Shrinkage, in/in
300 or less 0.0008
400 0.0006
500 0.00045
600 0.0003
700 or more 0.0002
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Table 18. Total shrinkage using CRSI table and crack widths.
(254 mm =1 in)
Total Shrinkage (in/in)

Test Section Table 4.3 Using Crack Width Data
IL-1 4.7E-04 4.2E-05
IL-2 3.3E-04 4.1E-04
IL-3 3.0E-04 2.9E-04
IL-4 4.9E-04 3.5E-04
IL-5 4.8E-04 A 2.3E-04
OK-1 4.8E-04 2.7E-04
OK-2 3.4E-04 1.5E-04
OK-3 4.5E-04 2.5E-04
OK-4 4.9E-04 2.7E-04
OK-5 4.8E-04 7.1E-06
WI-1 4.0E-04 5.8E-04
WI-2 4.7E-04 3.7E-04
WI-3 5.3E-04 4.7E-04
WI-4 3.0E-04 3.5E-04
WI-5 4.2E-04 1.9E-04
IA-1 4.8E-04 ---
1A-2 4.4E-04 ---
IA-3 _ 3.6E-04 ---
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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 °F. 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%, 3%, 5% 7% 14% 21,
and at the 28" day of the analysis period. The 28" 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,5). The modulus of rupture at
any time T(F,) can be calculated once the F,; values are known. Table 20 gives the tensile
strength for the sample sections using the following equation:

F, =122+ 0.17log,,T - 0.05 (log,,T)* 30)
where: F, = Ratio of the modulus of rupture at time T to the modulus of rupture at 28
days.
T = time since slab construction in years.
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Table 19. Concrete pavement properties for sample sections.
(25.4 mm =1 in) (1.8 mm/mm/°C =1 in/in/°F) (6.89 kPa = 1 psi)

Test Slab Thermal Coefficient| Compressive
Section |Thickness (in) (in/in/°F) Stress (psi) E, (psi) o¢ (psi)

PA-1 9.1 6.0E-06 5367 4.21E+6 483
PA-2 9.5 6‘.0E-O6 6056 4.48E+6 545
IL-1 10.2 3.8E-06 5444 4.24E+6 490
IL-2 8.8 3.8E-06 6422 4.61E+6 578
IL-3 8.2 3.8E-06 6689 4.71E+6 602
IL-4 9.2 3.8E-06 5244 4.17E+6 472
IL-5 8.5 3.8E-06 5367 421E+6 483
OK-1 9.3 3.8E-06 5311 4.19E+6 478
OK-2 9.2 3.8E-06 6367 4.59E+6 573
OK-3 103 3.8E-06 5522 4.27E+6 497
OK-4 9.4 3.8E-06 5278 4.18E+6 475
OK-5 10.1 3.8E-06 5356 4.21E+6 482
WI-1 8.0 6.5E-06 7367 4.94E+6 663
WI-2 10.0 6.5E-06 5411 4.23E+6 487
WI-3 10.0 6.5E-06 4967 4.05E+6 447
WI-4 10.6 6.5E-06 7367 4.94E+6 633
WI-5 8.0 6.5E-06 5744 4.36E+6 517
IA-1 8.25 3.8E-06 5367 421E+6 483
IA-2 7.9 3.8E-06 5656 4.31E+6 509
IA-3 8.1 3.8E-06 6222 4.54E+6 560
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Table 20. Curing temperature and minimum temperature after
construction of the pavement.

(0.6°C=1°F)
Test Curing Minimum Temperature After the
Section Temperature (°F) Construction of Pavement (°F)

PA-1 63 14

PA-2 90 4

IL-1 84 -4

IL-2 85 -13

IL-3 72 -4

IL-4 90 -7

IL-5 84 4

OK-1 70 1

OK-2 92 9

OK-3 94 -17

OK-4 79 -11

OK-5 79 -3

WI-1 78 -22

WI-2 75 -22

WI-3 64 -25

WI-4 79 -30

WI-5 82 -15
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The modulus of rupture (F) can be estimated at any time T using the following
expression:

F=Fy(Fy 31

where: F = Modulus of rupture at time T.
Fy Modulus of rupture at 28 days.
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Table 21. Subgrade characteristics for sample sections.
(0.27 MPa/m = 1 pci) (6.89 kPa = 1 psi) (25.4 mm =1 in)

Test Subbase AASHTO

Section Type Class k (pci) F (psi) Y (in)
PA-1 Unbound Granular A-2-6 225 3.0 -0.02
PA-2 Unbound Granular A-2-6 225 3.0 -0.02
IL-1 Permeable Concrete A-7-5 125 1.1 -0.052
IL-2 Cement Treated A-6 155 154 -0.015
IL-3 Asphalt Treated A-7-5 125 1.6 -0.03
IL-4 Asphalt Treated A-7-5 125 1.6 -0.03
IL-5 Lean Concrete A-7-5 125 3.0 -0.024
OK-1 Asphalt Treated A-6 155 1.6 -0.011
OK-2 Asphalt Treated A-7-5 125 1.6 -0.011
OK-3 Asphalt Treated A-4 200 1.6 -0.011
OK-4 Soil Asphalt A-6 155 0.4 -0.2
OK-5 Permeable Concrete A-2-6 225 0.6 -0.03
WI-1 Unbound Granular A-l-a 400 3.0 -0.02
WI-2 Unbound Granular A-l-a 400 3.0 -0.02
WI-3 Unbound Granular A-l-a 400 0.6 -0.03
WI-4 Unbound Granular A-3 250 4.0 -0.03
WI-5 Unbound Granular A-3 250 3.0 -0.02
IA-1 Cement Treated A-3 250 15.4 -0.025
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Table 22. Tensile strength of the concrete at different days.
(6.89 kPa =1 psi)

Test Tensile Strength of Concrete (psi)

Section Day 0 Day 1 Day 3 Day 5 Day 7 | Day 14 | Day 21 | Day 28
PA-1 0 331 470 524 566 637 676 725
PA-2 0 342 486 547 586 659 699 750
IL-1 0 353 502 565 605 681 722 775
IL-2 0 387 550 619 664 747 792 850
IL-3 0 365 S18 583 625 703 746 800
IL-4 0 319 454 510 547 615 652 700
IL-5 0 376 535 601 644 725 769 825
OK-1 0 376 535 601 644 725 769 825
OK-2 0 362 514 549 619 697 739 793
OK-3 0 342 486 547 586 659 699 750
OK-4 0 331 470 524 566 637 676 725
OK-5 0 324 460 518 554 624 662 710
WI-1 0 383 544 612 656 738 783 840
WI-2 0 319 454 510 547 615 652 700
WI-3 0 319 454 506 | 547 615 652 700
WI-4 -0 334 475 530 572 644 683 733
WI-5 0 410 583 657 703 791 839 900

- IA-1 0 399 567 637 683 769 815 875
[A-2 0 328 467 525 562 633 671 720
IA-3 0 296 421 474 508 571 650
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APPENDIX G - CORRELATIONS OF CLUSTER RATIOS
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Figure 142. Cluster ratio versus curing temperature for different subbase types.

Cluster Ratlo

0.8

Unbound Granular
+ Asphalt Treated

0.6

*

Cement Treated

0.4
O Permeable Concrete

0.2

0
1 2 3 4 5 6 7 8 9 10

Std Dev of Crack Spacing (ft.)

(0.305m=11{t)
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.

181







APPENDIX H - CORRELATIONS OF Y CRACKING
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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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