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PREFACE 

This report presents a sensitivity analysis performed to establish the 

reasonableness of solutions and relative importance of some of the input 

variables in the continuously reinforced concrete pavement model CRCP-l. The 

variables are analyzed with respect to their effects on the pavement behavior. 

The report will help the designers use the CRCP-l computer program more 

efficiently and understand the effects of different variables. 

The analysis presented in this report is the first attempt to determine 

the sensitivity of various variables involved in the CRCP-l. Therefore, the 

analysis is designed to be simple and accurate and the level of effort is 

kept to the minimum. 

This is the second in a series of reports that describes the work done 

in the project entitled "Development and Implementation of the Design, 

Construction, and Rehabilitation of Rigid Pavements./I The project put forth 

a long-range comprehensive research program to develop a system analysis 

of pavement design and management information system. The project is con

ducted through a National Cooperative Highway Research Program with the State 

Department of Highways and Public Transportation and the Federal Highway 

Administration. 

The cooperation of the' entire staff of the Center for Highway Research 

of The University of Texas at Austin is appreciated. Special thanks are due 

to Mrs. Marie Fisher, Mrs. Patricia Henninger, and Miss Judy Howard for 

typing the drafts of the report and to Mr. Arthur Frakes for his assistance 

with the manuscript. 

August 1975 
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ABSTRACT 

The continuously reinforced concrete pavement mode1-1, designated as 

CRCP-1, i8 a mathematical model derived from field observations and 1abora,tory 

observations that may be used as a design and research tool by the Highway 

Engineer. The theoretical model is formulated into a computer program which 

analyzes the behavior of continuously reinforced concrete pavements due to 

drying shrinkage and changes in temperature as a function of time. The 

program uses 15 different kinds of inputs in the broad categories of steel 

properties, concrete properties, slab-base frictional relationships, and 

temperature data. 

This report describes a sensitivity analysis performed to determine the 

relative effects of various design parameters in pavement behavior. In 

addition, an effort was also made to debug the computer program to find the 

problem areas and list the COmmon user errors. 

The analysis phase of this investigation consists of a single factorial 

design and a 3 X 3 X 3 factorial design for interaction study. In the 

former experiment, 87 solutions were obtained at three levels of the variables; 

low, medium, and high. The sensitivity of each variable was studied at each 

of these three basic levels by changing the value of the specific variable to 

the other two levels. An evaluation of the influences on pavement behavior 

was accomplished by the basic concepts of weighting factors and importance 

rating. In the succeeding study of a 3 X 3 X 3 factorial experiment, an 

analysis of variance was made to determine what interactions among the three 

most important design variables are significant. The results show a greater 

consistency in the importance of these design variables and indicate signifi

cant interactions among the variables. 

It is concluded that CRCP-1 gives generally reasonable solutions although 

several revisions should be made in the future. The design variables are 

sensitive to various degrees with respect to crack spacing, crack width, 

maximum stress in the steel, and maximum stress in the concrete. The analysis 
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indicates that percentage of longitudinal reinforcement and concrete strength 

are the most important design variables. 

KEY WORDS: Sensitivity analysis, analysis, rigid pavements, pavement design, 

system analysis, performance, computer program. 



SUMMARY 

A sensitivity analysis has been performed on the continuously reinforced 

concrete pavement model CRCP-l, which was developed as a computer program to 

analyze and rationally design continuously reinforced concrete pavements, 

using about fifteen input variables. The relative importance of these 

variables was determined in the sensitivity analysis that was made to 

investigate the impact of changes in input values on the CRCP structure. 

About two hundred different problems were solved using the CRCP-l program and 

the data obtained were reasonably analyzed quantitatively as well as qualita

tively. 

This study is a part of an overall systematic pavement design and 

research program. The sensitivity analysis reported here has given the 

program users more information about the effects of the variables. This 

information provides the design engineer with greater insight into the 

decision-making process of accomplishing the design of CRC pavements. 
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IMPLEMENTATION STATEMENT 

The findings of the sensitivity analysis presented in this report will 

aid in the application and implementation of the continuously reinforced 

concrete pavement model CRCP-l. The sensitivity analysis has given considerable 

feedback for use in improving the program. The findings described here may 

be applied to improve understanding of the input variables of the program, to 

judge the relative importance of each variable, and to aid in solving the real 

problems more efficiently. The results of this report could be implemented 

to help program users decide the level of effort which is needed for closer 

attention and study, and to indicate those areas where design information is 

exceedingly definite. 
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CHAPTER 1. INTRODUCTION 

Background 

This report presents a sensitivity analysis performed to establish the 

reasonableness of solutions and relative importance of all the input variables 

in a continuously reinforced concrete pavement model for highways, CRCP-l. 

CRCP-l (Ref 1) is a design concept utilizing a computer program to analyze the 

behavior of continuously reinforced concrete pavements due to drying shrink

age and changes in temperature as a function of time. 

The widespread uses of contin~ously reinforced concrete pavement (CRCP) 

led to the development of design procedures by several state highway depart

ments, including Texas and Illinois, and by various research agencies, such 

as AASHO (Ref 2) and United States Steel (Ref 3). The continued observations 

of problems with CRCP led to the need for more fundamental studies, and a 

computer program designated CRCP-l was developed at the Center for Highway 

Research at The University of Texas at Austin under a National Cooperative 

Highway Research Program. 

In utilizing the program, the user must specify a number of input 

constraints, depending on his interests. The system involves about 15 input 

variables. in such categories as steel properties, concrete properties, slab

base frictional relationship, and temperature history. A problem is solved 

through simultaneous solution of basic stress equations for shrinkage and 

temperature, slab-base friction, and movement. 

Purpose of This Study 

The mathematical model CRCP-l developed by Adnan Abou-Ayyash provided 

a unique and useful tool for analyzing the design of continuously reinforced 

concrete pavements for highways. It must be recognized that a designer 

has only limited resources and time to use in estimating the large number 

of input variables needed in the proposed method. To warrant confidence 

in such a program as well as to evaluate the reasonableness of its solutions, 

it is imperative to check the system by analyzing a number of problems over 
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a wide range of variables. To accomplish this, a comprehensive sensitivity 

analysis has been performed. 

The objectives of this study are: 

(1) to adapt the computer program CRCP-1 for use by the Texas Highway 
Department, 

(2) to establish confidence in the reliability of the model; 

(3) to obtain a more complete understanding of the variable interacting 
effects, 

(4) to debug the computer program as much as possible by solving a 
large number of possible kinds of problems, 

(5) to establish the relative significance of the input variables, 

(6) to assist the pavement designer in deciding the relative amount of 
time and effort he should spend estimating the numerical values 
of the various inputs to the system, 

(7) to simplify the program inputs by making some of the variables 
constants, and 

(8) to establish design guidelines for the use of 'this computer model. 



CHAPTER 2. THE COMPUTER PROGRAM 

It is not necessary for the pavement designer to have a complete know

ledge of the computational techniques used in the model CRCP-1, but a basic 

understanding of the overall process is indispensable for effective use of the 

computer program. 

Model CRCP-1 is the most complete program developed to date to study the 

mechanistic behavior of highly complex continuous pavements. The program is 

written in FORTRAN computer language for the CDC6600 digital computer. 

Appendices 1 and 2 of this report contain an operational guide for data 

input and sample output data, respectively. 

Theoretical Models 

In order to develop a method to predict the crack spacing, crack width, 

stress in steel, and stress in concrete due to drying shrinkage and tempera

ture change as a function of time, an incremental approach was adopted. The 

basic concept is shown in Fig 2.1. The approach can be summarized as follows: 

(1) At any time t
1

, determine the tensile strength of concrete from 

the strength-time relationship (Fig 2.1(a». 

(2) Compute the drying shrinkage Zl and the temperature drop 6T1 
corresponding to time t1 (Fig 2.1(b». 

(3) With the mathematical models, calculate the maximum concrete tensile 
stress (Fig 2.1(c». 

(4) Compare the concrete strength with concrete stress (Fig 2.1(d». 
If the strength is higher than the stress, cracking does not occur. 

(5) Increment the time to t2 ' and repeat steps one through four. If 

th~ stress is higher than the strength, as shown in Fig 2.1(d), a 
crack occurs between t1 and t 2 • 

(6) Solve for the time (somewhere between t1 and t 2 ) and the 

corresponding state of stress at which cracking occurred. 

(7) Increment time and search for additional cracks as they develop. 

3 
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By its nature, the analysis of continuously reinforced concrete pavement 

is a highly complex problem. A significant number of variables influence the 

behavior and, hence, the performance of this pavement type. In this respect, 

a typical slab segment is used to analyze the pavement system. This segment 

is based on the behavior of continuous pavement and its response to internal 

and external stresses. Figure 2.2 illustrates the typical layout of a contin

uously reinforced concrete pavement and Fig 2.3 shows the typical slab segment. 

Assumptions 

In the analysis of the problem, the following assumptions have been made: 

(1) A crack occurs when the concrete stress exceeds the concrete 
strength, and, 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 qlab, there is no 
relative movement between the steel and the concrete. 

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

(5) Temperature variations and shrinkage due to drying are uniformily 
distributed throughout the slab, and, hence, a one-dimensional and 
axial structural model is adopted for the analysis of the problem. 

(6) Material properties are independent of space. 

(7) Effect of creep of concrete and slab warping are neglected. 

The FORTRAN Program 

A Summary Flow Chart. A summary flow chart for the CRCP-l program is 

given in Fig 2.4. The time required to run problems varies, of course, with 

the complexity of the system, the nature of the friction-movement relationship, 

the variation of the concrete strength with time, increment length, and the 

number of iterations required to obtain the desired accuracy. In general, 

the computer operating time for a relative closure tolerance of one percent 

and problem similar to the sample problems herein is usually in the range 

of 15 to 20 seconds. 
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READ problem number 

Yes 

PRINT problem number and description 

READ input data for new problem 

Increment time and calculate 
temperature drop and shrinkage 
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~~--~~ and final 
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No 
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No 

Cracking occurs; PRINT responses. 
Change model geometry 

Fig 2.4. Summary flow chart of CRCP-l program. 



Output Information. The outputs of the computer program are crack 

spacing and crack width as a function of time, and also include drying 

shrinkage, concrete tensile strength, maximum concrete stress, and maximum 

steel stress. Figure 2.5 shows the variation in concrete strength and the 

predicted maximum concrete tensile stress as a function of time for the 

case of 0.6 percent reinforcement. The vertical arrows indicate the time at 

which cracking occurred. 

After cracking on day 2, the stresses are reduced, but slowly build up 

and cracking again occurs twice on day 3. This pattern is repeated on the 

9 

eighth day and would continue on if the entire stress history were presented. 

The implication of these occurences on crack pattern is illustrated in Fig 

2.6. The first crack on day 2 occurs at the mid-point of the slab resulting 

in a crack spacing X2 . Each of the slab segments then crack at the mid-point 

on the respective days resulting in the crack spacings X
3

, X
3

•2 , and X8 as 

shown. The actual computation models are extremely complex although the 

concept is simple. 

Grouping of Input Variables 

There are four broad categories of input variables in the CRCP-1 

computer program: (1) steel variables, (2) concrete variables, (3) slab-base 

frictional characteristics, and (4) environmental variables. 

Steel Variables. Information on this input includes the type of 

longitudinal reinforcement, percentage of reinforcement, bar diameter, 

yielding stress, modulus of elasticity, thermal coefficient, and spacing of 

transverse wires in the case of design type specified as deformed wire 

fabric. The format used to input the required information is shown in the 

Operational Guide for Data Input, in Appendix 1. 

Concrete Variables. Since transverse cracking on pavements is formed 

when the induced concrete-tensile stress exceeds its tensile strength, the 

physical and mechanical properties of the concrete also influence the crack

spacing pat=ern. Some of these concrete properties included in the CRCP-1 

program are (1) thermal coefficient, (2) final or total drying shrinkage, 

(3) unit weight, (4) 28-day compressive .. strength, and (5) 28-day tensile 

strength. Also included as a concrete variable is the slab thickness. 
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If the age-tensile-strength relationship is not available, the data will 

be generated by using the recommendations suggested by the United States 

Bureau of Reclamation. The 28-day compr~ssive strength should be provided in 

the input whether or not the age-tensile strength data are given by the user. 

Slab-Base Frictional Variables. Research by the Bureau of Public Roads 

and New Jersey State Highway Department (Refs 4 and 5) has established that 

frictional resistance to movement is ~ot constant but increases with movement, 

rapidly at first and at a decreasing rate with further increase in movement, 

Since the frictional resistance is not constant with movement, its effect 

should be characterized by the complete curve defining the resistance-move-

ment relationship. There are three types of frictional resistance relation

ship prepared on the computer program, straight line, parabola, and multilinear. 

Various relationships can be input to define the F-y curve (i.e., F-resistance 

and y-movement) used in the program computations; for it the number of input 

cards is variable, depending on the number of points defining the F-y rela

tionship. It is worth noting that F is expressed as the force per unit 

length and 'per unit width. 

The desired frictional relationship should be specified by the user. 

It is also worth realizing that according to the sign convention adopted in 

the CRCP-I model, the input movements at sliding should be negative and the 

friction forces should be positive. 

Environmental Variables. The formation of transverse cracks in contin

uously reinforced concrete pavement is also influenced by the atmospheriC 

conditions prevalent during the curing period, including any severe drop 

in daily temperature the pavement is subjected to during its service life. 

These selected variables are included in the program: average curing temper

ature of concrete, minimum daily temperature, and minimum temperature 

expected after the concrete gains its full strength. 

This part of the input data consists of two components. The first 

deals with the analysis period (28 days) directly after the concrete place

ment; the average curing temperautre and minimum daily temperature for the 

desired number of days are input. The number of cards required is variable 

and depends on the number of datapoints. The second component of the 

temperature data deals with the analysis period after the concrete achieves, 

for all practical purposes, its maximum strength. 



CHAPTER 3. COMPUTATIONAL EXPERIMENTAL DESIGN AND ANALYSIS 

The basic objective of a sensitivity analysis is to relate variations 

in inputs to variations in outputs. A complete sensitivity study of a complex 

model like CRCP-1 would require an analysis of program output at various 

levels of the possible range of all the design variables involved. Such an 

analysis would need a very large experiment to cover the effects of individual 

variations of the variables as well as the variations in groups. For instance, 

for three 1ev~ls of each variable, the total number of runs required to 

determine the main effects and interactions for 15 design variables is 315 

(over 14 million). It is obvious that such a large-scale study is not 

practical because of cost and time involved. 

What is actually required in the beginning is a preliminary design 

which can be done with a reasonable amount of time and effort and provide 

maximum information for effective use of the program. Thus, the confidence 

required for conducting a full scale factorial experiment will be achieved. 

Figure 3.1 presents the general sequence for designing and conducting 

the sensitivity analysis. The initial step was to fix several of the 

primary inputs. Next, magnitudes for each of the variables were defined. A 

traditional sensitivity analysis was performed to establish the three most 

important variables. A full factorial analysis is then performed on these 

variables to study the interactions. 

Fixed Variables 

In each of the primary input categories, variables were fixed that would 

permit subsequent analyses to be added to this study. For example in the 

steel category, deformed bars were selected for study. Thus, a future study 

could be made of welded wire fabric which would supplement this study. 

Table A3.l present the fixed input values for concrete age-tensile 

strength relationships, frictional characteristics, and the temperature 

history. 

13 



Primary 
Inputs 

Steel Concrete Slab-Base Friction Temperature 
Properties Properties Behavior History 

Int:eraction Interac.tion In"teJ:jlction 

r r 

Sel(!c;l: l:he type of Select concrete Select the type Select the 
longi tudinal age-tensile of base Temperature 
reinforc~ment strength data materials Condition 

t + 
Establish realistic level for each 

input variable 

t 
Conduct analysis for 

traditional sensitivity 
analysis 

~ 
Conduct analysis for 
fractional factorial 

design , 
Establish quantitative and qualitative 
information for relative sensitivity of 

response to input variation 

Fig 3.1. General sequence for conducting the sensitivity analysis. 
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In addition, a small study was performed to establish reasonable 

values of the closure tolerance and the initial length input into the 

program. Since both of these factors influence the computational time, 

a reasonable level for each would not affect accuracy was established. 

15 

To establish the proper level of the relative closure tolerance required 

for a reasonable number of iterations, the variations of steel stress, crack 

width and crack spacing with different levels of closure tolerance were 

studied. The results are presented in Figs 3.2, 3.3, and 3.4 for a percent 

reinforcement of 0.6 and for median values of the other input variables. 

Relative closure tolerances of one to six percent gave the desired accuracy 

in computing the steel stress, crack width and crack spacing values. Since 

the computation time increases with smaller closure tolerances, a value of 

five percent is recommended. 

In addition, a small study was conducted to establish the optimum 

initial length of the slab in terms of crack spacing variations. The 

theory, in essence, makes the computations assuming an infinite length of 

slab, but must start from a finite length as shown in Fig 2.2. Fig 3.5 

presents the influence of slab length on the crack spacing. Note that 

the initial length does not affect the end result, but it does have a 

significant effect on computational time. For this study, the initial 

length was fixed at 100 feet. 

Selection of Levels 

The choice of levels of factors to be used in an experiment depends 

upon the nature of the experimental yields and upon the objectives of the 

experiment. If the experimenter knows the range in levels of interest and 

if he desires to investigate the form of the response curve he should 

select as many levels as are practical. A three level experiment was 

established here; each input variable was given low, medium, and high values, 

based on engineering judgement and the following research resources: 

(1) "AASHO Interim Guide for the Design of Rigid Pavement Structures," 
1972 (Ref 2), 

(2) "Design and Construction - Continuously Reinforced Concrete Pave
ment," Continuously Reinforced Pavement Group, 1968 (Ref 6), 

(3) "Design and Control of Concrete Mixtures," Portland Concrete 
Association 1968 (Ref 7), 
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(4) ItFriction Tests of Concrete on Various Subbases" Public Roads, 
1924 (Ref 4), and 

(5) "Subgrade Friction Tests" New Jersey State Highway Department, 1953 
(Ref 5). 

Medium levels are those which might be met in practice under average 

design conditions. A low level is a practical value at the lower extreme 

with respect to the medium level, while a high level is a practical value 

at the upper extreme. There is an advantage in using three levels of 

factors because with three levels information is supplied on both the linear 

and the quadratic components of the effects. A quadratic component may 

imply a maximum or minimum response at some intermediate factor combination 

or at a point outside the range examined for some or all of the factors, 

indicating a need for further experimental work at a different set of levels. 

Thus, there is special interest in designs with factors at three levels when 

quantitative factors are involved, and they have received considerable study 

for this reason. 

Traditional Experiment Design 

The proposed initial experiment is designed to hold all design variables 

except one constant at a certain level (medium, low or high) and to take 

response readings for several levels of this variable; then another variable 

is chosen to vary and this process is continued until all variables of interest 

have been considered. 

First, a basic problem was solved by using the medium values of all the 

design variables; i.e., in a medium basic solution, all the input variables 

were at their medium levels. With respect to the medium level, two problems 

were also solved for each variable, one in which the variable was held at 

its low value and the other where the variable was held at its high value. 

For each of these problems, all other variables were held at their medium 

levels. A similar procedure was studied for the low basic level, in which 

each variable was varied individually to its medium and high values, and for 

the high basic level, where each variable was studied at its low and medium 

values. The process required about 90 separate solutions, which could be 

accomplished with a reasonable work effort, to obtain the desired information. 
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Tn order to complete the analysis of single factorial experiments at 

the medium level, some revisions were made on the initially selected numerical 

values, for the reasons listed below: 

(1) to successfully obtain the solution output, since some problem 
could not be solved at their initially decided values due to 
diagonastic errors or infeasibility of the solution; 

(2) to obtain the best usable information from the solution output 
and to avoid unnecessary work; and 

(3) to obtain the solution output within reasonable computation time. 

Table A3.l shows the revised numerical values for the three levels of 

all the input variables. 

Factorial Experiment Design 

The above traditional one-factor-at-a-time design would miss the most 

favorable treatment combinations. In addition, the one-factor-at-B-time 

design can lead to the following wrong conclusions: 

(1) When interactions exist, the nature being unknown, a factorial 
design is necessary to avoid misleading conclusions. 

(2) When there are no interactions, the factorial design will give the 
maximum efficiency in the estimation of the effects. 

(3) In the factorial design, the effect of a design variable is 
estimated at several levels of the other factors, and the conclu
sions hold over a wide range of conditions. 

It can be shown that if the result of changing two or more design vari

ables is to be studied, then, in general, the most reliable way is to use 

a factorial design, By this efficient approach, the required information can 

be obtained with the required degree of precision and a minimum expenditure 

of effort. 

As has been noted a complete factorial design in which all possible 

treatment combinations of all the levels of the design variables are invest

igated involves a large number of tests when the system includes as many as 

15 variables. A great number of solutions is needed, which may be impractical 

from the standpoint of cost and time. It has been shown that it is possible 

to investigate the main effects of the design variables and the more important 

interactions in a 33 factorial design. In this study, the three most important 

design variables were obtained from the results of the traditional sensitivity 

study. 





CHAPTER 4. PRESENTATION OF RESULTS 

The data outputs for medium level, low level, and high level solutions 

are presented in Tables A3.2, A3.3 and A3.4, respectively. The effects of 

input variable variation on pavement behavior for medium level solutions are 

also plotted and are presented in Figs 4.1 through 4.11. Since, the variation 

of transverse wire spacing (in which the design type of longitudinal reinforce

ment is deformed wire fabric) for medium level solutions was not studied, for 

the reason explained in the text, the effect of transverse wire spacing on 

pavement response is shown only for the low level solutions in Fig 4.11. 

Output Parameters 

Several methods of rating the variables importance were investigated. 

Based on the nature of the output data to be analyzed, the method best suited 

for such an analysis was a study of the effect of variation in the system 

parameters on the pavement response or on some performance criteria. For 

medium level solutions, figures (Figs 4.1 through 4.11) were plotted to show 

the output data in terms of crack spacing, crack width, and maximum steel 

stress against the levels of each input varia1l1e. 

Each of these output parameters are instrumental factors in the pavement 

performance under traffic and environmental conditions. The NCHRP 1-15 Study 

provided limiting criteria of 5 to 8 feet for the crack spacing and a value 

less than 0.023 in for the crack width. 

Thus, the output for these two parameters should be evaluated in terms of 

these criteria shown on the graphs. The concrete and steel strength provides 

the limiting criteria for the respective stress values. Of course, the 

concrete strength is changing with age. For cases where concrete stress 

exceeds the strength, cracking occurs, hence the average crack spacing values 

reflect this condition. The program does not recognize the condition where 

the steel stress exceeds the strength so the user must make this evaluation. 
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Since high yield strength steel has been used extensively in Texas, a 

limiting value of 60,000 psi is shown for allowable working stress and yield 

strength, respectively. 

Review of Output 

35 

A review of the crack spacing predictions for all the graphs (Fig 4.1 to 

4.11) show that values are less than the lower limit of five feet with only 

one exception. For the low and high level solutions (Tables A3.3 and A3.4), 

the final crack spacings were outside the 5 to 8 foot limits in 18 of 28 

cases, and 7 of 8 cases, respectively. 

The limiting crack width of 0.023 inch is exceeded in 26 of 28 cases and 

7 of 8 cases for the low and high levels of the input variables, respectively. 

The medium level had three cases in which the crack width is equal to the 

limiting value of 0.023 inch. 

A review of the steel stress values for the medium level shows the yield 

strength and the allowable working stress are exceeded 3 and 6 times, respec

tively. Similar data summaries for the low and high level solutions indicate 

the allowable working stress was exceeded 26 and 5 times, respectively. For 

yield strength, the 60,000 psi level was exceeded 23 and 2 times for the low 

and high level solutions, respectively. 

An evaluation of the influence of each input variable on pavement behavior 

is accomplished by the basic concepts of weighting factor and importance 

rating. The weighting factor is denoted by the numerical value of one if the 

observed performance variation from low to high level results in the maximum 

factors of the remaining input variables are then expressed as a ratio of 

this maximum variation. This approach is applied to the three behavior items 

of output data: crack spacing, crack width, and maximum steel stress. The 

corresponding results for the medium level basic study are presented in Table 

4.1, which shows the weighting factors of each input variable computed from 

CRCP-l data outputs. 

The concept of importance rating for each data item of output is intro

duced at this point in the analysis of variable evaluation. The importance 

rating is the analyst's numerical appraisement of the relative importance it 

is that these particular performance data outputs be included in the model 

CRCP-l. 



TABLE 4.1. WEIGHTING FACTORS OF INPUT VARIABLES ON CRCP-l DATA OUTPUT (FOR MEDIUM LEVEL SOLUTIONS) 

* 

Variable 
Number Input Variable 

1 Percentage of reinforcement 

2 Bar diameter (inches) 

3 Elastic modulus of steel (psi) 

4 Thermal coefficeint of steel (in/in) 

5 Thermal coefficient of concrete 

6 Total drying shrinkage (in/in) 

7 Unit weight of concrete (pcf) 

8 Compressive strength of concrete (psi) 

9 Tensile strength of concrete (psi) 

10 Curing temperature of concrete (OF) 

Crack 
Spa~ing 

x 
(feet) . 

1 

0.34 

0.31 

0.27 

0.27 

0.36 

0.07 

0.63 

0.63 

0.32 

Crack 
Width 

.6. X 
(inches) 

1 

0.35 

0.31 

0.02 

0.02 

0.02 

0.05 

0.63 

0.63 

0.12 

Maximum 
Steel 

Stress 
as 
(psi) 

1 

0.17 

0.11 

0.02 

0.02 

0.31 

0.07 

* 0.73 

* 0.73 
0.15 

The tensile strength of concrete variable is the controlling variable, since the compressive strength 
of concrete variable is only recognized internally in the program. 

\,;.) 
C!" 
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Accordingly, the importance rating of crack spacing, crack width, and maximum 

steel stress are represented by numerical values of 1, 1.33, and 1.33, 

respectively. The relative effect of each variable was calculated as the 

multiplication of the weighting factor by its related importance rating 

and summing horizontally each column to find the total evaluation of each 

column to firld the total evaluation of each input variable. The relative 

importance among design variables is obtained by numerical sequencing using 

the highest value as the number one rating, etc. Table 4.2 summarizes this 

information for the medium level analysis. Note that the percentage of 

reinforcement, concrete strength and bar diameter are the three most important 

variables. 

The relative position of slab-base friction and movement may be misleading 

in this analysis, since inadequate data were available initially to properly 

chart this variable. Subsequent information indicates this range from low to 

high level in Table A3.l for maximum subbase friction is much less than expe

rienced in the field. 

Interaction Study 

A sensitivity analysis of the three most important variables and their 

interaction on pavement behavior was conducted to establish the full factorial 

analysis. In the process of factorial design, all the input parameters (except 

those considered in the interaction) were kept at their medium level, thus 

resulting in 27 treatment combinations from the three selected input factors, 

that is, percent reinforcement, tensile strength of concrete, and for diameter 

of steel. 

The results are graphically represented in Figs 4.12, 4.13, and 4.14 for 

the variation of crack spacing, crack width and maximum steel stress, respec

tively. The limiting criteria for crack spacing, crack width and steel 

yield stress are not exceeded for a percent reinforcement greater than 0.6. 

This is in a good agreement with the performance experience with continuously 

reinforcement concrete pavement. Most of the agencies in northern climates 

recommend 0.6 to 0.7 percent reinforcement. On the other hand, the interaction 

study shows that the limiting criteria for crack spacing can not be achieved 

for the same levels of the input variables as for the crack width arid steel 

yield stress. 



TABLE 4.2. SUMMARY OF ESTIMATED EFFECTS ON EACH INPUT VARIABLE 

Pa~ell1ent b h 
.lzn e a~io1:' 'P01:'tance 

Input 
Variables 

1:'ating 

Percentage of reinforcement 

Bar diameter 

Elastic modulus of steel 

Thermal coefficient 

Concrete drying shrinkage 

Concrete unit weight 

Concrete strength 

Concrete curing temperature 

Crack 
Spacing 

1 

1.000 

0.340 

0.310 

0.270 

0.360 

0.070 

0.630 

0.320 

Crack 
wtdth 

1.33 

1.330 

0.466 

0.412 

0.027 

0.027 

0.067 

0.838 

0.160 

Maximum 
Steel 
Stress 

1.33 

1.33 

0.226 

o 146 

0.027 

0.412 

0.093 

0.971 

0.200 

1 Order 
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The percent reinforcement, concrete tensile strength and bar diameter of 

steel interaction has a very significan~ influence on the crack spacing, crack 

width and maximum steel stress variation, and, specially for percent rein

forcement smaller than 0.6 (the smaller the percent reinforcement, the higher 

the slope of the curves). The higher the concrete tensile strength, the 

higher the value of crack spacing, crack width and maximum concrete stress. 

In terms of pavement behavior, the smaller the diameter, the smaller value 

of crack width, but the higher value of maximum steel stress and crack 

spacing. The problem is to find the optimum interaction between the variable 

to insure a good correlation between the crack spacing, crack width, and 

steel stress in order to improve the load transfer and, generally, the pave

ment behavior. 



CHAPTER 5. ANALYSIS OF RESULTS 

One of the objectives of sensitivity anal~sis is to establish the relative 

importance of each input variable and recognize the presence of variable inter

action, thus give the designer advice as to the amount of time and effort to 

spend in quantifying or estimating the numerical values of these design vari

ables. MOreover, this investigation will indicate possible areas of priority 

for future research needs. 

It should be recognized that rating variables on the basis of data devel

oped during this sensitivity study is affected by several factors involved in 

the data generation, including the numerical values used for the input vari

ables, and the variation of levels. Consequently, different results of vari

able testing might be obtained through different methods of approach. 

The analysis phase of this present investigation actually consists of a 

single factorial design and a 3 X 3 X 3 factorial design. The results show a 

greater consistency in the importance of which design variables and indicate 

significant interactions among the variables. In this study, the order of 

importance of each input variable presented below is from the findings of 

previous Chapter 4. 

Percentage of Longitudinal Reinforcement 

A review of this study indicates that the percentage of longitudinal 

reinforcement has major influence on the crack spacing, crack width, and 

stresses in the steel and concrete. The effect of this highly important design 

variable justifies the considerable attention it has received in the past from 

highway design and research engineers. 

In this study, three levels were studied, corresponding to 0.4, 0.6, and 

0.7 percent longitudinal reinforcement, respectively. Figures 5.1 and 5.2 

show the predicted discrete values of crack width and maximum stress in the 

steel calculated on a daily basis for 0.6 percent reinforcement. For the 

analysis of 0.4 and 0.7 percent reinforcement, similar patterns are also 

observed. 
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The effect of longitudinal reinforcement at the end of the analysis 

period is demonstrated in Fig 4.1, whdth shows that the crack spacing, craek 

width, and the maximum stress in the steel decrease rapidly with an increase 

in percent reinforcement. This behavior of crack pattern agrees satisfactorily 

with field observations, as shown in Figs 5.3 and 5.4. It has also been 

demonstrated that a smaller crack spacing results from an increase in the per

centage of longitudinal reinforcement. The percent reinforcement also affects 

the tightness of the transverse cracks, which, in turn, will influence aggre

gate interlock and the load transfer in the pavement slab. Very few steel 

stress measurements have been made successfully in the field on CRCP pavements, 

but the predicted values of the steel stress (Fig 4.l(c)) indicate that con

siderable stress is induced at the transverse cracks due to temperature drop 

and drying shrinkage. 

For the materials variables and environmental conditions used in this 

study, the 0.4 percent longitudinal reinforcement revealed a fairly high stress 

in the steel and a large amount of crack width. Various data from both the 

laboratory and field studies provide the design engineer with an inSight into 

the characteristics of crack width; a value of 0.023 inch can generally be 

used as a limiting amount from the standpoint of water flow or spalling. 

Obviously, pavement behavior varies with different conditions, but it is sug

gested from the study conditions that longitudinal reinforcement of less than 

0.5 percent may not provide satisfactory performance. In practice, most 

agencies based the required percentage of longitudinal reinforcement on exper

ience, that is, on empirical data obtained from experimental pavements. Most 

researchers (Refs 1, 2, 3, and 11) recommended that no less than 0.5 percent 

longitudinal reinforcement be used. This coincides with the results observed 

from this study. In addition, many observations of distressed areas in a 

pavement section revealed that a crack spacing of from one to two feet. In 

this respect, too small a crack spacing.is·al.!ilo undesirable. In the study 

of 0.7 percent steel reinforcement for medium level solutions, the predicted 

crack spacing is obviously too small, which might adversely influence pavement 

behavior. (Fig 4.l(a)), Consequently, the use of more than 0.7 percent of 

lo~gitudinal reinforcement may not significantly improve the pavement 

performance. 
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To provide a more detailed look at the pavement responses at the end of 

the analysis period, Fig 5.5 shows the variations of concrete movement, fric

tion resistance, concrete stress, and steel stress longitudinally along the 

pavement. The results are based on the study of 0.6 percent reinforcement at 

medium level solutions. This information is also a part of the computer pro

gram output shown in Appendix 2 of this report. It is worth noting that, due 

to concrete drying shrinkage, the steel stress in the vicinity of the center 

of a continuous pavement slab is in compression and that it changes to tension 

near the predicted transverse crack (Fig 5.5(e)). 

Concrete Strength 

The concrete strength varies considerably with the mixing properties and 

curing conditions. In this study, three compressive strength values (or ten

sile strength values) were used to investigate the influence of concrete 

strength on pavement behavior. These strength values a~e 2500, 3500, and 6000 

psi (or tensile strength of 385, 467, and 600 psi), respectively. Figures 

4.8 and 4.9 indicate that crack spacing and crack width are directly related 

to the concrete strength. Examination of these output data, Table A3.3, also 

points out that the CRCP-l model makes extremely high estimates of the result

ing crack spacing and crack width when combinations of design variables meet 

at the low level. These changes in pavement behavior due to variations in this 

design factor over the medium level solutions are useful in evaluating its 

relative importance. 

The analysis of variance for these data has indicated its main effects 

and two-factor interactions to be significant on the program output in terms 

of spacing, crack width, and maximum steel stress. Subsequently, the analysis 

of variance yielded essentially the same ordering of significance on the con

crete strength as the analysis results of single-factorial variation. 

As expected and indicated by this study, the concrete strength is one of 

the most significant factors observed in the CRCP-l model. Buick, in his 

"analysis and synthesis of Highway Pavement Design," (Ref 13) found that 

the AASHO rigid pavement design method, the flexural strength and/or compres

sive strength (or tensile strength) was one of the most important variables. 

McCullough et.al. (Ref l4) also indicated that the effects of concrete strength 
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are highly significant. Thus, it is logical that variations in the concrete 

should also be highly significant in this study. 

Excessive concrete strength will result in large crack widths, which can 

not be tolerated if the continuity in the continuously reinforced concrete 

pavement is to be maintained. Therefore, if an optimum crack width is to be 

maintained, the maximum allowable concrete strength deserves closer attention 

and study. The predicted crack spacing in the study of the low variable value 

of concrete tensile strength, 385 psi, is too small. A recent study by the 

Illinois Department of Transportation (Ref 15) indicated that a crack spacing 

of four to five feet would minimize steel rusting. McCullough in his deflec

tion investigation on the in-service CRCP in Texas (Ref 16) also found that 

the optimum load transfer characteristics, to minimize deflection, occurred 

with a crack spacing range of five to eigth feet. According to this study, 

a minimum concrete tensile strength of 400 psi should be used in its quality 

control to improve pavement performance. 

Bar Diameter 

In this study, three sizes of bar diameter have been studied to investi

gate its effect on pavement behavior. These are O.S-inch (No.4), 0.624-inch 

(No.5), and 0.75-inch (No.6). The results show that the crack spacing and 

crack width are directly proportional to the diameter of the steel. It 

should be noted that the larger the steel bar, the lower the bond area per 

steel cross-section area. The studies conducted by McCullough and Ledbetter 

(Ref 17) indicated that crack spacing is also inversely associated with the 

ratio of steel bond area to concrete volume. This study demonstrates that 

the reinforcing bar sizes have a definite effect on the crack pattern and 

should be carefully evaluated in the design. The variation in crack spacing 

is more severe forthe low level studies than the medium level studies. The 

variation maximum steel stress at the end of the analysis period due to the 

changes of bar diameter and concrete strength is insignificant. 

Elastic Modulus of Steel 

The studies show that crack spacing and crack width are inversely 

proportional to the elastic modulus of steel. The moduli of steel has 

only a small effect on the maximum steel stress. 
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Drying Shrinkage of Concrete 

Drying shrinkage is an essential characteristic of concrete and it is one 

of the principal creators of cracking. To investigate its effect on pavement 
-6 performance, three values for total drying shrinkage, 300, 500, and 650 X 10 

inch per inch, were studied. Computed results of crack spacing, crack width, 

maximum stress in the concrete, and maximum stress in the steel are shown in 

Table A3.2. The discrete values of the pavement response are plotted (Fig 4.6), 

because the variation of responsive items with drying shrinkage may not be con

tinuous over a different set of conditions. The plot indicates that the higher 

the drying shrinkage of concrete, the smaller the crack spacing. The change in 

crack width is not very significant for the three levels of drying shrinkage 

investigated, but the computed variation of maximum steel stress due to changes 

of concrete drying shrinkage is significant. 

Factors known to influence the magnitude of drying shrinkage are the 

amount of water per unit volume of concrete, type of gradation of aggregate, 

chemical admixtures, moisture, and temperature conditions. In order to pro

vide better pavement performance, it is recommended that the pavement designer 

control the appropriate variable on concrete drying shrinkage to minimize vol

umetric changes. 

Curing;: Temperature of Concrete 

At various times of the year, concrete pavements will be subjected to 

different curing conditions. In addition, the extended period of paving oper

ations for continuously reinforced concrete pavements usually results in a 

large range of variation in curing temperature on sections of the pavement. 

In this study, thr~e curing temperatures of concrete, 45 degrees, 75 degrees, 

and 85 degrees Fahrenheit (Fig 4.10), were examined. A curing temperature of 

75 degrees Fahrenheit yielded a crack spacing of 2.3 feet for medium level 

study, while at 85 degrees Fahrenheit, the predicted crack spacing declined 

to 1.8 feet. This prediction apparently conforms to the field observations 

(Figs 5.6 and 5.7) which have shown the crack spacing is inversely proportional 

to the curing temperature. The computed crack width as well as the stress in 

the steel ana concrete is less for the high curing temperature. 
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A condition survey of CRCP conducted in Indiana by Faiz and Yoder (Ref 20) 

indicated that much of the distress took place during the cold months of the 

year. With regard to these field observations, it is suggested that extreme 

temperature drops during early curing be avoided in order to prevent drastic 

effects on pavement performance. Thus, selection of curing temperature and 

specified curing time may have a profound influence on the development of 

crack spacing and consequently, on the performance of pavement. After further 

evaluation, it may appear that different specification requirements are 

needed for fall and summer placement. The pavement engineer should be aware 

of this impact and possibly evaluate it for use in his decision-making process 

during the design and construction period. 

Thermal Coefficient 

verse 

crack 

10-6 , 

Since dimensional changes in concrete influence the formation of trans-

cracks, the thermal characteristics of concrete oBviously affect the 

pattern. In this study, three values were investigated (Fig 4.5),3.2 X 
-6 -6 5.0 X 10 ,and 7.0 X 10 inch per inch per degree Fahrenheit. The 

crack spacing is inversely proportional to the values of the thermal coefficient. 

The predicted crack width, and steel stress indicate insignificant effects 

due to changes of thermal coefficient. 

The thermal expansion and contraction of concrete vary with factors such 

as aggregate type, richness of mixture, water-cement ratio, temperature range, 

concrete age, and relative humidity. Of these factors, the aggregate type 

has the greatest influence on the thermal properties of concrete, thus the 

aggregate type should also be evaluated in the design of CRCP. 

Unit Weight of Concrete 

The predicted changes in crack spacing, crack width, and maximum steel 

stress at the end of the analysis period, due to the change of the concrete 

unit weight from 120 to 160 pounds per cubic foot indicate a decreasing 

trend of less than ten percent (Fig 4.7). 
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Slab-Base Friction and Movement 

The sensitivity study indicated changes in frictional resistance 

had very little effect on the crack spacing and crack width; therefore, the 

low rating for this parameter in connection with this study. A further 

study of available data indicates the initial selection of low and high 

levels may have been too restrictive, relative to field observations. 

Subsequent information shows the range of maximum slab-base friction should 

be from 0.05 1bs/ft
2 

(smooth surface such as polyethylene) to 20 1bs/ft2 

(rough surface such as a unfinished cement stab1ized base) rather than 1.0 
2 2 

1bs/ft to 2.3 1bs/ft , as used in the study. These extreme values would 

probably have a significant effect on crack spacing and crack width, whereas 

in the middle range, as used in this study, changes in friction resistance 

are small. 

For one solution, the maximum slab-base friction resistance was increased 

to 10 1bs/ft
2

• The result in crack spacing dropped from 2.3 feet to 2.0. 

However, the danger is not in the high values of sub-base friction, but 

rather the low values that may occur in the field. In these cases excessive 

stresses and crack widths may be experienced. 

Based on the above observations, it appears that the desired slab 

behavior may be achieved with a lower percent of longitudinal reinforcement 

where high frictional resistance is experienced. However, this is not a 

practical solution, since with a decrease in the percent reinforcement, the 

computed crack width will increase, and may advers1y affect the pavement 

performance. In the decision-making process, a pavement designer should 

therefore evaluate the frictional resistance carefully. 

Yielding Stress of Steel 

In this paper, three levels were studied, 4.0 X 104 ,6.0 X 10
4

, and 7.0 X 

104 psi, respectively. It appears that computed crack spacing, crack width, 

and stresses in steel are unvaried by the variation of these three levels. 

This occurs because the program was not designed to recognize when the yield 

point is exceeded. .In reality, the c:r;a~k spacing and crack width would be 

affected, and consequently the performance. Thus, the designer should check 

to see that the yield point is not exceeded. 



CHAPTER 6. SUMMARY OF COMMON USER ERRORS 

An effort has been made in various stages of this study to document the 

most common errors made by program users of the continuously reinforced 

concrete pavement model CRCP-1, so that the USer will be able to detect and 

avoid possible mistakes. The computer program specifies certain error 

messages which will help the user to evaluate the input information. 

Nevertheless, some of the errors complicate the analysis unless the user is 

familiar with their characteristics and relation to other variables. 

The diagnostic errors will be discussed separately in terms of input 

variables. A sample computer output is presented in Appendix 2 to show 

the user the kind of information received if he mades a mistake in the program 

input. 

Errors Caused by Steel Variables 

The pavement responses in CRCP-1 are very sensitive.with respect to 

percentage of longitudinal reinforcement variable and may cause termination of 

ttne,. program. The conunon error occurs when the value of percentage reinforcement 

exceeds or equals 0.8. For this case, Fig 6.1, which shows a free-body 

diagram for the CRCP model and stress distribution in the steel and concrete 

for a given temperature drop ~T and drying shriqkage strain Z may be used 

to explain the problem. In the figure, 

F a = force or stress in the steel at the crack, sc' sc 

F a = force or stress in the steel between cracks, 
sm' sm 

F ocm = force or stress in the concrete between cracks. em' 
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If the computed bond length b in Fig 6.1C is greater than the crack spacing, 

then the theoretical equations in the program do not hold true and the program 

will be terminated. 

Errors Caused by Concrete Variables 

There are limitations attached to the numerical values of total drying 

shrinkage of concrete, concrete compressive strength, and curing temperature 

of concrete. If the program fails to run, it is advisable to revise the 

input values of these design variables. For example, at medium level study, 

if the designer uses the shrinkage variable with a value of 7.0 x 10-4 

inch per linear inch, then he will find that the computed length of the fully

bonded section indicated in the CRCP-l (Ref 21) is a negative value; in other 

words, the computed bond length is greater than that already specified in the 

CRCP-1. Consequently, an error will be detected by the subroutine program 

DEBAR, which solves for stress in the steel at the predicted transverse crack 

and between cracks. An error will also be detected if the designer uses the 

compressive strength with a value of less than 2300 pounds per square inch and 

the curing temperature with a value of 900 F. 

Errors Caused by Slab-Base Frictional Relationship 

If the relationship between the maximum slab base friction and movement 

at sliding has not been reasonably established, the computer program will 

be terminated. For instance, at medium level study, if the frictional force 

and movement are designated as 12 pounds per linear inch and 0.01 inch 

respectively, the error is detected for NA (the number of increments in the 

program computation) greater than NT (equals to one hundred, which is the 

total number of increments specified in the CRCP-l model). 

The frictional relationship is primarily dependent on the type of base, 

for which the range of these two input variables should be carefully examined 

and selected through updated laboratory studies and field observations. 
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Errors Caused by Thermal Coefficient 

In the study of effect of thermal coefficient, if the thermal coefficient 

of steel is not equal to or greater than that of concrete, the error is detected 

in the computation of predicted crack width which indicates a minus value. The 

associated program subroutine DFBAR (Ref 21) computes the stresses and strains 

in the concrete and steel due to a temperature drop and/or concrete shrinkage, 

for which the theoretical equations are written for a frictionless system. 

Errors Caused by Input Variables Assigned as High Level 

The data outputs in CRCP-1 are very sensitive at high level studies and 

can cause several common errors. The program is terminated if the computed 

bond length is greater than that of the CRCP-1 model, and the theoretical 

equations do not hold true. The user can recognize that the program termination 

was due to the combined effects from the high values of input variables. 

Errors Caused by Compressive Strength of Concrete 

If the compressive strength of concrete is not provided in the input 

by the user, the program will be terminated; hence, the compressive strength 

data on concrete must be provided whether it is required by the user or not. 

The program will also terminate if the calculated number of iterations is 

greater than the maximum number of allowable iterations, which was specified 

as twenty. 



CHAPTER 7. CONCLUS IONS, RECOMMENDATIONS, AND IMPLEMENTATION GUIDELINES 

CONCLUSIONS 

This study was conducted to determine the sensitivity of the pavement 

responses as predicted by computer program CRCP-1 to practical variations in 

the input variables and adopt it for usage by the Texas Highway Department. 

The investigation was made to gain information and determine where more study 

effort should be spent in developing inputs for the system. An additional 

intent was to recommend revisions to the program, if needed. It should be 

recognized that the conclusions made in this study are limited to the range 

of variables selected in the study. 

(1) Computer program CRCP-1 can be used by the State Department of High
ways and Public Transportation to develop design, contruction and 
maintenance guidelines for CRC pavements. 

(2) Following is list of design variables in decreasing order of impor
tance based on the premise that the more important design variable 
will produce greater changes in the predicted pavement behavior. 

(a) The percentage of longitudinal reinforcement and concrete 
strength are the most important factors and require careful 
consideration in order to insure pavement performance in the 
field. 

(b) The bar diameter of steel is the third most important factor. 

(c) The elastic modulus of steel and drying shrinkage of concrete 
are important factors and their variation produce significant 
changes in pavement behavior. 

(d) The curing temperature of concrete at concrete placement has a 
significant influence on pavement behavior; thus, the designer 
needs to consider the time of year a pavement is to be con
structed when designing for an optimum crack spacing and crack 
width. 

(e) The thermal coeffiCient, unit weight of concrete, slab thick
ness, and frictional resistance are the least important factors. 

(f) The yielding stress of steel can be considered as a constant. 

(3) Quality control requirements are necessary in various stages of design 
and construction to improve pavement performance in the field. The 
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results from the sensitivity analysis discussed in Conclusion (2) 
provides preliminary guidelines for quality control priorities. 

(4) Depending on the circumstances, a uniform design, i.e., thickness 
and reinforcement, used under a wide variety of conditions may give 
from poor to excellent pavement performance. Careful consideration 
must be given during the design stage to fit into the specific pro
ject conditions using rational design procedures. 

(5) Continuously reinforced concrete pavements are complicated physical 
systems involving the interaction of a number of complex and inter
related factors. Therefore, a systematic and conceptual approach 
must be used in the development of a rational and generally applic
able method of pavement design (Ref 23). To manage such a design 
method, a systems approach has been proposed, Fig 7.1. An essential 
step in this approach is the formulation of block diagrams that show 
the relationship between the various input factors in the CRCP-1 
system and identifing the limited criteria for the decision-making 
process.- In this chart the 1imiting·criteria for these factors are 
presented for use in design and construction. 

RECOMMENDATIONS 

On this basis of this study, the following improvements are recommended: 

(1) Since the early cracking of continuous pavements is primarily due 
to temperature drop and concrete drying shrinkage, more emphasis 
should be given to studying their interaction effects with the con
crete strength. 

(2) The accurate prediction of final crack spacing and crack width will 
depend upon the characterization of the slab-base friction-movement 
curve. The need to evaluate the effects of the other two types of 
frictional relationship, i.e., straight line and multilinear, on 
the system output is apparent. 

(3) Slab-base frictional test data from laboratory and field studies are 
required for more definite inputs into the computer program. 

(4) In this study, the temperature data are specified as fixed input to 
the computer program, except the curing temperature of concrete. A 
range in temperature conditions should be selected on the basis of 
geographic areas in Texas to study variations in performance with 
respect to temperature and shrinkage cracking. 

(5) The present computer program does not take into account the load 
stresses in the crack prediction models. Since previous studies 
have shown this need (Ref 1), the program should be modified to 
include wheel load stresses. 

(6) In the present analysis of the CRCP-1 computer program, the concrete 
temperature is considered to be the same as the air temperature. A 
study should be carried out to allow prediction of the concrete 
temperature from the air temperature, solar radiation, and other 
thermal properties of the concrete. The model developed by Shahin 
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and McCullough (Ref 22) for predicting temperature in asphalt 
concrete could be modified for a better simulation. 

(7) For future operations of CRCP the relative closure tolerance and 
the initial length may be fixed at 5 percent and 100 feet, respec
tively, to minimize computational time. 

IMPLEMENTATION 

On the basis of this study and the inclusion of Recommendation (5) into 

computer program CRCP-l, the following steps of implementation are suggested: 

(1) The computer program CRCP-l should be put on line at D-19 for 
possible use by the State Department of Highways and Public 
Transportation personnel. 

(2) A users manual should be prepared for the computer program using 
Appendix as a guide. 

(3) The temperature data mentioned in Recommendation (4) should be used 
to develop a range of solutions of crack width, crack spacing, and 
steel stress for different material properties. 

(4) The information from step (3) could be used to develop a design 
manual for CRCP that would reflect more variables then taken into 
account at the present time. Thus, the performance level of CRCP. 
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APPENDIX 1 

PROGRAM CRCP-l 

OPERATIONAL GUIDE FOR DATA INPUT 

revised from 

MECHANISTIC BEHAVIOR OF CONTINUOUSLY REINFORCED 

CONCRETE PAVEMENT (Ref 21) 





CRCP-lis a computer program written to study the behavior of continuously reinforced concrete 

pavements. The approach adopted, the development of the equations and the overall method of solution are 

discussed in Chapters 2, 4, 5, and 6 of the 1-15 Report (Ref 1). The purpose of this Appendix is to prGvide the 

program user with a concise manual which can be extracted for daily use with the program. 

Program Operation 

The general procedures followed in the program are described in the attached flow chart, Fig A1.1. A problem 

number card at the beginning of each problem controls the start of the solution. Unless an error occurs 

because of unacceptable data, the program will work any number of problems in sequence, finally stopping 

when a blank problem number card is encountered. 

The data deck starts with two cover cards used to identify the program and the particular run being 

made. The problems to be solved together in one run are stacked behind the cover cards in sequence, as 

illustrated in Fig Al.2. Each problem consists of one problem number card with an alphanumeric description 

of the problem. This is followed by steel properties, concrete properties, slab-base friction relationship, 

temperature data, minimum allowable number of iterations, and tolerance for relative closure. 

Guide for Data Input 

The following pages provide a guide for data input. It is expected that revisions of these 

forms and instructions will be developed in the future and may supersede the present versions. 

Example problems are presented in Appendix 2. By comparing these example inputs with the description 
C7'I 
...... 
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Cards 
For 

First 
Problem 

(2) Cover 

(I) Card 
Blonk Card to Halt Proqram 

(End of Data Card) 
Cards For As Many t: 

Add iti on 01 P roblems ~~~~~~~~;:;;:;:;:;;;:;;.;;;;;;,.,J. As Desired I:. 

(I) Card 

As Many Cards 
As Required 

(I) Card 

(I) Card 

Proqram CRCP I Description 

with Start, Finish, and Execute 
cards required by the Particular 
Computer and Compiler used. 

Fig Al.l. Assembly order for CRCP-l program deck with data, ready to run. 



of the problem, the user can gain practical experience in the preparation of input data. Proficiency in 

the use of the program can be gained only through actual coding of problems and solution in the computer. 

C'\ 
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CRCP-l - GUIDE FOR DATA INPUT .- Card forms 

IDENTIFICATION OF PROGRAM AND RUN (2 alphanumeric cards per run) 

I I· Description of Run 10 . 
I 

10 

IDENTIFICATION OF PROBLEM (one card each problem; program stops if PROB NUM is left blank) 

PROB HUM 

I AS I Description of Problem (alphanumeric) 
I I. 10 

ITPYER 

I IS I 
• I. II '1 41 II !!. 10 

!TYPER - 1 for deformed bar 

- 2 for deformed wire fabric 

*Required only in the case of deformed wire fabric 

-...J 
o 



CRCP-l - GUIDE FOR DATA INPUT -- Card forms 

CONCRETE PROPERTIES 

CONSTANTS (one card each problem) 

II 

SLAB 
nUCKNESS 

ElO.3 
II 

THERMAL 
OOEFFIC~ 

ElO.3 

AGE-TENSILE STRENGTH RELATIONSHIP 

NTS 

I IS I , 

SI 

DRYING 
SHRINKAGE 

STRAIN 

ElO.3 

UNIT WEIGHT 
OF CONCRETE 

AGE(8) TS(8) AGE(NTS) TS(NTS) 

I FS.l I FS.l I I FS.l I FS.l I 
II II II ZI SI SI 41 .1 'I ,. II 

NTS 0 if no tensile strength data are available, data are ~enerated. 

Total number of points on age-strength relationship (maximum is 20) 

AGE(l) = Age of concrete in days 

TS(l) Tensile strength 

II 71 n 10 

'-J 
I-' 



CRCP-l • GUIDE FOR DATA INPUT _. Card forms 

SLAB-BASE FRICTION RELATIONSHIP (F.y curve) 

lFY 

I if] 
• II ,. 21 z. SI 

II ,. II Ie :Sl 

IFY.I* 

F(U, y(n 
F 

]I.... _y 

" '--
Straill'l' Line 

F(1) ~ Force per unit length 

y(1) - Movement 

:S. 

:s. 41 4. 

IFY.=2* 

F(I), 'I (I) 
F 

, -, 
\ 
'---

Parabola 

'I 

IFY = Total Numb.r of 
Point. * 

F(lFY1, :1 (JFY) F 

''\ 
• 

F(I), ,(1) 
----y 

... .... -
Multilinear 

*Only the solid portion of the curve needs to be defined; the dotted portion 
is generated by symmetry with respect to the origin. 

-....J 
N 



CRCP-1 - GUIDE FOR DATA INPUT -- Card £o~s 

TEMPERAtURE DATA 

Average c~ring temperature and minimum daily temperature ( F) 

CURT NTEMP TD(1) TD(2) TD(3) TD(ll) TD(14) 

FS.I I IS I FS.1 I FS.I J FS.1 I I FS .• I I FS.I I 
a It .a at I. ~I sa ... ..a 51 sa a. aa .,. .,. eo 

TD(1S) TD~16) TD(N'TEMP) 

I FS.1 I FS; I I I I FS.1 I I r 
.. la II I. II I. ... ... 51 s. a. •• .,1 .,. eo 

CURT - Average curing temperature of concrete 

NTEMP - Number of days (maximum is SO) 

TO( 1) • Minimum daily temperatuft 

Plot of temperature drop vs. time 

IPLOT TMSCALE FINAL 

I IS I SX EIO.3 EIO.3 
• 6 II 21 30 

IPLOT 

TMSCALE 

FINAL 
= .. 

Plot option of temperature time data 

Time scale for plot option 

Number of days 

Minimum temperature expected after concrete gains full strength 
DTMAX 

II 15 
-....J 
W 



CRCp·l - GUIDE FOR DATA INPUT -- Card Forms 

ITERATIONS AND. TOLERANCE CONTROL 

mITE TOL 

I 15 I F5.1 I 
• 10 

MAJUTE - Maximum number of iterations 
TOL - Relative closure tolerance in percent 

STOP PROGRAM One blank card to end program. 
II .0 

-...J 
~ 



GENERAL PROGRAM NOTES 

The data cards must be stacked in the proper order for the program to run. 

All lO-space words are floating point decimal numbers • • -6 • 0 0 0 E - 0 1 

AIlS-space words are understood to be intergers or whole decimal numbers 

All numbers must be right justified. 

The problem number may be alphanmneric. 

Sign convention adopted is as follows: 

(1) tension is positive, 

(2) friction forces in the positive x-direction are positive, 

(3) movements in the positive x-direction are positive, and 

+ 2 0 

(4) temperature drop at a given time is defined as the difference between the temperature at 
which concrete has set and the temperature at the given time. 

STEEL PROPERTIES 

Only one card is required per problem. Program CRCP-l has the capability of analyzing the most 

commonly used types of longitudinal reinforcement deformed bars and deformed wire fabric. The desirable 

type of reinforcement can be specified by the ITYPER option. ITYPER = 1 is for deformed bars while ITYPER 

= 2 is for deformed wire fabric. The units to be used are pounds and inches. The unit of temperature used 

in the analysis should be consistent in the thermal coefficient and temperature data. 

CONCRETE PROPERTIES 

The input of concrete properties consist of two or more cards. The first card has slab thickness. 

thermal coefficient, final drying shrinkage. unit weight and 28-day compressive strength. Units are 

...... 
VI 



pounds and inches except for unit weight of concrete, where pounds per cubic foot should be used. In case 

the thermal coefficient and/or final drying shrinkage of the concrete mix used are not available, Table Al.l 

contains recommended values obtained from the present state-of-the-art. 

The second card contains the age-tensile strength relationship of the concrete. If the data are not 

provided, the recommendations given by the United States Bureau of Reclamation will be used to generate the 

age-tensile strength relationship. In this case, the 28-days compressive strength of concrete is required, 

and NTS should be zero. 

SLAB-BASE FRICTION RELATIONSHIP (F-y curve) 

Various relationships can be input to define the F-y curve used in the computations. Immaterial of 

the type of curve, symmetry is assumed with respect to the origin of the axes. This implies that only one 

portion of the curve is needed, while the remainder is generated by the program. 

The three types of frictional resistance relationships are straight line, parabola, and multilinear 

curves. The desired relationship is specified by the control IFY, where a value of one, two, or greater 

than two indicates that the F-y curve is a straight line, parabola, or multilinear relationship respectively. 

In the case of a straight line or a parabola, only one point is required to define the curve. This point 

is where sliding occurs. If the multilinear curve is used, then the first point should be the origin 

[F(l) = 0 , y(l) = OJ, while the last point [F(IFY), y(IFY)] should be at sliding. Appendix 7(Ref 1) 

conducts a literature review of frictional resistance in various types of subbases. 

-..J 
0\ 



* TABLE Al.l. RECOMMENDED VALUES OF THERMAL COEFFICIENT OF CONCRETE AND FINAL DRYING SHRINKAGE 

* 

Type of Coarse 
Aggregate 

Quartz 

Sandstone 

Gravel 

Granite 

Basalt 

Limestone 

Thennal Coefficient 
(millions per degree F) 

6.6 

6.5 

6.0 

5.3 

4.8 
3.8 

" 

Final Drying 
Shrinkage (millions) 

320 

1160 

560 

470 

800 

410 

Type of coarse aggregate by itself does not, by any means, define the magnitudes of thermal 
coefficient and drying shrinkage. 

.,. 
" 



TEMPERATIJRE DATA 

In the temperature data, the average curing .temperature and the minimum daily temperature over a 

period of NTEMP days should be specified. NTEMP should be equal to the time when the tensile strength 

reaches its maximum value, as specified in the age-tensile strength relationship. If no tensile strength 

data are available, then, as discussed previously, strength values will be generated by the program, in which 

case NTEMP should be 28 days, and 28 minimum daily temperatures will be required. 

One more piece of information is required for the analysis: minimum temperature expected after con-

crete gains full strength. 

MAXIMUM NUMBER OF ITERATIONS AND CLOSURE TOLERANCE 

The maximum number of iterations should be set to prevent excessive computation. Most continuous 

pavement problems should close to a reasonable tolerance within 10 iterations; an allowed maximum of 20 is 

usually adequate. 

The closure tolerance is relative closure and should be expressed in percent. If it is unreasonably 

small, closure may be difficult to achieve. For many structur~l road problems, a value of one percent is 

satisfactory • 

-..J 
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APPEND IX 2. SAMPLE PROGRAM OUTPUTS 





PROGRAM CRCP-l FOR ~lbHWAYS.CF~R PRUJECT 177 
SENSITIVITY ANALYSI~ dY C.P.CMIANG,FALL-l~ 

PRoe 
1 THE STUQY OF EFFECTS 0' INPUT VARIA8L~S ASSIGNED AS MEDIUM.VAlUE 

••• 0 •••••••••••••••••••••••••••••••••••••••••••• 
• • 
• STEEL P~OPERTIES • 
• • •••••••••••••••••••••••••••••••••••••••••••••••• 

TyPE o~ LONGITuOINAL REINFORCEM~~T IS 
DEFOQMED ~ARS -

PERCENT REINFORCE"ENT • b.OOOE-Ul 
BAR DIAMETER • 6.250E-Ol 
YIELD STRESS • 6.000,.04 
ELASTI~ MOOULUS = 2.900E+07 
T~ER~AL COEFFICIENT • S.OOOE-U6 

•••••••••••••••••••••••••••••••••••••••••••••••• 
• • 
• CONCRETE PRvPERTlfS • 
• • •••••••••••••••••••••••••••••••••••••••••••••••• 

SLAS THICKNESS • 9.000E+Ou 
THER~AL COEFFICIENT - 5.0UOE-0& 
TOTAL SHRINKAGE ~ 5.000E-Q~ 
UNIT ~E1GHT CONCRETE- 1.SUOE+Ol 
COMP~ESSIVE STR~NGTH= l.~QOE+OJ 

TENSILE STRENGTH DATA 
••••••••••••••••••••• 

NO TENSILE STRFNGTH DATA IS INpuT BY USER 
THE FO~LOWING 4RE-T~NSIL~ ST~ENijTH RELATIONSHIP 
IS usE~ WHICH IS BASEo o~ THE R~COM~ENDATION 
GIVEN dY U.S. PUREA0 OF HE~LAMATION 

AGE. TENSILE 
(DAYS) STR~NGTH 

0.0 0.0 
1.0 116.0 
J.O 249.5 
s.o J16.8 
7.0 355._ 

14.0 417.8 
21.0 ~51.3 
2A.O ~66.7 

81 
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*****.**·.*.*** •••••• 0.* •• * ••••• ** ••• *.* ••••• **. 
• 
* 
* • 

SLA8-~ASE FRICTION CHARACTERlSrICS 
F-Y RELATIONSHIP 

• 
o 

• * ••••••• * •••• * •• * •••••••••••• ** •••••• * •••••••••• 

• 
* .. 

TYPE OF FRICTION CURVE IS A PARAdOLA 

MAXIMUM FRICTION FO~CE. 
MOVE~ENT AT ~LIOING • 

TEMPEHATURE DATA 
• • 
• .*.* •••• * ••••••••••••••••••••• 

CURING TEMPE~ATURE. 75.0 

MINIMUM l>ROP IN 
DAY TEMPt.HATURE TE::MPE~ATuRE 

1 ~2.0 13.0 
2 ~3.0 le.O 
3 tt3.0 li,O 
~ ~2.0 23,0 
S ~~.O 13.0 
6 1:16.0 9.0 
7 ~e.o 17.U 
e le.O 6.3.0 
9 otl.O ~,O 

10 09.U 6.0 
11 i •• o 11,0 
12 t>5.0 10.0 
13 ~l,U 1"".0 
I. 05,0 10,0 
15 03.0 lc,ll 
16 ~tt.O 11,0 
17 Od.O 1,0 
Ie ~7.0 1d,O 
19 "1;.0 27,0 
20 ~l. 0 Z4,O 
21 :;"1,0 Ib,O 
22 :'9.0 10,0 
Z3 ~o.o 25,0 
24 "5.0 30.0 
is '+ 7.0 28,0 
26 ~~,o i!6,O 
27 ,!~,O l6.U 
28 !:)2.0 23,0 

MINIMUIl1 TEMPERATI,RE EXPECTED A'fER 
CONC~ET~ GAINS FULL STRENGTH, • o DEGREES FARENHITE 



****** •••• ** •• **** •• *******.******** ••• ********. 
* * 
* • 

ITERATION ANQ TOLERANCE CONTROL 

~AXIMUM ALLOWABLE Nu~BER OF ITERATIONS. 20 

RElATI~E C~OSURE TOL~RANCE. 1.0 PERCENT 

• 
• 

83 
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P~OGRAM CRCP~l FOR HI~H~AYS,C'HR PROJECT 177 
SENSITIVITY ANALYSIS ~Y C.P.CHIANe,FA~L_14 

PROS 
1 THE STUDY OF EFFECTS OF INPUT \I A ~ I A tH. I:: S ASSIGNED AS "'EOIU~ VALUE 

MAXI~UM 
TIME TEMP DRyING TENSIL.E CRACK CHACK CONCRETE STRESS IN 

(DAYS) DROP SHRINKAGE STRGTH SPACING IrUOTH STRESS THE STEEL 

.39 10.0 1.16ge-06 48.7 875.0 1.4~1E"OJ 4.461[+01 1:!.340E+OJ 

.42 11.4 1.902t.-06 52.1 4.:17.5 1.8~~E.03 5.028E+01 ~.5f18E+03 

.50 13.0 2.268~-06 61.6 218.8 2.297E-03 5.177E+Ol 1.105E+04 
1.35 13.0 6.019t:.-06 142.8 218.8 J.J'!SE-03 9.029[+01 1.621E+04 
1.50 22.0 6.7421:.-06 153.7 218.tt 7.662E-03 1.399E+02 2.51 9f+1.I4 
2.37 22,.0 1005-'t:--05 212.1 218.8 8.8~~E-03 1. 610E+02 2.9r;lE+04 
2.50 J2.0 1.11~~-05 22(1.1 109.4 9.9::J8E-OJ 1.783E+02 3.168E+04 
3.51.1 23.0 1.54!)~-OS 267.6 109.4 7.1t)lE_03 1.619[+uti! 2.835E+1.I4 
4.50 13.0 1.970~-05 301.2 109.4 4.0~6E-03 1.269[+02 2.188E+04 
!:I.50 9.0 2.386t::.~05 3 i ft.9 109.4 J.0~9E-03 1.141E.OZ 1.944[+04 
6.34 9.0 2.730~-05 343.1 1O'~.4 3.32~E-OJ 1.214E+02 2.0S6E+01t 
6.50 11.0 2.79b~-05 346.1 109.4 b.2~JE-03 1.664E+02 2.846E+04 
7.29 17.0 3. 116t:-05 358.2 109.4 6.5\13E-03 1.727[+02 2.942E+04 
7.32 27.0 3.127~-O5 358.5 109. 4 1.0~:;E-02 2.189E+0~ 3.755E+04 
7.35 37.0 3.139t.-05 358.8 109.4 1.4~4E,-02 2.593[+02 4.4('2E+04 
7.3t; 47.0 3.152£-05 359.1 109 ... 1.9U1E-02 2.955E.02 5.098[+0'+ 
7.43 57.0 3.171~-05 359.6 109.4 2.3~OE .. 02 3".287[+02 5.6~IE+04 
7.50 6J.0 3.199t,-05 360.3 109. 4 i.6~6E-02 3.478E+U2 6.014E+0,+ 
8.50 9.0 3.594~-O5 369.8 109. 4 l.9~8[-03 1.370[+02 2.299E+04 
9.50 6.0 3.98~f.-05 379.1 109.4 3.2~OE-03 1.252[+0~ 2.077f+ U4 

10.34 b.O 4.306~-05 386.1 109.4 3.497E-0.'3 1.307E+02 2.164E+04 
10.50 11.0 4.366E .. OS 368.1 109.1t 5.3J.JE-03 1.614E+Oi 2.6~8E+04 
11.50 10.0 4.143~"05 39".9 109.4 5.i!5ZE-03 1.620[+02 2.696E+U4 
li!.38 10.0 S.068~-05 404.4 lU9.4 5.U8E-03 1.674E+Ul 2.779E+04 
12.50 14.0 5.113~-O5 .05.4 109.4 7.017E-03 1.898E+02 3.168E+04 
U.50 10.0 5.477t. .. OS 411.7 109.4 5.a?7f-03 1.737E+02 2.874E+U4 
14.41 10.0 5.802£-05 419.8 109.4 6.1 71E-03 1.781E+02 2.938E+U4 
U.5u 12.0 5.836~.05 4l0.3 109.4 6.9?ii!E-03 1.893[+02 3.133E+04 
15.50 11.0 6.188;-05 425.3 109.4 6.8~9E-03 1.883E+02 3.105E+04 
16.50 7.0 6.53Sf:-05 4 J O.l 109." 5.6~7E-03 1.707E+Uc 2.786E+0. 
17.31 7.0 6.81·~-05 434.1 109. 4 5.'1U8E-OJ 1.744E+Ol 2.840E+04 
17 .4~ 17.0 6.851,1t.-0:; 434.8 109.4 9.9.8E-03 l.263E·0~ 3.742E+04 
17 .50 18.0 6.877~-OS 435.0 109.4 1.0~~E-02 2.311E+02 3.827E+04 
Ut.37 1t1.0 7.168t.-05 439.1 109 •• 1.0~7E-OZ l.344E+Oi 3.873E+". 
18.50 27.0 7.213~-t'I5 439.8 109. 4 1.4~7E-02 2.739E+02 4.560E+04 
1~.50 l4.0 7.S441=i-0!) 444 •• 1U9.4 1.Jb1E-02 l.648[+02 4.389[+04 
lO.50 16.0 7.S70£.U5 449.0 109.4 1.USlE-02 2.329[+02 3.823E+04 
21.50 16.0 8.191~·05 452.4 1\19.4 1.0~3E"02 2.363E+0ti! 3.871E+04 
22.3b 16.0 8.4641:;-05 454.4 109.,. 1.108E-02 2.390E+02 3.910[+04 
l2.5lJ 25.0 e.507~.U5 454.7 109.4 1.Su2E~02 2.783E+02 4.591[+04 
23.41 25.0 8.790~-O5 456.7 109.4 1.5~9E-02 2.808E.02 4.627e:+ 04 
23.50 30.0 8.819~-u!) .56.9 109. 4 1.7S5E-02 3.008E+02 4.973E+U4 
2"'.50 28.0 9.126~ .. 05 459.1 109.4 1.696E-02 2.958E+02 4.875e:+U4 
25.50 26.0 9.428 t.-05 461.3 109.4 1.b~bE.02 2.906E+02 4.775E+04 
26.50 26.0 9.726~-05 463.4 109. 4 1.6~b[-02 2.93~E+02 •• 8i1E+U4 
27.50 23.0 1.002t::-04 46S.6 109 ... 1.5~lE-02 2.838E+02 4.639E+04 



85 

AT THE END OF THE ANAL.YSIS F:'ERIOD 

CRACt( SPACING • Z.279E+00 FEET 
CRACK WIDTH • 2.238E-02 INCHES 
MAX CONCR~Tt STRESS. 3.384E+02 PSI 
MAX STEEL StRESS ~ 4.453E+04 PSI 

STA- DIS- CONCRETE FRICTION CONCRETE STEEL. 
TION TANCE MOVEME~T FORCE STRESS STRESS 

1 0.0 O. O. 3.384E+02 -1.176E.0. 
2 .1 -1.067[.04 5.483[-0,- 3.383E.02 -1.176E.04 
3 .3 -2.135E .. 0. 7.154E-02 3.383E.02 -1.176E.0. 

• .4 -3.202[ .. 04 9.497E ... 02 3.383E.02 -1.17bE.0 • 
5 • 5 -4.269£ .. 04 1.097 [ ... 01 3.383E.02 -1.176E.0. 
6 .7 -5.337E .. 04 1.2~oE"01 3.383E.02 -1.116E.04 
7 .8 -6.404E_04 1.343E-Ol 3.383E.02 -1.176E.04 
8 1.0 -7.H1E-0" 1.451E .. IH 3.383e:.02 -1.176E+04 
9 1.1 -8.539E ... 04 1.551[-01 3.383E.02 -1.176E.0. 

10 1.2 -9.606E.04 1.645E.01 3.383E.02 -1.176E.0. 
11 1.4 -1.067E-03 1.734E ... al 3.383E.02 -1.176E.04 
12 1. 6 -1.17.£ .. 03 1.81'11E-Ol 3.383E.02 .1.176E.04 
13 1.6 -1.281E_03 1.899E-Ol 3.383'::.02 -1.176E.0. 
lit 1. 8 -1.388f.OJ 1.977E.Ol 3.383E.02 _1.176E.04 
15 1.'1/ -1.4li4E-03 2.052[ ... 01 3.383E.02 _1.176E.0. 
16 2.1 -1.601E_03 2.1~4E.Ol 3.383E.02 _1.176E.04 
17 2.2 -1.708E .. 03 2.193E-01 3.383E.02 -1.176E.04 
18 2.3 -1.814E-03 2.261[-01 3.383E.02 .1.176E.04 
19 2.!) -1.921E.03 2.320[-01 3.383E.02 -1.176E.0. 
20 2. 6 -2.028E.03 2.39UE ... Ol -3.383E·02 -1.176E.04 
21 2.7 -2. 1:35E.O 3 2.452E .. 01 3.365E.02 -1.147E.04 
22 2. 9 -2.242[.03 2.513£-01 3.32.:tE.02 -1.017E.04 
23 3.0 -2.349E.03 2.572E-Ol 3.281E.02 -1.007E.0. 
24 3.1 -~.456! .. OJ 2.63OE ... OI 3.~39E.02 -9.3&6E.03 
25 3. 3 -Z.S63E_03 2.681E .. 01 3.197E.02 -8.666E.03 
26 3.4 -2.671E .. 03 2.743E .. Ol 3.155E.02 -7.'ibbE.03 
27 3.6 -Z.778E .. 03 2.798E-01 3.113E.02 -7.266E.03 
28 3. 7 -2.886E.03 2.8~1E .. Ol 3.011E.02 -6.SbbE.03 
29 3. 8 -2.994E-03 Z.904E-01 3.029E·02 -5.866E.03 
30 4. 0 -3.102E .. 03 2.956E .. Ol 2.987E.02 -5.166E.03 
31 4.1 -3.211E_03 3.001E .. 01 2.945E.02 _4.466E.03 
32 4.2 -3.319E .. 03 3. 058~ ... 0l 2.903E.02 -3.766E.03 
33 4 .... -3.428E .. 03 3.107~-(1l Z.861E.02 -3.066E.03 
34 4.5 -3.537[ .. 03 3. 156E .. I)1 2.818E.02 _2.366E.03 
35 4.6 -3.646E .. 03 3.205~-01 2.776E·02 -1.666E.03 
36 4.8 -3.755£ .. 03 3.252E .. 01 2.734E.02 -9.661E.02 
37 4.9 -3.864E .. 03 3.299E.Ol ~.692E.02 -2.65 1E.02 
38 5.~ -3.973E .. 03 3. 346E ... 01 i.6S0E.02 4.34JE.02 
39 5.2 -4.083E_03 3.391~ .. 01 2.608E.02 1.134E.03 
... 0 5.J -4.193[-03 3.437E-01 2.Se,bE.02 1.ttJ4E.03 
41 5.5 -4.303E",03 3.4t11E.Ol 2.524E·02 2.534E.03 
42 5. 6 -4.413E_03 3.526E.01 2.482E.02 3.234E.03 
43 5.1 -4.523E-03 3.569E-Ol 2.440f.02 3.934E.O] 
44 5. 9 -'+.633e: .. 03 J.61JE.0l i!.39SE.02 4.b34E.03 
45 6.0 -4.744E.,03 3.656£ ... 01 2.356E.02 5.334E.03 
.6 6.2 -4.855E.03 3. 6'11 tJE-Ol 2.314E.02 6.034E.03 
47 6.3 -4.966£ .. 03 3.740[,..01 2.2nE.02 6.734E.03 
48 (:).4 -5.071E .. 03 3.78ZE-Ol 2.230E.02 7.434E.03 
49 6. 6 -5. 188F.:-03 3.823[ .. 01 2.188E.02 8.134E.03 
50 6. ·7 -5.299£ .. 03 3.8(')4E-01 2.146E.02 8.834E.03 
51 6.8 -S.411F.-03 3.90 4E-Ol 2.104E.02 9.5J4E.0:~ 
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52 7.0 .5.523[ .. 03 3.9ltltE_01 Z.06ZE.02 1.0lJE+04 
53 7.1 -5.63itE_03 3.984[-01 ~.019E+02 1.093E.04 
54 7.2 .. 6.746&;.03 4.0c';E .. 01 1.917i·02 1.1.lE.04 
S5 7. 4 -S.B59E.03 4.0b2E-0l 1.935E.02 1.233E.04 
56 7.S -5,971E.Ol 4.101E .. 01 1.tf9;,E·02 1.31>3E+04 
S7 7.7 -6.0B3E,,03 4.1 4 OE-01 1.851E.02 1.373E.04 
58 7.8 -6.196E.OJ 4.1·ftl E .. 0l h809E+02 1.44;3E.0. 
59 7.9 -6.309£.03 4.216£ .. 01 1.767E.02 1.513E+0,.. 
60 8.1 -6.422e: .. 03 4.2!:J3E.0l 1.725E.02 1.5t13E.04 
61 8.2 -6.535E-03 4.290E .. 01 1.683[·02 1.653E.04 
62 a. 3 --6.tt48E.O;' •• 3l7E .. 01 1.641E·02 1.7203[.04 
63 8.5 -6.162E.03 4.364t-0l 1.599E.02 1.193£+0'" 
64 8.6 -0,875E.03 4,401[ ... 01 1,S57£.02 1."6JE.04 
65 8,8 -6.989E.03 4.437[-01 1.515E.02 1.933E.04 
66 8. 9 .7.103E.03 4. 473E.01 1.473£+02 2,003E+04 
67 9.0 -7,211E-03 4,509E.Ol 1.431[·02 2.013£.04 
68 9.~ -7.331£.03 4,54.E .. 0l 1.388E.02 2.143E.O,.. 
£-.9 9.3 -7.446E .. 03 4.580£'.01 1.346E.02 2.213E.04 
70 9 •• -7.560£.OJ 4.615E .. Ul 1.304E .. 02 2.Z8JE.04 
71 9. 6 -7.675[ .. 03 4.650E"'01 1.262[.02 2.3SJE.04 
72 'i.7 -7.790E.OJ 4.684E .. Ol 1.220E.02 2.423E+04 
73 9.8 -1.QO!5E.OJ 4.719[-01 l.178E+02 2.493E+0~ 
74- lO.u -8.020E.03 ~.7SJE ... Ol 1.136E+02 2.56';E+04 
75 lu.l -8,136£ ... 03 4.787[_01 1.094£+02 2.633E.04 
76 10. 3 .8.251E.OJ 4. 8l lE ... O 1 1.052[+02 2.7U3£.04 
77 10. 4 -8.367f.OJ 4.855E-Ol 1.010£+02 2.773E+04 
78 10. 5 .. S.483[.QJ 4.8I:1dE-U 9.678£.01 2. 841o';E. 04 
79 10.7 -8.599E.03 4.9Zl[-0l 9.257E·Ol 2.913E+0~ 
sO 10.8 -8.71S[ .. OJ 4.955i-0l 8.836E+Ol 2.98.1£.04 
~1 10. 9 -8.a31E-OJ 4. 98BE-'f)1 8.415E.Ol 3.0:'3£+04 
82 11.1 -8.948E_03 5.020E-Ol 7,995E.Ol 3.U3E+h 
83 11.2 -9.06itE .. Ol 5.053~.0l 7.574E.Ol 3.193E+04 
1";4 11.3 -9.181E.03 5.0i5E",01 7.153E.Ol 3.Z63E.04 
85 11.5 -9.298[.03 5.118E-Ol 6.732£+01 3.333E+04 
86 11.6 -9.H!i[ .. 03 5.150[",01 tt.31lE.Ol 3.403E.04 
B7 11.8 .9.53JE_03 5.182[ ... 01 5.891E+Ol 3.473[+04 
88 11. -t -9.oS0E.03 &.2141:-01 5.470E·Ol 3.",43E.04 
89 12.U -9.768[ .. 03 S.2.5f-Ol 5.049E.01 3.013E+1>4 
90 lz.Z .. 9.8a6E.OJ 5.277E-01 ~.628E.Ol 3.6IUE.04 
91 12.3 -1.000[.02 5.308[-01 4.207E+Ol 3.753E.04 
92 12.4 -1.012E.\l2 5. 34 II E .. O,1 J.787i.01 3.8i3E.04 
~3 12.6 -1.024£.02 5.371E ... 01 3,366E.01 3.893£+04 
94 12.7 -1.030[.02 5.4021: ... 01 ~,94SE+01 3.'ibJE.04 
95 12. 9 -1.048[ .. 02 S,43d-Ol ~.S24E+01 4.033£+04 
96 13.0 -1.060E.Oc 5 •• 0.3[_01 2.103£.01 4.lU3E.04 
97 13.1 -1.071[ .. 02 !.494! .. 01 1.683E+Ol 4.173£.04 
98 13.J -1.Oa3E.Of! 5.5c4E-Ol 1.262E.01 4.24JE+04 
99 13. 4 -1.095e:.Ol 5.554E_Ol B.408f.00 '4.313E.04 

100 13.5 -1.107[.oi 5.585E .. Ol 4.2\10E·OO 4.J83E.0,.. 
101 13.7 -1.119E-02 5.6151!: ... 01 ·8.5?,OE .. 03 4 •• 53E.0. 



PAOGAA~ c~ep-; 'OA HIGHWAVS.C~R PROJ!eT 1" 
S!NSITIVITY ANALVSIS BV C.P~CHI'NG.'ALL_14 

P"OB 
6 THI STUDY 0' INT!AACTION E"ECT, THREE FACTOR AT THA!E LUEl PL DH fH 

•••••••••••••••••••••••••••••••••••••••••••••••• 
• 

• STEEL PROPERTiES • • • ................................................ 

TYPE 0' LONGITUDINAL REIN'ORCEMENT IS 
D~FOAMED URS 

PERCENT REINFORCEMENT 
BAR DUMETER' 
YU.LD STRESS 
ELASTIC MOOUlUS 
THERMAL COE'~ICIENT 

• 5.500(,,01 
- 1.50oe';'01 
• 6.000E.04 
• 2.900[.07 
• 5.0DDE-D6 

.........................•.........•.•....•.... ~ 
• 

• CONCAET! PAOPE~TIES • • • •••••••••••••••••••••••••••••••••••••••••••••••• 

SLAB THICKNESS • 9.DDD!.08 
THERMAL COE"ICIENT - 5.DODE-Dt 
TOTAL SHRINKAGE • 5.00D!-D4 
UNIT ~EIGHT CONCRET!_ 1.500E.02 
COMPRESSIVE STRENGTH- 4.000£.03 

TENSILE STRENGTH DATA 
' ......•....•.••...... 

NO TENSILE STRENGTH DATA 15 INPUT BY USER 
THE 'OLLO~ING AGf-TENSILE STRENGTH RELATIONSHIP 
IS USED WHICH IS BASED ON THE RECOMMENDATION 
GIVEN BY U.S! BUREAU OF R~ClAMATION 

AGE. TENS I L£ 
(DAYS' STAENG!H 

0.0 0.0 
1.0 130.4 
3.0 215.4 
5.0 ]46.4 
1.0 386.5 

14.0 450.5 
21.0 484.5 
2(1.0 SOo.o 

87 



88 

................................................ 
• • • • 

SLAB-BASE 'RICTION CHARACT!RtSTICS 
'eY RELATtONSHtP 

• • .. 
• ................................................ 

TVPE 0' ,AtCTION CURVE IS A PARABOLA 

MAXIMUM 'RIC!ION ,OAC!
MOVEMENT AT SLIDING • 

•••••••••••••••••••••••••••••• .. • it TEMPERATURE DATA • • • •••••••••••••••••••••••••••••• 

CURING TEMPERATURE_ 15.0 

MINIMUM DROP IN 
DAV TEMP!RATUR~ TEMP!RATURP: 

1 62.0 \3.0 
2 53.0 !2.0 
3 4,.0 32.0 
4 52.0 23.0 
5 n.o 13.0 
6 66.0 9.0 
1 58.0 11.0 
8 12.0 63.0 
9 66.0 9.0 

10 69.0 6.0 
11 64.0 11.0 
12 65.0 10.0 
13 61.0 14.0 
14 65.0 10.0 
15 6l.0 12.0 
16 64.0 11.0 
11 68.0 1.0 
18 51.0 18.0 
19 48.0 21.0 
20 51.0 !4.0 
21 59.0 )6.0 
2Z 59.0 16.0 
23 50.0 25.0 
24 45.0 30.0 
25 41.0 28.0 
26 49.0 26.0 
21 49.0 26.0 
Z8 !2.0 23.0 

MINIMUM TEMPERATURE E.P!~T[O 
CONCRETE GAIN~ 'ULL !TREN8TH 

A'TER 
• o DEGREES 'ARENHITE 



................................................ 
• • 
• ITERATION AHD TOLERANCE CONTROL • • • ................................................ 

MAXIMUM ALLOWABL! HUMerR 0,. IT!''''tONS. 20 

~!LATIV! CLOSUR! !Ol!"ANeE- 1.0 PEACENT 
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PROGRAM eRCP-l 'OR HIGHWAYS,e'HR PAOJ!CT ITl 
SE~SITIVITY ANALYSIS BY e.p.CH1ANG,'ALL'74 

PROB 
6 THE STUDY OF INT£RACTloN E"£CT.THREE FACTOR AT THRE! L£VEL 

MAXIMUM 
TIME TEMP DRyING T!NSIL£ CAAeK CAACK CONCAETE STRESS IN 

UlAYS) DROP SHRINKAGE $TAGTH SPACING wiDTH STA!SS· THE ST[£L 

.39 10.0 le769[-06 55.z 7U.8 Z.446!-0~ 4.6581£'01 9.159[·03 

.50 p.o 2.268E-06 69.8 718.t! 4.l61E-0l 6.699E.Ol 1.295E·04 
1.35 13.0 6.079£-06 159.9 11.h8 6.768£-0~ ItOnt.02 1.919£·04 
le50 22.0 ~.142! .. 06 111.8 359.4 l.l05E-02 1.4TU.02 2.814£·04 
2.31 22.0 1.051[-05 23S.3 359.4 1.50Z£-02 1.759£.02 3.300E·04 
2.50 32.0 1.114E-05 243.9 359.4 2.,45E-02 2.3181.02 4.352E·04 
3.50 23.0 1.545[-05 294.5 l59.4 l.e05E-02 2.081£.02 3,811E·04 
4.50 13.0 1.910E-05 330.0 359.4 9.79n-OJ 1.605£.02 2.946[·04 
,5.50 9.0 2,386[-05 356.9 359,4 7.;31[-03 1.43U.02 2,603£·04 
6.34 9.0 2.130[-05 373.8 359,4 8.055E-0:i 1.529E.02 2.771E·04 
6.50 17.0 2.796£-05 316.9 359.4 1.579£-02 2.14U.02 3.92]£·04 
7.29 17.0 3.116£-05 389.5 359.4 1.663£-02 2.235£.02 4.070£·04 
7.32 27.0 3.127£-05 389.8 359.4 2.761[-02 2.884£.02 5.278E·04 
7.35 37.0 3.139£-05 j90.1 359.4 3.968E-02 3".454E.02 6.340E·04 
7.38 45.8 3.151E-0! 390.4 119.7 3.084[-02 3.006£.02 5.581!.04 
7.42 55.8 3.168£-05 390.8 179.1 3.824£-02 3.3491:.02 6.227£·04 
7.50 63.0 3.199£-05 391.6 179.1 4.369£-02 3.5831:.02 6.666£·04 
8.50 9.0 3.594[-05 401.5 179.1 6.764£-03 1.425£.02 2.581£·04 
9.50 6.0 3.984E-05 41ltO 179.1 5.542£-0) 1.303£.02 2.338[·04 

lii.l4 6.0 4.306E-05 418.8 119.7 5.939E-03 1.360E.02 2.435£·04 
10.50 11·0 4.366£-05 420.3 119.1 e.977E-ol 1.675[·02 3.025£·04 
It.50 10.0 4.74lE-05 429.3 179.1 8.875E-03 1.681£.02 3.024£·04 
1'2·38 10'0 5'06I1E-0! 436.9 179.7 9'319£-al 1.7]7E.OZ :h117£·04 
12'50 14'0 ~ '113£-05 438'0 1'9.1 1'192£-02 1·966£.02 3.546£·04 
1-3·50 10'0 5'477[-05 446.4 119.7 9'886£-OJ H806E·02 3'234£·04 
14'41 10'0 9'802£-05 4!12·6 179.7 l'0l3f:-02 1'859[·02 3·321!·04 
14.50 12.0 5.836£-05 4!l.1 179.' 1,166£-02 1.916[.02 3.539£·04 
1~'50 il'o t,'188E-0! 458'2 179,7 It 150£-02 1 '''2!.02 3.521E·04 
16'50 7'0 6'535!-05 463'2 179.7 9.425£-03 1·795£.02 3·I77E·04 
17'31 "0 "'814£-05 467'2 179,7 9,,98£-03 1·838£.02 3·248E·04 
17.45 P,O 6.859£:-05 467.8 179.7 1.645£-Ot 2'383E.02 4.268E·04 
17.!0 I S.0 6-871£-05 468,1 119.7 1,116E-02 2.434E.02 4.]64E·04 
te·]7 18 '0 7'168[-05 472'3 1'9.7 1.7!19[-02 2'4151.+02 4'43~£·04 
18·50 21,0 7-213E-05 472.9 119.7 2.l99£-02 2.893E.0~ 5.212E·04 
1 •• 50 24 .0 1.544£-05 417.6 179.' 2.231£-02 2.801£.02 5.040£·04 
20.50 16.0 7.870£-05 482.2 179.7 1.726£-02 2.477£.02 4.412£·04 
21.50 16.0 e.191£-OS 485.7 119.7 1.773£-02 2.5201.02 4.481E·04 
22.36 16.0 8.464[-05 487.6 179.7 1.812E-02 2.553£.02 4,534E·04 
22.50 2S.0 a.507E-05 487.9 119.1 2.455!-02 2.912£.02 5.318£·04 
23.41 2S.0 8.790£-05 490.0 179.7 2,498[-02 3,004£.02 5.369£·04 
23.50 ]0.0 a.819E-0! 490.2 119.7 2.866!-02 3,219£.02 5,769£·04 
24.50 28.0 9.126£-05 49Z.4 179.7 2.767E-02 3.1701.02 5.668£·04 
25.50 26.0 9.428£:-05 494.6 179.7 2.667!-02 3.119£+02 5.564£·04 
26.50 26,0 9.726£-05 496.8 119,7 2.711£-02 3.153E.02 5.617£·04 
27,50 23,0 1.002£-04 498,9 179.7 2.540[-02 3.051E.02 5,429£:·04 
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AT THE END 0' THE ANAl. Y5IS PERIOD 

CRACK SPACING • 3.743!+OO '!fT 
CRACK illDTH • 3.6!1!-02 INCH!S 
MAX CONCRETE STRESS. ],634E·02 PSI 
MU ST!EL STAESS • !.41O!+O4 PSI 

STA. DU- CONCR!TE 'R!CnON CONCRETE STEEL 
nON TANCE MOVEMI!:NT 'ORC! STRESS STR!~S 

1 0.0 O. O. ].634£+02 -1.115E+04 
2 .2 -1.712£-04 1.026E-02 3.6:;41+02 -1.11S1+04 
3 .4 -3.505[-04 9.9361-02 3,634h02 -l,115U04 
4 .7 -!.25?!-04 1.211E-01 3.6~4E+02 -1.lT5E+04 
5 .9 -1.010[-04 1.4015[-01 3.6:i4E+02 -1.11S!+04 
6 1.1 -e.762E-04 h!llE-Ol 3·634£+02 -1.115£+04 
1 1.3 -l'OSU-Ol l'121E-Ol 3·634£+02 -1.115[·04 
8 1.6 -1.227E-03 lte!S'E-OI 3.634E+02 -1.lT5E+04 
9 1.8 -1.402E-" 1.9S?!-01 3.63]E+02 -1.lTSE+04 

10 2.0 -1.517E-03 2don-01 3.633E+02 -1.11SE·04 
11 2.2 -1.151[-03 2.222E-Ol 3,6~3E+02 -1.175[+04 
12 2.5 -1.928E-03 2.330E-Ol 3.633E+02 -1.175E+04 
13 2.7 -2.103E-03 2.434E-OI 3.633E+02 -1.175E+04 
14 2,9 -2.278E-03 2.!3U-Ol 3.633£·02 -1.175£+04 
15 3,1 -2.453£-03 2.62~[-01 3.633E+02 -1,175E+04 
16 3.4 -2.629!-03 2.121E-Ol 3.633£+OZ -1.11SE+04 
11 3.6 -2,e04!-03 2.SlO[-01 3.633£+02. -1.115E·04 
18 3.8 -2.979£-03 2.891[-01 3.63]£+02 -1.175E.04 
19 4.0 -3.1!)4E-03 2.981[-01 3.633E.02 -1.175E+04 
20 4,3 -l.310!-03 3.063[_01 3.633E.02 -1.175£+04 
21 4.5 -3.505E-03 3.142£-01 3.633£·02 -1.17SE+04 
22 4.7 -3.660[-03 3.220E.Ol 3.633£+02 -1.11SE+04 
23 4.9 -3.855[-03 3.29I1E-Ol 3.6;;3£+02 -1.11SE·04 
24 5.2 -4.GlU-03 3,310[-01 3.632E+02 -1.115£+04 
25 15.4 -4.206[-0] 3.442[-01 3.6J2£·02 -1.lTS!+04 
26 5.6 -4.381!-03 3.513£-01 3.632£+02 -1.11SE+04 
21 5.8 -4.557!-03 3.58n-Ot 3.632£+02 -1.115E+04 
2B 6.1 -4.732!-03 3.651£-01 3.632£+02 -1.17SE.04 
29 6.3 -4.90?!-03 3.118E-Ol 3.632£+02 -lellSE+04 
30 6.5 -5.082[-03 3.18U-Ol 3.632£+02 -1.115E+04 
31 6.7 -S.25U-03 3.S4e!-Ol 3'6~2E+02 -1.171[·04 
32 1.0 -15. 43]!-03 3.9l2E-01 3.612£+02 -1.115£+04 
33 1.Z -S.6GB!-0] ].915E-Ol 3.S~4£+02 -le106£·04 
34 1.4 -5.7841-03 "'016E-01 l'S4lE+02 -1.OllE+04 
35 1.6 -S •• 60!-U 4.0,1E-0l 3.48S[+02 -'.141£·03 
36 1.9 -6.136[-03 4.1S7!-01 3.435£+02 -8.18.[+03 
31 8.1 ,-6.31U-03 4.211[-01 3.3~2E+02 -1.230£+03 
38 S.3 -6.489E-03 4.276£-01 3.330£+02 -6,272[+03 
39 a.! -6.661E-03 4.333E.Ol 3.211£+02 -5.114£-03 
40 8.8 -6.e44[-03 4.391!-01 3.z24E+02 -4.35SE+03 
41 9.0 -1.02U-03 4.441£-01 3.111E+OZ .3.]91£+03 
42 9.2 ·7.200E-03 4.504E-Ol 3,118£+02 -2.43,£·03 
43 9.,4 -7.378E-03 4.559[-01 3.066!-02 -1.480£+03 
44 9.7 -1,551E-03 4.614[.01 3.013£+02 .5,218£+02 
45 9,9 -7.736E-03 4.66U-Ol 2 •• 60[·02 4.365£+02 
46 10.1 ·1.916E-03 4.122E-Ol 2.,01E+02 1.395£+03 
41 10,3 -e,o's!;-O] 4.115£.01 2.854!.02 2.353£+03 
48 10.6 -8.275£-03 4.828£-01 2.8~IE+02 3.311E+0] 
49 10.8 -8.4~!E-03 4.81)0£-01 2,149!·02 4.2101·03 
50 11.0 -8.6]6!-03 4.912£-01 2.6'6E-02 S.228t+03 
51 11.2 -e,8U!!-03 4.984£-01 2.643£+02 6.181£+03 
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!2 11.,5 -8.9~8!-03 !5.03!E·01 Z.590£+02 '.145£+03 n 11.' -9.180E-03 !5.01!5E-Ol z.!in+02 1.103£·03 
'4 11.9 -9'361!-03 5e)3!5E-Ol 2'414£+02 9.062[·03 
5! 12.1 -9.!S44E-03 5' 18!5E-01 Z·U2E·02 1.002[·04 
56 12.4 -9.126E-03 5.U4E-Ol 2.3'hE+02 1.098£+04 

" 12.6 -9.909E-03 !5.283!-01 z.326E+02 1.19U+04 
58 12.8 -1.009E-U 5.l32E-OJ 2.273[+02 1.2B9~+04 
19 13.0 -1.028h02 !.3IGE-Ol 2.z2oE+02 1.385£+04 
60 13.3 -1.046E-02 !5.421!E-Ol Z.161E+02 1.481E+04 
61 13.! -1.0~4E-02 !5.415E-Ol 2.115£+02 1.577£+04 
62 13.1 -1.083E-OZ !5.!l3E-0) Z.06ZE+02 1.613E+04 
63 13.9 -1.10U:-02 !5.!6laE-01 2.009hOZ 1.169£+04 
64 14.2 -1.1Z0!-OZ !5.U6E-Ol 1.956E+OZ 1.86U+04 
65 14.4 -l.ll8E-02 !S.662E-Ol 1.903E+02 1.960£+04 
66 14.6 -1.15n-02 !S.lORE-Ol 1.850E'02 2.056~+04 
61 14.1 -1. 17!5E-OZ 5·154E-Ol 1.191[+02 2.15Z£+04 
68 1!5.0 -1.194E-02 !S.n91-01 1.1·5E+02 2.248E+04 
69 15.3 -1.213E-02 5.U4I!-01 1,692£+02 2,344E.04 
10 1!5 .. 5 -1.231E-02 5.889E-Ol 1.63,E+02 2.43,E+04 
11 1!.1 -1.250!-OZ !5.93U-Ol 1,586E+02 2.535t+04 
lZ 15.9 -1.Z69£-02 5,918E-Ol 1.!533E+02 2.631E+04 
n 16.2 -1.28n-Oz 6,02ZE-Ot 1.480E+02 2.1Z1E+04 
'4 16.4 -1,306[-OZ 6.066E-Ol I.U1E+02 2.8Z3E+04 
15 16.6 -1.325e-02 6.110E-Ol 1.375£+02 2.919E+04 
16 16.8 -1.344E-OZ 6.153E-Ol 1,322[+02 ].014E+04 
71 17.1 -1.363E-OZ 6,196E-Ol 1,269£+02 3.110f+04 
18 17.3 -1,382E-OZ 6.Z3laE-Ol 1.Zi6E+02 3.206E+04 
79 U.! -1.401[-02 6.Z82E-Ol 1,163E+02 3.30ZE+04 eo 17.1 -1.420E-02 6,3Z4E-Ol 1,110E+02 3.398E+04 
81 18.0 -1.439E-02 6.366E.Ot 1.051E+02 3.4'4E+04 
82 lB.Z -1,4~8!-02 6,408E-Ol 1.005£+02 3.589E+04 
13 18.4 -1.471S-02 6.450E-Ol •• 517E+Ol 3.685E+04 
84 le,6 -1,4'6£-02 6.4.2E-Ol 8.'88E+Ol 3.181E+04 
85 18.9 -1.515E"OZ 6.533[-Ot a.4S.E+Ol 3.877E+04 
86 19.1 -1.534E-02 6.514E-Ol 1.931E+Ol 3.'13E+04 
87 1'.3 -1.55U-OZ 6.615E-Oi 1.40ZE+Ol 4.069E+04 
88 19.,5 -1.573E-OZ 6,656E-Ot 6.813£+01 4.164E+04 
8. 1,.8 -1,59Z!-OZ 6,691[-01 6,344[+01 4,260£+04 
90 20.0 -1.611E-OZ 6.131[-01 !;'816[+01 4.356!+04 
91 20.Z -1,631E-OZ 6,n1E-01 5.Z81E+Ol 4.452E+04 
9Z ZO.4 -1.650E-OZ 6,818£-01 4.7Se£+01 4.548[+04 
91 20.7 -1,669[-OZ 6.n1E-01 4.Z29E+Ol 4.644[+04 
94 20.9 -1.689E-02 6.897E-Ol 3.100E+Ol 4.739E+04 
95 21,1 ·1,108E-02 6.931!-01 3.172E+Ol 4.835E+04 
96 Zl.] -1.128E-OZ 6.976[-01 Z.643E+Ol 4.931E+04 
9'? 21.6 -l.'.'[-OZ 1.016E-Ol z.lhE+Ol 5.0Z7E+04 
98 Zl.8 -1.167[-02 1.055E.Ol 1.!S85E+Ol 5.1Z3E+04 
99 ZZ.o -1.186E-02 1.094!-Ot 1e056E+01 5.219E+04 

100 Z2.Z -1.806':-02 1,133£-01 5.274E+00 5.314!+04 
101 22.5 -1.826E-OZ 1,171E-01 "1e4~7E-OZ 5.410E+04 



PR06RAM CRCP-1 FOR HIGHWAY~,CFHR PROJECT 177 
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PRoe 
7 T~E STUDY OF EFFEC!S OF REINFORC~MENT PERC~NTAGE PaO.8 

•••••••••••••••••••••••••••••••••••••••••••••••• 
• • 
• SltEL PROPERTIE~ • 
• • •••••••••••••••••••••••••••••••••••••••••••••••• 

TYPE OF LONulTUD1NAL REINFURCEMENT IS 
U~FORMEO BARS 

PEHCENT ~EINfORC~MENT 

SAl-< OlAME1EH 
YIt:.LD ST~ESS 
ELASTIC MODULuS 
T~~RMAL COEFflCIt:.NT 

• 8.000E .. 01 
• 6.250E-01 
• 6.000E.04 
D 2.'JIOOE.07 
=- 5.000E-06 

•••••••••••••••••••••••••••••••••••••••••••••••• 
• • 
• 
• 

CONCRETl PROPERTttS 

SLA~ THIC~Nt~S z 9.00UE.00 
T~ERMAL COEf~ICI~NT • 5.000F-06 
TOTAL SHHINKAuE • 5.000E-04 
u~lT WEIGHT CONCHETE- 1.500£.02 
COMPRESSIVE STRENGTHD 3.500E.03 

TE~SILE STRENblH DATA 
.* ••••••• * •• " •••••••• 

NO TENSILE ~TREN6TH DATA r~ INPUT BY USER 

• 
• 

T~E FOLLowING AGE-T~NSILE STHENGTH RELA1IONSHIP 
IS USED W~lCH IS BASED ON tHE Rt:.COMM~NUATION 
GIVEN BY U.~. BUHEAU OF REtLAMATION 

AGt:.. TENSILt. 
(DAYS) STRENGtH 

0.0 0.0 
1.0 116.0 
3.0 249.5 
5.0 311').8 
7.0 35!::i.4 

14.0 417.8 
21.0 451.3 
2R.0 466. "' 
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•••••••••••••••••••••••••••••••••••••••••••••••• • • • 
• • 

SLA8-BAse f~ICTION CHARACTERISTICS ,.y RELATIONSHIP' 
• 
• • •••••••••••••••••••••••••••••••••••••••••••••••• 

TYPE 0' FRICTION CURVE IS A PARABOLA 

MAXIMUM FRICTION 'O.CE. 
MOVEMENT AT ~LIDING • 

1.JOO 
-.060 

•••••••••••••••••••••••••••••• 
• • 
• 

It.MPERATlJRI:. DATA • • 
• •••••••••••••••••••••••••••••• 

CURING TEMPE~ATUR[. ?i.O 

MINIMUM !)ROP IN 
DAT TEMPEHA1UHI:. Tt.MPj!HATURF.: 

1 62.0 13.0 
Z Sl.O Zi.O 
3 43.0 ~2.0 .. 152.0 23.0 
5 62.0 13.0 
6 66.0 9.0 
7 56.0 17 .0 
8 12.0 63.0 
9 66.0 q.o 

10 69.0 6.0 
11 64.0 11.0 
1Z 65.1) 11'1.0 
13 61.0 14.0 
H 65.0 10.0 
15 63.0 12.0 
16 64.0 11.0 
17 68.0 7.0 
18 57.0 1R.0 
19 4A.O ,7.0 
~o 51.0 ?4.0 
21 59.0 16.0 
22 Sq.o 16.0 
23 50.0 ?s.o 
24 45.0 10.0 
25 47.0 28.0 
26 49.0 ?t,.o 
27 4Q.O 26.0 
28 52.0 23.0 

MI~IMU~ TEMPt.~ATUHE EXPECTEO 
CO~CRETE GAlh~ FULL 'STRENGTt1 

AFTER 
• o DEGHFES FAHENHITE 



................................................ 
• • • ITERATION ANO TOLERANCE CONTROL • • • ................................................ 

MAXIMU~ ALLOWABLE NUM8EA OFtT!RAT10NS. 10 

HELATlvE CLOSURE !OLE~ANC£. 1.0 P~RCEN! 
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PROGRAM CRCP-l 'CR HIGHWAVS,CFHR PROJECT 177 
SENSITIVITY ANALYSIS BY C.P!~HIANG,FALL 74 

PROB 
7 TME STUDY OF EFFEClI OF AEINFORClMENT PERCt:.NJAGE P.0.8 

MAXIMUM 
TIME Tt.MP DRYING Tt.NSILE CRACK CRACK CONCRETE STHESS IN 

(OAYS) DMOP SHRINKAGE . ~HRGTM SPACINij WIDTH STRESS THE. STEEL 

.39 10.0 1.76~E-06 48.7 1000.0 9.009E-04 4.486E.Ol 6.753E·03 

.42 11.2 1.B86E-06 51.' 500.0 1.164E-OJ ~.080E.Ol 7.703E·03 

.42 11.6 1.925E-06 52.7 250.0 1.174E-03 S~094E..Ol 1.814E·03 

.50 13.0 (I.268E-06 61.6 125.0 1.31SE"0~ 5.752E.Ol 8.150E·03 
le35 13.0 6.079E-06 14Z.ts 125.0 1.968E-03 9.001E.Ol 1.265E·04 
1.50 22.u fl.742E-06 153.7 125.0 4.507E-03 1.395E·02 1.959E·04 
2.37 22.0 1.051E-05 i12.1 125.0 5.168E-0~ 1.666E.02 2.280E·04 
2.50 32.0 1.114E-05 220.1 62.5 5.81IE·Oj 1.786E.02 2.446E·04 
3.50 23.0 1.545E-05 il:!67.b 62.5 4.165E-OJ 1.621E.02 2.178E·04 
4.50 ]3.0 1.970E-05 301.2 62.15 2.339E-0) 1 ~271E.02 1.673E·04 
S.50 9.0 2.38bE-05 326.9 62.5 1.715£-03 1.143[·02 1.479E·04 
6.34 9.0 2.730E .. 05 343.1 62.5 1.929["0~ 1.216£·02 1.563E·04 
6.50 17.0 2.7'16E-05 346.1 62.5 3.605E-03 1.668E.02 2.110E·04 
7.29 17.0 3.116E-05 358.2 62.~ :I.772E-03 1.730£·02 2.241E·04 
7.32 27.0 3·127E-05 358.5 62.5 6.065E-03 2"e195E·02 2.867E·04 
7.35 37.0 3.139E"05 358.8 62.5 a.503E-03 2.599E·02 3.411E·04 
7.38 4?e0 3.15C!E-05 359.1 62.5 1.104E-0~ 2.963E·02 3.901E·04 
7.43 51.0 3.171E-05 359.6 62.! 1.365E-02 3.297E.02 4.349E·04 
7.50 63.0 3.1119E-05 360.3 62.5 1.526E·0~ 3.488E.02 4.606E·04 
a.50 9.0 3.594E-05 369.b 62.~ 2.311E-03 1~373£·02 1.742E·04 
9.50 6.0 3.9ij4E-05 379.1 62.5 1.888E-03 1 ~254E+02 1.S69E·04 

10.34 b.O 4.306E-05 3ab.1 62.5 2.024E-03 1.310E+02 1.632E·04 
10.50 11.0 4.366E ... 05 388.1 62.5 3.077E-03 1.61n·02 2.043E·04 
11.50 10.0 4.743E-05 396.9 62.5 :I.041E-03 1.624E.02 2.038E·04 
12.38 10.0 S.068E-05 404.1t 62.5 3.19SE-Oj 1.678E.02 2.099E·04 
12.50 14.0 5.113E-05 .05 •• 62.5 4.098E-03 1.903E.02 2.398E·04 
13.50 10.0 5.477£-05 413.-' 62.5 3.402E-03 1;741E.02 2.1t18E·04 
14.41 10.0 5.802£-05 419.8 62.5 3.572E-03 1.785E.02 2.215E·04 
14.50 12.0 5.836E-05 .20.3 62.! 4.036E-Oj 1.897E.02 2.364E·04 
IS.50 lleO 6.188E-05 425.3 62.5 3.994E-03 1.888[·02 2.340E·04 
16·50 7.0 6.535E .. 05 430.2 6Z.5 3.279E-03 1~711E.OZ 2.092E·04 
17 .31 7.0 6.814E-05 .34.1 62.5 3.418E-03 1.748[.02 2.132E·04 
17.45 17.0 6.859E-05 434.8 62.5 5.759E-03 2.269E.02 2.825E·04 
17 .50 18.0 6.877E-05 .35.0 62.!5 6,010E-03 2.31eE.02 2.889E·04 
18.37 18.0 7.168E-05 .39.1 62.5 tI.176E-Oj 2.350E·02 2.~22E·04 
18.50 27.0 7.213E-OS 439.tt 62.15 8.437E-03 2.747E.02 3.4.9E·04 
19.50 24.0 1.544[-05 ~.4.4 62.15 7.880E-03 2.655E.02 3.316E·04 
20.50 1f1.0 7.870E-05 449.0 62.5 6.090E-03 2~335E.02 2.878E·04 
21.50 16.0 A.191E-05 452.4 62.5 b.261E-03 2~369E.02 2.913E·04 
22.36 1#).0 8.464E-05 454.4 62.5 tI.412£-03 2~397E.02 2.94lE+0. 
22.50 25.0 8.S0n-05 4,4.1 62.5 8.693E-OJ 2.791E.02 3.463E·04 
23.41 25.0 8.790[-05 4'tI.l 62.5 8.8~2E-03 2.817E.02 3.488E·04 
23.50 30.0 a.819E-05 4!i6.~ 62.5 1.016E"02 3~017E.02 3.754E+04 
24.50 21:1.0 9.126E-05 459.i 62.5 ".81~E-03 2.966E.02 3.676E·04 
25.50 26.0 9.428E .. 05 "61.3 62.5 9.471E-03 2;914E.02 3.597E·04 
26.50 26.0 9.726E-OS 463.4 62.5 9.640E-03 2~941E.·02 3.623E·04 
27.50 23.0 1.002E-04 465.b 62.5 9.033E"0~ 2.847E.02 3~489E·04 



PROGRAM IS TEAMINAT[O. THEBONU 
LENGTH IS GHEATER IHAN TME CRCp 
~ODEL. UNFORTUNATELY. 'OR THIS 
CONUITION, THE THEOM[TICAL EQUATIONS 
DO NOT MOLD TRUE. 
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APPENDIX 3 

TABLES DESCRIBING THE SINGLE FACTORIAL 
EXPERIMENT AND ITS OUTPUT DATA 





I-' o 
I-' 

Variable 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

TABLE A3.1. THE NUMERICAL VALUES OF INPUT VARIABLES FOR 
THE SINGLE FACTORIAL EXPERIMENT. 

Variable 

Reinforc~ment (perce~t) 

Bar diameter (inches) 

Yielding stress (psi) 

Elastic modulus of steel (psi) 

Thermal coefficient of stee1(in/in) 

Transverse wire spacing (inches) 

Thickness of concrete slab (inches) 

Thermal coefficient of concrete 

Drying shrinkage of concrete (in/in) 

Unit weight of concrete (pcf) 

Concrete compressive strength (psi) 

Concrete tensile strength. (psi) 

Maximmn slab-base friction (lbs/in) 

Movement at sliding (inches) 

Concrete curing temperature (OF) 

Low 

0.4 

0.5 

4.0 X 10
4 

2.0 X 107 

3.2 X 10-6 

12 

6 

3.2 X 10-6 

3.0 X 10-4 

120 

2.5 X 10
3 

385 

1.0 

-0.01 
• 

45 

Medium 

0.6 

0.625 

6.0 X 104 

2.9 X 10
7 

5.0 X 10-P 
18 

9 
-6 5.0 X 10 

5.0 X 10-4 

150 
3 

3.5 X 10 

467 

1.3 

- 0.06 

75 

High 

0.7 

0.75 

7.0 X 10
4 

3.0 X 107 

-6 7.0 X 10 

24 

12 
.. 6 

7.0 X 10 

6.5 X 10-4 

160 

6.0 X 103 

600 

2.3 

- 0.044 
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TABLE A3. 2. CRACKING AND STRESS OUTPUT DATA FOR MEDIUM LEVEL SOLUTIONS 

Low Level l!f.gh Level 

Percent MaxilllL1lll MaxiJlalm Percent KaxiJlalm 
of Crack Crack Concrete Steel of Crack Crack Concrete 

Medium Spacing Width Stress Stress Medium Spacing Width Stress 
Variable Values (feet) (inches) (psi) (psi) Value (feet) (inches) (psi) 

Reinforcement (percent) 67 5.1 0.049 337 72020 117 1.7 0.017 338 
Bar diameter (inches) 80 1.8 0.018 335 44030 120 2.9 0.029 339 

YieldlQg stress (psi) 67 2.3 0.022 338 44530 117 2.3 0.022 338 

Elastic modulus (psi) 69 3.3 0.032 336 47780 104 2.2 0.022 338 

Thermal coefficient (in/in) 64 2.8 0.023 339 44650 140 1.9 0.022 335 
Transverse wire spacing (inches) 

Concrete slab thickness (inches) 67 2.3 0.022 339 44530 133 2.3 0.022 338 

Concrete drying shrinksge (in/in) 60 3.1 0.026 340 50590 130 1.9 0.022 335 

Concrete unit weight (pcf) 80 2.4 0.023 342 46170 107 2.2 0.022 334 

Concrete compressive strength (psi) 71 1.6 0.016 280 34610 172 3.7 0.036 435 

Concrete tensile strength (psi) 82 1.6 0.016 280 34610 128 3.7 0.036 435 

Maximum slab-base friction (lbs/in) 77 2.3 0.022 339 44530 156 2.3 0.022 339 

Movement at sliding (inches) 17 2.3 0.022 339 44530 73 2.3 0.022 339 
Concrete curing temperature (OF) 60 2.9 0.023 340 44800 113 1.8 0.019 310 

crack spacing, the mean value i · 2.5 feet· maximum concrete streaa: the mean value (j 339.88 psi c 
the standard deviation Si 0.79 feet the standard deviation 5(jc 32.44 psi 

the coefficient of variation V 31.6 percent the coefficient of variation V 9.54 percent 

crack width: the mean value llX · 0.024 inches maximum steel stress: the mesn value (j 45702 psi 
8 

the standsrd deviation SAz - 0.007 inches the standard deviation 5(js 7971 pili 

the coefficient of variation V · 29.17 percent the coefficient of variation V 1. 74 percent 

Maximu:n 
Steel 

Stress 
(psi) 

36410 

44630 

44530 

44060 

43950 

44530 

39600 

43580 

60430 

60430 

44530 

44530 

39650 

I-' 
o 
N 



TABLE A3.3. CRACKING AND STRESS OUTPUT DATA FOR LOW LEVEL SOLUTIONS 

Medium Level High Level 

Maximum Maximum Maximum Maximum 
Cnlck Crack Concrete Steel Crack Crack Concrete Steel 

Spacing Width Stress Stress Spac1ua Width Stress Stress 
Variable (feet) (inches) (psi) (pa1) (feet) (incbes) (psi) (pa1) 

Reinforcement (percent) 4.9 0.019 292 44880 3.6 0.014 291 37970 

Bar diameter (inches) 13.0 0.051 287 65620 17.6 0.069 284 63630 

Yielding stress (psi) 10.0 0.039 287 66270 10.1 0.039 287 66270 

Elastic modulus (pa1) 7.2 0.028 288 65680 7.2 0.028 292 66570 

Thermal coefficient (in/in) 7.8 0.039 282 65500 6.5 0.039 284 66230 

Transverse wire spacing (inches) 7.8 0.033 235 53320 10.5 0.044 239 53600 

Concrete slab thickness (inches) 10.4 0.040 288 67290 10.4 0.041 287 67320 

Concrete drying shrinkage (in/in) 6.2 0.040 284 62450 4.7 0.039 282 59000 

Concrete unit wieght (pcf) 8.8 0.038 283 64730 8.5 0.038 281 64130 

Concrete compressive streuath (psi) 15.0 0.057 350 81030 23.4 0.090 447 102900 

Concrete tensile strength (psi) 15.0 0.057 350 81030 23.4 0.090 447 102900 

Maximum slsb-base friction (lbs/in) 10.4 0.040 288 67300 9.8 0.039 283 65280 

Movement at sliding (incbes) 10.4 0.040 288 67300 9.8 0.038 283 65280 

Concrete curing temperature (OF) 7.8 0.040 287 66660 7.2 0.039 285 663oc, 

Basic low level solution (type of longitudinal reinforcement is deformed bars): 

crack spacing: the mean value X - 10.26 feet maximum concrete stress: the mean value a 299 psi c 
the standard deviation Si 4.86 feet the standard deviation Soc 7 psi 

the coefficient of variation V 47.37 percent the coefficient of variation V 39.53 percent 

crack width: the mean value ~X 0.043 inches maximum steel stress: the mean value as - 66656 psi 

the standard deviation S6z 0.017 inches the standard deviation Sos 13321 psi 

the coefficient of variation V 39.53 percent the coefficient of variation V 19.98 percent 
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TABLE A3.4. CRACKING AND STRESS OUTPUT FOR HIGH LEVEL SOLUTIONS 

Low Level Ned ium Level 

Mad_ Maximum Maxim_ 
"Crack· Craell: Coacrete Steel Crack ereck Concrete 

Spacing Width Stre •• Str .... Spacing Width Stre .. 
Variabl .. (feet) (inches) (pai) (p81) (feet) (inchee) (pli) 

Reinforc~nt (percent) 6.2 0.088 425 88010 2.9 0.041 429 

Bar diamet .. r (inches) * * * * * * * 
Yield stress (pal) * * * * * * * 
Elastic modulua (pai) 3.1 0.044 426 49320 * * * 
Thermal coefficient (in/in) 2.9 0.031 431 44430 2.4 0.030 428 

!Yanavere .. wire .pacing (inchea) 2.3 0.032 560 63560 * * * 
Coacrete slab thickness (inchea) * * * * * * * 
Concrete drying ahrinksge (in/in) 2.2 0.023 369 45140 * * * 
Concrete unit weight (pef) * * * * * * * 
Concrete compreaaive ,trength (pai) * * * * * * * 
Concrete tensil .. strength (pai) * * * * * * * 
Maxt....... 8lab-baee friction (lbe/in) * * * * * * * 
Movement at sliding (inchea) * * * * * * * 
Concr .. te curing temperature (OF) 2.8 0.030 430 44220 * * * 

* Variation at this lev .. l was not studied b .. cause the bond l .. ngth i8 great .. r than th .. 
CRCP mod .. l, and the theoretical equations do not hold true. (Refer to Chapter 6.) 

MOTE: The basic high level 8olution vas not studied here for the reaaon deacrlbed above. 

Ma:d ....... 
Steel 

Strea. 
(pli) 

54290 

* 
* 
* 

43980 

* 
* 
* 
* 
* 
* 
* 
* 
* 
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