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PREFACE 

The report presents an analysis of vertical slab 
movements to characterize the curling and expansion­
contraction behavior of the slabs. Finally, an analytical 
model is developed and calibrated to the field data. 

This work is part of Research Project 556, 
"Prestressed Concrete Pavement (PCP) Overlay," 
conducted as a part of the overall research program at the 
Center for Transportation Research (CTR), Bureau of 
Engineering Research, The University of Texas at Austin. 
The work was sponsored by the Texas State Department 
of Highways and Public Transportation (SDHPf) and the 

Federal Highway Administration under an agreement 
with The University of Texas at Austin and the Texas 
SDHPT. 

Thanks go to Ken Hankins and Humberto Castedo 
for assistance with planning, Carl Bertrand for assistance 
with data acquisition, and all the personnel in the project 
and in the Center for Transportation Research who were 
so helpful during the project. 

Jose Antonio Tena-Colunga 
B. Frank McCullough 
Ned H. Burns 
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ABSTRACT 

The long-term work plan at the initial design phase 
of the McLennan County prestressed concrete pavement 
(PCP) overlay consisted of the determination of variables 
that are relevant to design, the development of models 
and design procedures, and the study of the effect of en­
vironmental factors on PCP slabs. The present study fo­
cuses on the evaluation of the performance of PCP. The 
review of the existing models for Prestressed Concrete 
Pavements are discussed. Next, the use of collected data 
in an experimental field section for comparison against 
progam PSCPl is made. A new model for the prediction 
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of curling in slabs caused by temperature variations is de­
veloped and tested. Program PSCP2 is introduced as the 
result of the ugrading in the models and calibration of 
models. Finally, conclusions and recommendations based 
on the instrumentation program, data analysis, and model 
are outlined. 

KEY WORDS: Concrete pavements, highways, pre­
stressed concrete pavements, overlays, stress, friction, 
curling, warping, elasticity, inelasticity, temperature 
changes, temperature gradient, temperature reversal, ther­
mal coefficient, mathematical model, computer program. 



SUMMARY 

This report presents an analysis of the data collected 
from the McLennan County Prestressed Concrete Pave­
ment (PCP) in detail. The objectives of the data collec­
tion and program calibration are outlined. The factors and 
variables in computer program PSCPI are analyzed. 

An analysis of the vertical displacement data is per­
formed and related to the horizontal displacement data 
and temperature. Final results from the displacement data 
are presented in tabulated and graphical form. Results of 
an analysis of vertical displacements are outlined and dis­
cussed. The consistency and accuracy of the data are then 
addressed. Comparisons between the collected data and 

previous models used in PSCPI are made. Then, the 
models for curling are reviewed. 

An analytical model for the vertical displacements of 
PCP slabs is developed. The background and theory of 
the model is described. Then, the model is tested. The use 
of the model is presented along with user guidelines. The 
computational operation of the model is outlined in the 
appendix of the report. 

Finally, conclusions are presented, followed by rec­
ommendations based on the instrumentation program and 
the field data analysis, and, the model studies are out­
lined. 

IMPLEMENTATION STATEMENT 

This report describes the analysis of curling and the 
procedures followed for the calibration of computer pro­
gram PSCPI and the subsequent development of program 
PSCP2 using data collected from the McLennan County 
Prestressed Concrete Pavement (PCP) . A field data 
analysis and the development and use of an analytical 
model for PCP are also presented. Data for a wide range 
of temperatures are reported. 

The method of collection of field data is quite suc­
cessful. The information presented in this report can be 
used as a guideline for future programs and analysis. 
Field measurements that can be used for the design of 
Prestresed Concrete Pavements constructed on a polyeth­
ylene surface or for the calibration of other mathematical 
models are provided. Testing of program PSCP2 shows 
that it can be used for the analysis and design of PCP. 
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CHAPTER 1. INTRODUCTION 

This chapter presents the purpose of this report. A 
brief background on prestressed concrete pavements 
(PCP) is given, along with a review of some associated 
former work at the Center for Transportation Research 
(C1R) of The University of Texas at Austin. The relation 
of this project to previous studies of PCP and with other 
C1R work is discussed. The objectives and the scope of 
this work are included at the end of the chapter. 

The study of various types of engineering structures 
and a translation of their behavior into models permits 
optimization of design. This is true for all the diverse ar­
eas included in the field of Civil Engineering. Behavior 
analysis is progressive in nature, yielding better models 
as it evolves. Modeling is a powerful tool in decision 
making as it allows the choice of more economic alterna­
tives. The lack of models would make the decision-mak­
ing process a cumbersome task at the levels of planning, 
design, and construction. This lack would also lead to in­
accuracies and waste of resources. Models are of special 
importance in road construction. Presently roads are the 
preferred means of transport, and enormous resources ~e 
allocated for their development and maintenance. The 
PCP slab is one of the pavement types more recently 
available. The study and calibration of a model for PCP 
slabs will provide necessary information for the weight­
ing of this option. An economic analysis using a model 
will help to improve use of the human, material, and eco­
nomic resources. 

RELATION OF THIS REPORT TO 
PRECEDING REPORTS 

The development of a design procedure for PCP was 
conducted at C1R under Research Project 40 L In that 
project, aspects of early post-tensioning, new concepts in 
prestress, subbase friction, prestress friction losses, fa­
Liguc life, monitoring instrumentation, and PCP design 
were studied. 

The design procedures were developed from design 
recommendations proposed in the literature together with 
the experience gained from the McLennan County 
Project. Research Report 401-3 contains the development 
of the original program, PSCPl, which is calibrated 
herein. 

This report includes the continuation of the physical 
measurements of the behavior of the PCP slabs in the 
McLennan County Project ( 1985). It also initiates the de­
termination of the long-range characteristics of PCP slabs 
in service. Information for the validation or correction of 
the observations made during the preceding work, on 
Projects 556 and 401, is supplied here, together with a 
more accurate model for future PCP design. This model 
also offers a basis for better maintenance prediction and 
for decisions about design details on future projects. 

The data collected during this project, and the plan­
ning and description of the instrumentation employed for 
the monitoring of the test sections, are presented in Re­
search Reports 556-1 and 556-2. Research Report 556-2 
deals mainly with the analysis of the horizontal data for 
the development of a finite element program. This report 
focuses mainly on the analysis necessary for the calibra­
tion and testing of program PSCP2. Research Report 556-
4F presents a general summary and the main results of 
this study. 

OBJECTIVES 
The objectives of this study range from general ob­

jectives to those which are more specific. In this order, 
they are to: 

(1) Study the characteristics and behavior of a pre­
stressed concrete pavement overlay, monitoring the 
performance of the prestressed concrete pavement 
overlay to build statistical support for the calibration 
of the program. 

(2) Perform a statistical analysis of the collected data. 
(3) Calibrate the program PSCPl for the computation 

of values more representative of the physical reality. 
(4) Revise the models proposed in program PSCP1 as 

necessary. 

The work was performed taking into account the ex­
isting available data and the new information that was 
produced in this study. 

SCOPE 
The present work is divided into seven chapters. The 

first three chapters present the necessary background on 
Prestressed Concrete Pavement (PCP) slabs, and the work 
carried out for this study is presented in Chapters 4 to 6. 
Chapter 7 contains the conclusions and recommendations. 

Chapter 1 is a introduction to PCP, its background, 
and the background of this project. The concepts for 
analysis and calibration are discussed in Chapter 2. At the 
end of Chapter 2 a characterization of the input data is 
presented. This discussion provides the basis for the pre­
sentation and later analysis of formulas used in program 
PSCPl. In Chapter 3, the analysis of the data is pre­
sented. 

The comparisons between predicted and measured 
behavior are presented in Chapter 4. Hypotheses for the 
modeling and calibration of PSCPl are also developed in 
Chapter 4. The testing of the hypotheses is presented in 
Chapter 5 along with their introduction into program 
PSCP2, which is an upgraded version of program PSCPI. 
The final conclusions and recommendations from this 
study are presented in Chapter 6. 



CHAPTER 2. PLAN FOR ANALYSIS AND CALIBRATION 

CHARACTERIZATION OF INPUT FOR 
THE PCP MECHANISTIC MODEL 

Before the plan for the calibration of the model is 
discussed, a listing of the input for program PSCPl is 
provided. It describes the role of each variable in the pro­
gram (see Table 2.1 ). 

For a clear and simple representation of the program 
and its calibration, the concepts of "black box" and flow 
chart are used. In Fig 2.1, the black box of program 
PSCPl is depicted. On the left side of the figure, the in­
put with a constant value for a specific slab is shown un­
der the classification of "Historical Data"; the letters "b, 
d, f, and g," etc., correspond to the letters of Table 2. 1. In 
the second input group, the values that have to be up­
dated for each program run are shown. The output of the 
program is on the right-hand side of the figure. 

Figure 2.2 is the flow chart of the calibration pro­
cess. Figure 2.3 illustrates the concepts of Fig 2.2. The 
process starts with the monitoring of PCP slabs. Next, the 
predicted values of program PSCP 1 are compared to the 
collected data. If the difference between the values is 
higher than the accepted range for design, the calibration 
process continues; otherwise the calibration is not neces­
sary. Step three is the analysis of the differences. In this 
part all the factors that might affect the values are 
weighted. Hence, statistical comparisons are performed 
between the data for dry and wet conditions, edge and in­
terior, different slab lengths, etc. Once the analysis is fin­
ished, models and constants in PSCPl are reviewed; here 
constants are corrected and updated if necessary. Next, a 
hypothesis for the correction of the problem is expressed. 

In step six, the necessary corrections and improvements 
to the models are introduced and checked for validity. 

The degree of accuracy is a function of the data base 
available. Then, the accuracy obtained is checked against 
the existent data base. Here the process can follow either 
of two paths: (1) if more data base is required for this 
check, further monitoring of PCP is pursued and the pro­
cess can go another cycle; or (2) if the accuracy achieved 
is reasonable for design or if it is not possible to obtain 
the required data, the process is terminated. 

This process is systematic and can be repeated until 
the desired accuracy is reached. Each time the required 
data base will be more broad, extensive, and expensive. 
Therefore, it is usually pursued until practical values for 
design are achieved. 

EFFECT OF MODELS IN PCP 
In this section, the effect of models and input in 

PSCPl is inspected. For this purpose, the models pre­
sented before are considered. The input is also taken into 
account. The purpose is to outline the best path for the 
calibration. The criterion followed is that for those mod­
els with higher effect, the results are calibrated first. 
Next, the calibration proceeds with models of secondary 
importance for the output. Then the calibration is gradual. 

The models that have a higher effect on the input are 
those for the determination of the stresses and move­
ments due to friction and curling. They are followed by 
the functions for the prediction of post-tensioning, steel 
,and concrete. The inputs for the k-value for soil, creep 
and shrinkage then follow. Inputs of importance are the 

Input Program PSCP 1 Output 

Historical Data 
(Mat and Geom Constants) 

[b.d,f,g] 

Actual Data 
Time/Environment Parameters 

Mid-Temp 

Top/Bottom Temp Differential 
Elapsed Time in Days 

... -----1.,..,.... Prediction Data 

... 

Fig 2.1. Input and output of Program PSCPI (black box concept). 

2 

Pavement Stresses 
Initial Period 
lntermediallfinal Period 

Longitudinal Movements 
- Friction Coefficient 

Prestress & Friction Stress 
Curling Deflection 
Curling Stress 
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• 
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• 

• 

• 
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strength of concrete, modulus of elasticity, Poisson's ra­
tio, and thermal coefficient of soil. The k-value is a func­
tion of the range of the other values. Thus, its effect on 
the output in some cases will be important while in other 
cases its imJX>rtanCe will be marginal. 

The friction model is iterative. This can induce 
roundup or truncation errors, as expressed in Table 2.1. 
The function of this model is a numeric integration of a 
polynomial function. The degree of the polynomial is 
given by the profile of the coefficients of friction. The 
magnitude of an error due to a mis-modeling of friction is 
illustrated with Fig 2.3(b) (6), which shows the difference 
between two JX>Iynomials of different order. For this de­
termination, the employment of the correct coefficients 
and profiles of friction is necessary. 

No 

(1) 
Monitoring PCP Slab 

Behavior 

Yes 

3 

Curling is important in the output, too. Temperature 
gradients, thermal coefficients, modulus of elasticity, 
Poisson's modulus, and the k-value take part in its deter­
mination. Because of the architecture of PSCPl, curling 
is determined almost independently; it is affected also by 
the friction profile. Therefore, its effect is easy to detect 
once the friction model can simulate the physical phe­
nomena. Figure 2.3(a) (3) is a schematic representation of 
the interaction of all the factors that intervene in curling 
and friction. 

The effects of data input were mentioned in the pre­
ceding section. Some of the effects have already been 
mentioned here. Their main effect is to modify the rate of 
change in the values of the output. Some secondary ef­
fects are changes in the range of prediction values. Figure 

No 
(8) 

Data for Maintenance 
Design Manuals 

End of calibration 

(6) 
Introduction of Corrections 

to 
Program for Predictions 

(3) 
Analysis of 
Differences 

(5) 
Hypothesis of Problem 

for Correction 

(4) 
Revision of Models & 

Correction Update of Constants 

Fig 2.2. Flow chart of calibration process for Program PSCPl. 
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(5) 

Models 
1.1 

1.2 

1.3.1! 

0 
c: 
:e 
::::1 

0 b' 

e A Underpredicted 

0 B Overpredicted 

Measured 

Y = b' + mX 

Temperature 

(6) 

Time 

5 

(4) 

Determined 

Temperature 

Y =4aX 

Temperature 

(7) 

Dx < E? 

Measured 

Fig 2.3(b). Graphical description of calibration process (continued). 

2.3(b) ( 4) is a schematic representation of this effect. 
Among these input variables, we can point out creep and 
shrinkage and the thermal coefficient. The magnitude of 
error is small for the majority of the variables because of 
the range and magnitude of their own values. 

Therefore, the recommended order for the calibration 
of the program is 

( l) model and coefficients for friction, 
(2) model and coefficients for curling, 

(3) model and coefficients for concrete properties, 
(4) model and coefficients for steel, and 
(5) model and coefficients for post-tensioning. 

The process of calibration is iterative. Figure 2.2 il­
lustrates the flow process that is followed for the calibra­
tion of each model and for the general calibration. The 
process stops once the values are reasonable for design 
purposes or when a higher degree of accuracy is not pos­
sible with the available data base and resources. 
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TABLE 2.1. CHARACTER OF DATA 

Data 
(a) Tag problem indicator 
(b) Geometric characteristic of slab 
(c) Iteration values of tolerance 
(d) Coefficients of concrete 

-Creep 
-Shrinkage, 

Subsequent 
-Thermal coefficient 
-Specific weight 
-Poisson's ratio 

(e) Concrete strength development 
(f) Friction modes 

-Linear 
-Exponential 
-Multilinear 

(g) Steel properties 
(h) k-value for soil 
(i) Set of values for post-tensioning 
Change in the thermal coefficient of 
Concrete and soil for wet/dry conditions 
Aging in steel and concrete 

Errors introduced by calibration procedure 

Problems that May Derive From Wrong Values 
Wrong solution path 
Proportionality/differences 
Round up errors/truncated number errors 
Rate/range value error/ mis-modeling 
Range/rate/mis-modeling 
Initial range 
Range 
Rate/mis-modeling 
Range error 
Cumulative deviation 
Rate prediction at early ages/range at higher ages 
Introduction of error/rate of increment 

Same as concrete 
Introduction of error/rate of increment 
Initial rate error/diminishing subsequent error 
Range of fluctuations 

Errors derived from prestress loss 

*Difference between measured and representative temperature slab 
*Thermal expansion/contraction of measuring devices 

, 

• 

• 

• 
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CHAPTER 3. ANALYSIS OF THE DATA 

This chapter includes a summary of the results of the 
statistical analysis of the horizontal and vertical data, fol­
lowed by an analysis of the relationships between vertical 
displacements and horizontal displacements with tem­
perature. 

REVISION HORIZONTAL DATA 
The results of the statistical analysis of the horizontal 

displacement data are given in Table 3.1. The quality of 
the data and the uniformity in behavior between slabs can 
be seen in Table 3.l(a); the average scatter for the entire 
set of data was 0.005 for the 240-foot slabs and 0.006 for 
the 440-foot slabs. 

RELATIONSHIP BETWEEN 
HORIZONTAL DISPLACEMENT AND 
TEMPERATURE 

Table 3.l(b) shows the values for the relationship be­
tween the horizontal displacement and the temperature. 
Here, the displacement is around 0.005 inch per 0 F. The 
Coefficient of Thermal Expansion computed in Research 

Report 556-2 (Ref 5) was 4.80 x IQ-5 (°F/inch/inch) for 
the 240-foot and 440-foot slabs. Additional work on the 
analysis of the horizontal displacements is made by 
Mandel et al in Research Report 556-2 (Ref 5). 

VERTICAL DATA 

For the analysis of the data, the quality and unifor­
mity of the sample were tested. First, a regression analy­
sis was performed. The purpose of this regression analy­
sis was to check whether the data collected from each 
joint showed the same trend and whether the data from 
all the joints belonged to the same population. This 
analysis was performed for the two components of the 
curl-uncurl cycle of the PCP slabs; the first part takes 
place generally from sunset to sunrise while the second 
part (uncurl) corresponds to the period when the sunrays 
are heating the slab surface. Illustrative graphs of the 
analysis of curl and uncurl are in Figs E.l through E.l2 
of Appendix E. In general, the results of this analysis 
showed a high uniformity within the sample population, 
with regression coefficients between 0.85 and 0.95 for the 
curling portion of the cycle and between 0.95 and 0.99 

TABLE 3.1. SUMMARY OF ANALYSIS FOR THE HORIZONTAL MOVEMENTS 

(a) Standard Deviation Between Slab Displacements (Average Value) 

Slab Tri Date 
Length 1988 1989 

(ft) July 25 Au~ust 5 Au~ust 26 November 5 Januar~ 21 January 22 February 9 
240 0.013 0.010 0.008 0.002 0.002 0.001 0.001 
440 0.008 0.009 0.008 0.007 0.003 0.004 0.003 

(b) Displacement in Temperature Ratio (incb/°F) 

Slab Trip Date 

Length 1988 1989 
(ft) July 25 August 5 August 26 November 5 January 21 January 22 Febru~9 

240 0.0031 0.0050 0.0050 0.0069 0.0058 0.0058 0.0055 
440 0.0120 0.009 0.0130 0.0128 0.0136 0.0104 0.0097 

(c) Calculated Coefficient of Expansion (OF/incblinch) to-s 

Slab Trip Date 

Length 1988 1989 
(ft) July 25 Au~ust 5 Au~ust 26 November 5 January 21 January 22 February 9 

240 2.59 4.16 4.10 5.75 4.85 4.85 4.62 
Average: 4.70 
Std Dev: 0.667 
440 5.40 5.90 5.80 6.18 4.75 4.75 4.40 
Average: 5.40 
Std Dev: 0.698 

7 
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for the uncurling portion of the cycle. This unifonnity in 
the data allowed the use of a representative set of data for 
the further study of the behavior. 

Figures E. I through E.6 show the characteristic trend 
of the sample for the part of the cycle when the slab is 
undergoing curling. For this part of the cycle, the best fit 
was obtained with second-degree equations for all the 
joints. Figures E.l and E.4 show a high degree of correla­
tion and show that all the joints behave in the same man­
ner, with a nonnal scatter among them. The reasons for 
this scatter lie in the intrinsic variability of materials, 
construction, local particularities, etc. 

For the part of the cycle where the slab uncurls, the 
trend showed a linear behavior. The curves and equations 
for this part of the cycle are shown in Figs E.7 through 
E.l2. Again, there was some slight scatter between the 
joints, which is reflected in the slight differences in the 
slopes of the curves, but this scatter was due to the scatter 
considered as "normal" in statistics for population 
samples. 

Another analysis performed was between the two 
sizes of slabs monitored. Figures E.l and E.4 are illustra­
tive of the regression equations for the 240-foot slabs, 
while Figs E.7 and E.9 depict the characteristic equations 
for the 440-foot PCP slabs. The general trend showed a 
slight difference between them for the curling and uncurl­
ing portions of the cycle, and the differences were differ­
ent between seasons; a more detailed analysis is summa­
rized and presented in Table 3.2. 

A third comparison was made between the different 
regression curves for the curling experienced along the 
slab length. Figures E.l through E.l2 depict an example 
of these curves for the 240 and 440-foot slab lengths at 
the edge and of the sixth and third points along the length 
of the slab. Figures E.l through E.6 show the curl period 
and Figs E.7 through E.l2 show the uncurl period. This 
analysis showed that although there was a relationship 
between them, curling was not proportional between the 
third, sixth, and edge portions of the slab. 

TABLE 3.2. SUMMARY OF ANALYSIS FO~ THE VERTICAL MOVEMENTS 

(a) Standard Deviation Between Slab Displacements (Average Value) 

Slab Tri Date 

Length 1988 1989 

___QL July 2S AU1;1USt s AU1;1US1 26 NovemberS January 21 Janu!!:! 22 Febru!!;!! 9 
240 0.027 0.006 0.007 0.012 0.008 0.003 0.007 
440 0.047 0.013 0.013 0.013 O.oi8 0.008 0.010 

(b) Displacement to Temperature Ratio (inchi°F) 

Slab Tri Date 
Length 1988 1989 

___QL July 2S Au~ustS AU!;1USt 26 NovemberS January 21 January 22 Februarz: 9 
240 0.0017 0.0006 0.0061 0.0174 0.0011 0.0011 0.0013 
440 0.0036 0.0018 0.0062 0.0078 0.001S 0.0012 0.0016 

(c) Ratio Between Displacement and Top-Bottom Temperature Differential (inchi°F) 

Slab Tri Date 

Length 1988 1989 
(ft) July 2S Au~ust S Ausust 26 NovemberS Janu!!:! 21 January 22 Febru!!;!! 9 

240 0.0064 0.0014 0.0018 0.0023 0.001S 0.0011 0.0021 
440 0.0106 0.0033 0.0033 0.0032 0.0033 0.0031 0.0033 

(d) Ratio Between Increment in Displacement and Increment in Temperature (AY/AT) 
(inch/°F) 

Slab Trip Date 

Length 1988 1989 

___QL July25 Au&ust S Ausust 26 NovemberS Janu!!:! 21 Janu~22 Febru~9 

240 o.ooss 0.0063 0.0067 0.0039 0.0023 0.0027 0.0027 
440 0.0047 0.0060 0.0061 0.0034 0.0018 0.0018 0.0020 

f? 
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• 

• 

• 

• 

f 



Table E.l shows the regression equations for these 
sample data. A review of the eccentricities of the regres­
sion curves for curling and of the slopes for uncurling re­
veals the correlations and differences stated above which 
were typical of each data set This analysis provided the 
necessary grounds for the simplification of the data 
sample for each data set. For this purpose the average 
value was obtained for each data set for the 240 and 440-
foot slabs, as illustrated in Figs E.l3 and E.l4 for the ftrst 
set of data. The use of representative data for each data 
set enabled an in-depth study of the behavior of the slabs 
and the determination of general trends; a good example 
is Fig E.15, which depicts the curling at the different 
lengths of the slab for each set of data. This curling is 
given with respect to the total curling at the edge of the 
slab; the right end of this graph shows the average pro­
portional curling measured during the data coUection pe­
riod. 

The results of the statistical analysis for the vertical 
data are shown in Table 3.2. The standard deviation of 
data between slabs is given in part (a); parts (b), (c), and 
(d) contain the computed values for the analysis of the 
different relationships between vertical displacements and 
temperatures. 

The quality of the data and the uniformity in behav­
ior between slabs can be noticed in Table 3.2(a). The ex­
ception among these values might be the set of data for 
the trip made on July 25. The deviation values are 0.027 
and 0.047 for the 240-foot slabs and 0.012 for the 440-
foot slabs. These values are reasonable if we consider 
that they are good for data collected in the field; never­
theless the scatter is two times higher than the scatter for 
the remaining sets of data. The reason for the wider range 
of values in this ftrst trip was a problem experienced with 
the small surfaces that served as reaction surfaces for the 
Lips of dial gauges and LVDTs. This problem was cor­
rected on the next trip and never happened again. The av­
erage scatter for the remaining sets of data was 0.007 
inch for the 240-foot slabs and 0.012 inch for the 440-
foot slabs. These values are slightly higher than the val­
ues for the standard deviation of the horizontal move­
ments, but it is understandable to obtain higher scauer 
since more factors affect the vertical displacement of the 
slabs. 

We can state that the overall range of values is excel­
lent for data obtained in the field. Therefore, all the sets 
of data collected are uniform and are representative of the 
behavior to be studied. 

RELATIONSHIP BETWEEN VERTICAL 
DISPLACEMENT AND TEMPERATURE 

For the final version, the ratio of the maximum in­
crement in curling to that of the temperature in the 

9 

middle depth of the slab was calculated. The cycle pat­
terns for curling were also studied. The results are in 
Table 3.2 and in Figs 3.1 and 3.2. It is interesting to note 
that, although the tabulated values are not constant 
throughout the sample, they are fairly similar between 
seasons. Also, it is clear that curling has some relation­
ship to temperature but is more strongly related to tem­
perature differential. 

0.2 

-~0.1 
;:: 
::I 

<....:> 

90 100 110 
Temp at Middle Depth of Slab (°F) 

Fig 3.1. Curling versus temperature at middle depth 
of slab. 

0.2 

0.0 ...._ ____ _._ _____ ___;:=--------
·10 0 10 

Temp at Middle Depth of Slab (°F) 

Fig 3.2. Curling versus temperature differential 
between top and bottom of tbe slab. 

20 
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DISPLACEMENT AND TEMPERATURE 
RATIOS 

The relationship between the displacement and the 
temperature of the slab at middle depth is shown in 
Table 3.2(b). The relationship between the venical dis­
placement and the temperature differential between the 
top and the bottom of the slab is shown in Table 3.2(c). A 
definite trend could not be detected with these values 
since the trends are different for the 240 and 440-foot 
slabs. Table 3.2(d) contains the values of the ratio be­
tween the increments of displacement and the increments 
of temperature. Here, a better correlation was obtained 
for 240 and 440-foot slabs. However, this correlation 
holds only for the same season. 

CYCLE PATTERNS 
The pattern of the temperature-displacement curves 

was studied for the temperature in the middle of the slab 
and for the temperature differential that develops between 
the top and the bottom of the slab. These patterns are 
depicted in Figs 3.1. and 3.2. The pattern that turned out 
to be more significant is the one traced by the venical 
displacement versus the temperature differential. The 
general Lrend of the phenomena can be traced in Fig 3.2. 
From the figure, the general trend for curling can be 

ascertained. There is a path for the cooling period of the 
slab (I) and a path for the heating period (II) in which the 
flattening of the slab takes place after the curling period. 
The behavior between the slabs is more uniform for the 
cooling cycle since the slabs follow very close paths, and 
more scatter is observed during the heating cycle of the 
slab. 

A conclusion from this analysis was that the curling 
behavior is more affected by changes in the tempemture 
differential than by changes in the temperature in the 
middle of the slab. Also, the scatter between slabs is less 
for the 240-foot slabs than for the 440-foot slabs. Re­
search Repon 556-1 (Ref 3) has illustrations of the pro­
files for each set of vertical data. 

RELATIONSHIP BETWEEN HORIZONTAL 
AND VERTICAL DISPLACEMENTS 

The calculated values for the ratios between the hori­
zontal and vertical displacements are shown in Table 
3.3(a). A constant ratio could not be established for them. 
The relationship between the magnitudes of the vertical 
and the horizontal displacement diminishes with colder 
weather, and this relationship is higher for the 240-foot 
slabs. However, the relationship between the mtio of the 
240 to the 440-foot slabs remains fairly constant for any 
weather condition. 

TABLE 3.3. RATIO BETWEEN HORIZONTAL AND VERTICAL MOVEMENTS AND 
SIGNIFICANCE TEST BETWEEN LVDT AND DIAL GAUGE DATA 

(a) Ratio between horizontal and vertical displacements 

Slab Tri Date 
Length 1988 1989 

(ft) July 25 August 5 Au~ust 26 November 5 Janu~21 Janu~ 22 February 9 
240 1.293 1.247 1.183 0.589 0.402 0.493 0.460 
440 0.508 0.467 0.478 0.281 0.171 0.201 0.186 

240/440 2.58 2.69 2.51 2.10 2.35 2.45 2.47 

(b) Results of significance test between LVDT and dial gauge data: t-values 

Slab Tri Date 
Length 1988 1989 

(ft) July 25 AU1jUSt 5 Au~ust 26 November 5 January 21 January 22 Febru:!!i: 9 
240 0.109 0.640 0.079 0.091 0.040 0.093 0.121 
440 0.107 0.057 0.043 0.058 0.039 0.031 0.099 

(c) Significance (%) 

Slab Tri Date 
Length 1988 1989 

(ft) July 25 Au~ust 5 Auiust 26 November 5 January 21 January 22 Febru:!!i: 9 
240 37.10 <30 37.20 35.00 35.05 35.00 34.80 
440 37.05 37.30 37.35 37.32 35.05 35.30 34.95 

• 

• 

• 

, 

• 

• 



VAUDITY OF THE DIAL GAUGE DATA AND 
LVDTDATA 

11 

The comparison between the dial gauge data and . 

percent for a t distribution with 4 degrees of freedom (in 
the case of edge monitoring) and the 33 percent for 2 
degrees of freedom (case of the interior monitoring). 

L VDT data in the final version was checked statistically. 
The purpose of this test was to determine whether the 
data collected with both instruments belonged to the 
same population. For this test, the LVDT values were 
compared against the average values of the dial gauge 
set. 

The results of this significance test are shown in 
Table 3.3(b). The level of significance for the data is 
between 0.09 and 0.03. The only exception is the 0.6 
obtained for August 5, and the source of error carne from 
the LVDT on the 240-foot slab. This LVDT recorded 
erratic readings throughout the period. The other higher 
values (0.1 and 0.12) correspond to data for July 25, 
when some problems occurred with the leveling of the 
contact surfaces for the instruments, and to data for 
February 9, when the LVDTs could not be zeroed and 
registered readings in the boundaries of their linear range. 
Nevertheless, all the values determined from this check 
produced a value of significance higher than the 36 

From this test we can draw the following conclu­
sions. 

(1) All the data recorded belong to the same popula­
tion. 

(2) The uniformity of the data is excellent, being higher 
for the dial gauges than for the LVDT. 

(3) A set of data composed of the average values for 
each set of readings can be considered as represen­
tative of that set. 

The last conclusion is an important one, since it en­
ables us to reduce the number of data values to use from 
six to one for each slab length. Thus, for the remaining 
portion of this report, a unique set of values for each set 
of data will be used. This set is formed by the average 
value of the dial gauge data and is truly representative of 
the average slab behavior. These sets of data are shown in 
Table 3.4. 

TABLE 3.4. SUMMARY OF REPRESENTATIVE DATA SETS 

(a) For horizontal displacements in 240-foot slabs (incb) 

Tri Date 
1988 1989 

Hour July 25 August 5 August 26 November 5 Janu~21 January 22 February 9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 -0.0010 0.0086 -0.0036 -0.0027 0.0103 0.0143 0.0163 
18:00 -0.0118 0.0076 -0.0176 -0.0397 -0.0153 -0.0087 -0.0007 
20:00 -0.0408 -0.0086 -0.0492 -0.0757 -0.0467 -0.0347 -0.0267 
22:00 -0.0724 -0.0452 -0.0768 -0.1010 -0.0693 -0.0440 -0.0467 

0:00 -0.0986 -0.0686 -0.0948 -0.1203 -0.0860 -0.0560 -0.0633 
2:00 -0.1140 -0.0890 -0.1116 -0.1367 -0.1003 -0.0680 -0.0737 
4:00 -0.1298 -0.1040 -0.1270 -0.1523 -0.1117 -0.0763 -0.0817 
6:00 -0.1212 -0.1178 -0.1424 -0.1617 -0.1200 -0.0833 -0.0887 
8:00 -0.0816 -0.1234 -0.1434 -0.1670 -0.1287 -0.0833 -0.0937 

10:00 -0.0260 -0.0794 -0.0914 -0.1240 -0.1023 -0.0690 -0.0627 
12:00 -0.0216 -0.0382 -0.0590 -0.0463 -0.0413 -0.0050 
14:00 0.0056 -0.0040 -0.0140 0.0010 0.0097 0.0433 

(continued) 
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TABLE 3.4. SUMMARY OF REPRESENTATIVE DATA SETS (CONTINUED) 

(b) For vertical displacements in 240-foot slabs (inch) • Tri Date 
1988 1989 

Hour July 25 Au~ust 5 Ausust26 NovemberS Janu~21 Janu~ 22 Febru~9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 0.0273 0.0028 0.03SS 0.0173 O.OOS2 0.0063 0.0036 
18:00 0.1029 0.0207 0.080S O.OSS4 0.0267 0.0233 0.019S 
20:00 0.1344 0.0888 0.1231 0.076S 0.0370 0.0296 0.0290 
22:00 0.1SSO 0.1237 0.1387 0.08S7 0.0410 0.0349 0.034S 

0:00 0.1678 0.1334 0.1449 0.089S 0.0449 0.0382 0.038S 
2:00 0.1724 0.13S8 0.1S1S 0.0931 0.0463 0.0388 0.0388 
4:00 0.1830 0.1376 OJS84 0.0942 0.0476 0.0404 0.0396 
6:00 0.1S68 0.1470 0.168S 0.09S4 0.0482 0.0411 0.0409 
8:00 0.0729 0.1269 0.1291 0.0860 0.047S 0.0372 0.0380 • 

10:00 0.0170 O.OS4S O.OS83 0.03S2 0.0239 0.0242 0.01SS 
12:00 0.0201 0.0274 0.0151 0.0075 0.01S4 0.0032 
14:00 0.009S 0.0198 0.0167 0.0036 O.OOS8 -0.0001 

(c) For horizontal displacements in 440-foot slabs (inch) • Tri Date 
1988 1989 

Hour July 2S AugustS August 26 NovemberS Janu~21 Janu~22 Febru~9 

14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 0.0000 0.0388 -0.0020 -0.0050 0.0130 0.0260 0.0273 
18:00 -0.1010 0.0346 -0.0630 -0.0660 -0.0245 -0.0093 0.0027 
20:00 -0.1773 -0.1228 -0.1406 -0.1383 -0.0870 -0.0553 -0.0477 • 
22:00 -0.2433 -0.1648 -0.1912 -0.1900 -0.1300 -0.0710 -0.0883 
0:00 -0.2875 -0.2078 -0.2278 -0.2230 -0.1635 -0.0970 -0.1157 
2:00 -0.3100 -0.2484 -0.2594 -0.2493 -0.1890 -0.1140 -0.1357 
4:00 -0.3443 ·0.2772 -0.2884 -0.2780 -0.2110 -0.1263 -0.1513 
6:00 -0.3560 -0.2988 -0.3208 -0.2947 -0.2235 -0.1403 -0.16SO 
8:00 -0.2628 -0.3026 -0.3178 -0.3027 -0.236S -0.1417 -0.1717 

10:00 -0.131S -0.2164 -0.2254 -0.2320 -0.194S -0.1180 -0.1170 
12:00 -0.0912 -0.1036 -0.1113 -0.0830 -0.0700 -O.OOSO 
14:00 0.0284 -0.0122 -0.0290 -0.0025 0.0203 0.0807 

(d) For vertical displacements in 440-foot slabs (incb) 

Tri Date 
1988 1989 

Hour July 2S Ausust s Au~ust 26 NovemberS Janu~ 21 Janu~22 Febru~9 

14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 0.0688 0.0061 0.0347 0.0231 0.0068 0.0069 O.OOS4 
18:00 0.1072 0.0237 0.0841 0.0617 0.0222 0.0220 0.0203 
20:00 0.1400 0.12S8 0.1231 0.0812 0.0313 0.02S6 0.0264 
22:00 0.1SOO 0.1330 0.1324 0.08S7 0.0333 0.0261 0.0301 
0:00 0.1631 0.1340 0.1368 0.084S 0.0362 0.0288 0.0297 
2:00 0.163S 0.1360 0.1418 0.0851 0.0378 0.0293 0.0287 
4:00 0.1749 0.137S 0.1476 0.0834 0.0383 0.029S 0.0312 
6:00 0.1343 0.1396 0.1S3S 0.0829 0.0383 0.0283 0.0307 
8:00 0.0727 0.1075 0.10S8 0.0635 0.0346 0.0254 0.0270 

10:00 0.0416 0.0381 0.0379 0.0171 O.OlSO 0.0159 0.0084 

12:00 0.0136 0.0117 0.0018 0.0018 0.0083 0.0023 
14:00 0.0095 0.0089 0.0037 0.0004 0.0041 0.0018 



CHAPTER 4. COMPARISON OF PREDICTED AND 
MEASURED PERFORMANCE 

Analysis of the collected data presented in the pre­
ceding chapter set up the background for the development 
of a hypothesis for the calibration and/or the introduction 
for improving the models in PSCPI. As a preliminary 
step for the computation of the predicted values by pro­
gram PSCPl, the input values were calculated and com­
pared to the weighted field values. In all cases the com­
puted values were found acceptable and in agreement 
with field values for this project. 

Part of the PSCP model is devoted to the friction be­
tween the PCP and the underlying pavement layer. For 
friction, Mendoza et al (Ref 1) reported expansion of the 
slab in the neighborhood of 0.10 inch. The value of fric­
tion reported by them for displacement of this magnitude 
was 0.20. The values recorded here under similar condi­
tions were within the same range. Therefore, a coefficient 
of friction of 0.2 was used in the input. For the compres­
sive strength of concrete, the mean value of the final 
strength determined by laboratory testing of the field 
samples was calculated. All the other input values were 
taken from field records. The input values are given in 
Appendix A. 

The numbers turned out by program PSCP1 are 
shown in Table 4.1. Figures 4.1 through 4.6 show the 
shape of the displacement curves with time for each type 
of weather for the 240-foot slabs. These figures are also 
representative of the curve shapes for the 440-foot slabs. 

The curves corresponding to the horizontal values 
are shown in Figs 4.1 through 4.3. They show good 

agreement between the predicted and the measured be­
havior. This is especially true for the fall, while slight 
scatter is present for the hot and the cold weather. 

The curves corresponding to the vertical values are 
shown in Figs 4.4 through 4.6. They show clearly that the 
computed values do not follow the measured behavior. 
All the predicted values lie far below the values of the 
field data. 

An initial comparison between the calculated values 
of program PSCP 1 and the field records gave good agree­
ment for the horizontal data. However, this did not hold 
true for the vertical data. 

PROCEDURE FOR CALIBRATION 
The calibration of the horizontal and the vertical dis­

placements is made in sequence, because the output of 
the horizontal values affects the calculation of the values 
for curling. Hence, the models used in the prediction of 
the horizontal displacements are reviewed flist. 

CALIDRATION OF THE HORIZONTAL 
DISPLACEMENTS 

The determination of the degree of correlation is 
used as an initial tool. It tells us how far is the model 
from computing representative values. The degree of cor­
relation between predicted and field values for each set of 
data is shown in Figs 4.7 through 4.9, for representative 
conditions of hot, cold, and random weather. The field 

TABLE 4.1. SUMMARY OF VALUES FROM PROGRAM PSCPI 

(a) For horizontal displacements in 240-foot slabs (inch) 

Tri Date 
1988 1989 

Hour July 25 Au~ust 5 August 26 November 5 January 21 January 22 February 9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 0.0349 0.0255 -0.0033 -0.0028 0.0111 0.0093 0.0112 
18:00 0.0239 0.0093 -0.0377 -0.0321 -0.0184 -0.0207 -0.0249 
20:00 -0.0266 -0.0895 -0.0755 -0.0716 -0.0566 -0.0477 2.3669 
22:00 -0.0716 -0.1170 -0.1030 -0.1136 -0.0828 -0.0578 -0.0754 
0:00 -0.1248 -0.1367 -0.1216 -0.1208 -0.1032 -0.0718 -0.0925 
2:00 -0.1403 -0.1501 -0.1370 -0.1420 -0.1189 -0.0826 -0.1047 
4:00 -0.1586 -0.1702 -0.1520 -0.1525 -0.1309 -0.0926 -0.1139 
6:00 -0.1650 -0.1727 -0.1761 -0.1715 -0.1412 -0.1032 -0.1224 
8:00 -0.1179 -0.1287 -0.1752 -0.1710 -0.1505 -0.1031 -0.1253 

10:00 -0.0448 -0.0541 -0.1207 -0.1257 -0.1210 -0.0884 -0.0879 
12:00 -0.0124 0.0207 -0.0569 -0.0513 -0.0504 -0.0513 -0.0155 

(continued) 
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TABLE 4.1. SUMMARY OF VALUES FROM PROGRAM PSCPl (CONTINUED) 

(b) For vertical displacements in 240-foot slabs (inch) 

Tri Date 
1988 1989 

Hour July 25 Au~ust 5 Au~ust 26 November 5 January 21 January 22 February 9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 0.0010 0.0010 0.0018 0.0015 0.0011 0.0012 0.0006 
18:00 0.0023 0.0040 0.0029 0.0025 0.0028 0.0025 0.0021 
20:00 0.0038 0.0043 0.0034 0.0026 0.0031 0.0025 0.0024 
22:00 0.0041 0.0042 0.0034 0.0032 0.0031 0.0025 0.0025 
0:00 0.0040 0.0041 0.0034 0.0027 0.0031 0.0027 0.0025 
2:00 0.0041 0.0040 0.0034 0.0028 0.0031 0.0028 0.0025 
4:00 0.0040 0.0040 0.0035 0.0028 0.0031 0.0027 0.0024 • 6:00 0.0032 0.0032 0.0036 0.0026 0.0031 0.0026 0.0025 
8:00 0.0001 0.0015 0.0025 0.0022 0.0028 0.0024 0.0021 

10:00 0.0002 0.0000 0.0008 0.0002 0.0010 0.0016 0.0004 
12:00 -0.0002 -0.0002 -0.0002 -0.0006 -0.0001 0.0007 -0.0007 

(c) For horizontal displacements in 440-foot slabs (inch) • 
Tri Date 

1988 1989 
Hour July 25 Au~ust 5 Au~ust 26 November 5 January 21 Janu~22 February 9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 0.0672 0.0355 -0.0032 -0.0028 0.0204 0.0170 0.0140 • 18:00 0.0554 0.0162 -0.0552 -0.0453 -0.0207 -0.0247 -0.0349 
20:00 -0.0313 -0.1591 -0.1235 -0.1169 -0.0889 -0.0732 -0.0048 
22:00 -0.1119 -0.2116 -0.1732 -0.1917 -0.1365 -0.0910 -0.1254 

0:00 -0.2120 -0.2501 -0.2071 -0.2055 -0.1725 -0.1166 -0.1562 
2:00 -0.2427 -0.2756 -0.2363 -0.2455 -0.2020 -0.1359 -0.1779 
4:00 -0.2774 -0.3146 -0.2650 -0.2658 -0.2252 -0.1531 -0.1941 
6:00 -0.2900 -0.3192 -0.3116 -0.3019 -0.2452 -0.1727 -0.2106 .. 
8:00 -0.2178 -0.2521 -0.3107 -0.3014 -0.2623 -0.1726 -0.2158 

10:00 -0.0946 -0.1185 -0.2248 -0.2319 -0.2213 -0.1557 -0.1611 
12:00 -0.0238 -0.0251 -0.1089 -0.0973 -0.0947 -0.0920 -0.0307 

(d) For vertical displacements in 440-foot slabs (inch) 

Tri Date 

1988 1989 
Hour July 25 Au~ust 5 Au~ust26 November 5 January 21 January 22 February 9 

14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

16:00 0.0010 0.0010 0.0018 0.0015 0.0011 0.0012 0.0006 
18:00 0.0023 0.0040 0.0029 0.0025 0.0028 0.0025 0.0021 r 
20:00 0.0038 0.0043 0.0034 0.0026 0.0031 0.0025 0.0024 

22:00 0.0041 0.0042 0.0034 0.0032 0.0031 0.0025 0.0025 

0:00 0.0040 0.0041 0.0034 0.0027 0.0031 0.0027 0.0025 
2:00 0.0041 0.0040 0.0034 0.0028 0.0031 0.0028 0.0025 
4:00 0.0040 0.0040 0.0035 0.0028 0.0031 0.0027 0.0024 

6:00 0.0032 0.0032 0.0036 0.0026 0.0031 0.0026 0.0025 , 
8:00 0.0001 0.0015 0.0025 0.0022 0.0028 0.0024 0.0021 

10:00 0.0002 0.0000 0.0008 0.0002 0.0010 0.0016 0.0004 

12:00 0.0002 0.0002 0.0002 0.0006 0.0001 0.0007 0.0007 

.. 
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values are shown on the horizontal axis, and the vertical 
axis corresponds to the predicted values. For a perfect 
correlation, the predicted and field values should be iden­
tical. In these cases, the plot lies on an imaginary straight 
line with a slope of 45 degrees. When the values are 
overpredicted the points fall above this imaginary line; 
they fall below this line if the values are underpredicted. 
The regression coefficient indicates the degree of disper­
sion and agreement of the model. Figures 4.7 through 4.9 
show the correlation for the horizontal displacement, and 
part (b) of eachshows the values for the vertical displace­
ment. 

The predicted horizontal displacements are in close 
agreement with the measured values. The coefficients of 
partial determination in parts (a) of Figs 4.7 through 4.9 
show that the correlation values for program PSCPl 
range between 0.99 and 0.87 for the horizontal move­
ment. This range of values is proof of a high level of reli­
ability in the model, and the value of the coefficient of 
friction agrees with the one proposed in Research Project 
401 (Ref 1). In this case, it is reasonable to assume that 
the model accurately predicts the displacements and no 
further calibration is necessary. 

The only area in which better calibration would be 
possible is a higher precision in the determination of the 
value of the coefficient of friction. However, this should 

be considered with caution, since the output of the pro­
gram is highly sensitive to the value of the coefficient of 
friction and the friction coefficient itself is affected by 
different factors, such as humidity, wear, etc. 

HYPOTHESIS FOR THE CALIBRATION 
PROCEDURE FOR THE VERTICAL 
DISPLACEMENTS 

For the vertical displacements, PSCPI underpredicts 
the behavior. A comparison between the values of Table 
3.3(b) and (d) and those of Table 4.l(a) and (d), shows 
that all the predicted values are far below the field values. 
These comparisons are confmned by the general appear­
ance of Figs 4.4 through 4.6 and parts (b) of Figs 4.7 
through 4.9. A misleading factor is the high values re­
ported for the coefficients of partial determination in 
parts (b) of Figs 4.7 through 4.9, and these values should 
not be considered. 

The lack of accuracy of the models for curling in 
PSCPI demand a more in-depth review of the model . 
The models should be compared and the values con­
trasted to the patterns determined in the analysis of the 
field data. The cause of disagreement between the values 
should be ascertained and the determination of a more 
adequate model carried out. 

• 

• 

• 

• 
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CRITICAL REVIEW OF MODELS 
WESTERGAARD MODEL 
The model suggested by Westergaard is used in 

PSCPl for the prediction of displacements due to curling. 
Its main equations for displacements are 

y = 

Ye = 

I = 

where 

(1+ n) I ai 6TD I t2 
h 

Ye = deflection at the edge, 
L = slab length, 

(4.2) 

(4.3) 

a = concrete thermal coefficient of contraction 
and expansion, 

TO = temperature differential between top and 
bottom, 

k = k-value of soil, 
n = Poisson's ratio of concrete, 

Mx = bending moment in x direction per unit 
width, 

h thickness of slab, and 
Ec modulus of elasticity of concrete. 

An inspection of the model reveals that it is not sen­
sitive to the following factors: 

(l) The function is cyclical. That is, the values are re­
petitive and they always vary in the same fashion. 
Another consideration is that, within the effective 
range of the model, the displacements between slabs 
of different dimension in proportion with the dimen­
sions of the slabs. A further consideration is that the 
predicted values are always larger for larger slabs. 

(2) Equations 4.1 and 4.2 are not sensitive to the geom­
etry of the slab. That is, the equations do not con­
sider the relationship between length, width, and 
slab thickness. Therefore, the slab will have the 
same displacements notwithstanding how wide it is. 
An implication is that, according to this model, 
there is only a certain width of the slab that experi­
ences curling and the remaining portion of the slab 
width is not affected and does not affects the values 
for curling. 

(3) Relative ranges of temperature should be included. 
That is, the effect of term DT is the same whether 
or not the range of temperatures happens during hot 
and dry weather or in cold or wet weather. Another 
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consideration is that it does not consider the effect 
with respect to the temperature at the casting of the 
slab. 

( 4) The coefficient produced on this model provide 
very low values only. Thus, the range of predicted 
values is always restricted to a narrow band. 

These assertions can be checked numerically by in­
putting values in the functions and using the values ob­
tained from program PSCPI for curling. When we relate 
this model to the observed behavior, we note the mis­
match of the model. A summary of the data records for 
the field visits is given in Table 4.2, a quick analysis of 
which reveals the following observed behavior trends: 

( 1) The displacements are not in relative proportion to 
the slab length. As a matter of fact, curling was 
higher for the 240 foot slabs than for the 440 foot 
slabs. 

(2) The geometry of the slab has an effect on the dis­
placement values. This is a natural consequence of 
the observation stated above. 

(3) There is a non-linear effect on vertical displacement 
when the temperature is incremented. Displacement 
will not increase proportionally to the increment of 
temperature. Apparently there is a combined effect. 
That is, the effect of the increment is relative to the 
values of the maximum and minimum temperatures 
themselves. Table 4.2 shows that the differences be­
tween the increments of temperature for each trip 
varied within I0°F. However, the measured dis­
placements were quite different, and these displace­
ments were related to the relative values between 
temperatures, e.g., displacements were higher for 
temperatures around l06°F (July 25) than for 63°F 
(February 9) despite the fact that the temperature in­
crement was higher for the latter (32°F versus 
30°F). 

We can conclude then that Westergaard's model is 
not appropriate for the prediction of curling in PCP slabs. 
Also, since the nature of the model is not conducive to 
revision, a different model is required. 

OTHER MODELS 

The available literature was reviewed and few mod­
els are available for the prediction of displacements due 
to temperature in concrete slabs. Westergaard's model is 
the most accepted. Other models for rigid plates from the 
structural field were tried to see if a combination of them 
with the Westergaard model could help describe the ob­
jective function. The majority of the models contained 
some empirical relationships and not one of them could 
describe the phenomena. Other equations tried, were 
those from elastic foundations. They proved to be similar 
in behavior to Westergaard's model. Therefore, the need 
for the development of a new model arose. 
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HYPOTHESIS FOR THE NEW MODEL 

The problem with available models is the lack of fi­
delity with actual events which occur in the field. The 
model to be developed should consider and reflect actual 
data. 

The hypothesis then is based on a model reflecting 
the concepts expressed in Chapter 2. That is, we will con­
sider the slab as the interface of the exchange of tempera­
ture between two sources: the sun and the soil. From here 
we will develop the effect that temperature has on the 
material and the interaction of the other factors. A de­
scription of the general phenomena was described at the 
beginning of Chapter 2, and the modeling for this phe­
nomena is carried out in the next chapter. 

The planning and work developed for the collection 
of data resulted in very acceptable sets of data for the 
project. Analysis of these data sets revealed that values 
predicted for horizontal displacements in program PSCPI 
are reasonable. The opposite is true with the predicted 
vertical values, which are out of range. Further analysis 
revealed the necessity to develop a new model for the 
prediction of displacements due to curling. 

Due to the importance of this model, its development 
is presented in a separate chapter before the model is in­
troduce~ it into the general body of computer program 
PSCP2, m Chapter 6. Thus, the next chapter is devoted to 
the development and testing of the new model for curl­
ing. 

f 
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CHAPTER 5. DEVELOPMENT OF A MODEL FOR 
THE EFFECT OF TEMPERATURE GRADIENTS 

IN SLAB PAVEMENTS BEHAVIOR 

The change of temperature in the environment devel­
ops a temperature gradient in the slab in conjunction with 
the thermal characteristics of the slab components. This 
gradient produces differences between the displacements 
that take place on the top and the bottom of the slab. The 
result is a relative contraction or expansion of one surface 
with respect to the other, that is, contraction displace­
ments in one surface and expansion in the opposite sur­
face of the slab. The interaction of the forces produces 
curling. 

In this chapter, the necessary frame for the theoreti­
cal and mathematical work is developed to achieve the 
model and its objectives, and the model is tested against 
the collected data from the field. 

GENERAL MODEL 
Figures 5.I(a) and (b) contain the general representa­

tion of the model. Highway structures expose large sur­
faces to the environment. The structure is subjected to 

temperature variations and solar radiation by absorbing 
heat energy from the sun. Soils are, likewise, subjected to 
sun rays and temperature exchange. In this way, a system 
for heat exchange is formed. The active source of energy 
is the sun, and a second (passive) source is the soil. The 
soil acts as a "thermic battery" and the pavement consti­
tutes the interface for the exchange of heat with the envi­
ronment. A general statement could be that radiation ab­
sorption causes the expansion of materials. Similarly, the 
transfer of this heat to the environment has the opposite 
effect. Since temperature changes follow a cyclic pattern, 
pavement slabs are subjected to daily and seasonal varia­
tions. Generally, the principles of thermodynamics apply 
to the rate of heat exchange. The general state of the 
forces is shown in the free-body diagram in Fig 5.1(b). 
The symbols used are defined in the symbols list at the 
beginning of this report. 

From Fig 5.1, we can see that three factors (tempera­
ture, friction, and stored energy) produce strains and 
stresses. These three factors affect PCP in the following 
manner: 

Temperature. Environment can be characterized in 
terms of moisture and temperature. Moisture and tem­
perature in turn are affected by the daily and seasonal 
cycles of our planet. The daily temperature variations in 
lhe pavement are determined by heat gained and lost, 
plus other climatic conditions. The number of hours and 
the intensity of sunrays determine the seasons and the 
peaks in temperature for each season. All these factors 

21 

SUN 
(Heat Source 1) 

# 
~~~t 

SUBGRADE 
(Heat Source 2) 

1
,.. dx..,.

1 

fxc (Com pression) ... 

... 
fxc(Tension) 

+ ky 

(a) Top: Free body diagrams for the slab 
representation. 

(b) Bottom: Free body diagram of forces. 

Fig 5.1. Schematic representation for warping and 
curling. 
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(c) Free body diagram for temperature gradient. 
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and friction. 
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(e) Free body diagram for stored deformation energy 
and dead weight. 

Fig 5.1. Schematic representation for warping and 
curling (continued). 

produce a new set of conditions for pavements in a re­
petitive fashion. This cyclical behavior produces periods 
of expansion and contraction under different service peri­
ods of the structure. In terms of conditions that affect the 
pavement structure we know that: (a) expansion happens 
during the hours of major traffic volume and (b) contrac­
tion takes place at night, with a lesser volume of vehicles. 
Then, temperature, as a parameter of environment, affects 
the behavior of pavement. 

Friction. Variations in moisture and temperature 
cause minute volume changes in the pavement However, 
this expansion and contraction are different from there 
that might occur in the subbase. Therefore, movement de­
velops, with friction occurring between slab and subbase. 
The nature of the friction force is not completely known; 
however, it is assumed to be produced by two factors: (1) 
molecular attraction and the nature of the surfaces in con­
tact and (2) irregularities between the surfaces in contact. 

For PCP, the development of friction has a beneficial 
and detrimental effect. The type of effect depends on the 
direction of movement in relation to the prestressing as 
the friction develops. A detrimental effect results during 
the contraction of the slab. Friction introduces tensile 
stresses on the bottom of the slab. A beneficial effect is 
produced by the expansion of the slab, because of the 
compressive stresses that develop, also due to friction at 
the slab/subbase interface. 

The movements normally vary from a maximum at 
the edge to the smallest at the center of the slab. There­
fore, the maximum friction forces develop at the ends and 
decrease toward the center. Concrete stresses resulting 
from the accumulation of friction forces grow from zero 
at the end to a maximum at the center. Characteristically, 
in a daily cycle, two movement and friction resistance re­
versals happen. The reversals occur within a few degrees 
of the maximum or the minimum slab temperatures. 

The magnitude of the friction restraint stresses de­
pends primarily on three factors: (1) the concrete coeffi­
cients of contraction and expansion, (2) the concrete 
modulus of elasticity, and, (3) the friction force versus 
movement relationship. The tensile stresses are the most 
important since they result in unfavorable conditions for 
the PCP. 

Stored Energy. An increasing amount of deformation 
energy is stored in the slab with time. This energy is con­
sidered to be stored because it is within the elastic range 
of deformation of the slab and the strains induced are 
susceptible to being released in certain conditions. 

A more extensive summary of the effect of factors 
affecting the performance of PCP is presented in Re­
search Report 556-4F (Ref 4). 

• 
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GOVERNING FACTORS AND 
ASSUMPTIONS OF THE MODEL 

In this section, the scheme and theory framework for 
the development of the model is introduced. An outline of 
the principal considerations, assumptions, and conven­
tions for the development of the model is presented. 

GOVERNING FACTORS AND MODEL 
OUTUNE 

Different forces act while curling is produced. These 
actions affect curling. Then, the main forces that contrib­
ute to the development of curling must be considered. For 
the present research, curling is considered to be governed 
by the following factors: 

(1) Stresses that are the product of the temperature gra­
dient developed between opposite faces of the slab. 

(2) Stresses that are the product of friction between the 
subbase and the slab produced by the thermic con­
traction of the slab. 

(3) Stored deformation energy of the slab. 
(4) Structural stiffness of the element. 

Since we are mainly dealing with forces, the additive 
and associative properties of forces apply. Then, each 
component can be determined separately and their effect 
can be added at the end of the process. 

ASSUMPTIONS OF THE MODEL 

These assumptions for this model: 

(1) The vertical reaction to any section is directly pro­
portional to the deflection, Yk. The proportionality 
constant k being the modulus of subgrade reaction. 

(2) Zero deflection is at the position of rest on the level 
subgrade from the initial deflection. 

(3) Concrete is a homogeneous, linearly elastic mate­
rial. 

(4) Temperature or moisture differentials from top to 
bottom producing upward deflections are negative. 

(5) Upward deflections are positive. 
( 6) Tensile stresses are positive. 
(7) The origin of the coordinates of movement is taken 

at the midslab. 
(8) In general, the principles of elasticity, friction, and 

energy apply to the model. 

DEVELOPMENT OF THE MODEL 
The different steps in the development of the model 

are discussed herein. They are 
(1) solution of the model for the prediction of curling at 

the slab edges, 
(2) generalization of the mcxlel for prediction of curling 

along the slab, 
(3) solution for the transition during gradient reversal, 

and 
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(4) solution for the computation of stresses. 

For clarity, expressions from the general theory are desig­
nated using a letter as extension, while the particular ex­
pressions developed for the mcxlel are numbered in the 
extension. 

GENERAL STATE OF FORCES 
The general state of forces in the body during curling 

was analyzed for each one of the governing factors. Fig­
ure 5.1(b) can be considered as a departing point for this 
development Figure 5.1(c, d, and e) are diagrams repre­
senting the effects of temperature, friction, and stored en­
ergy in a slab element. 
Development of Equations 

From Fig 5.1, we can see that three factors (tempera­
ture, friction, and stored energy) produce strains and 
stresses. 

Temperature. The strains and stresses produced by 
temperature, friction, and stored energy translate into 
bending moments acting on the slab. The basic equation 
for stress from the elastic theory can be employed for the 
analysis of these bending moments, that is; 

s = Ee (5.1) 

where 

0' = stress in the material, 
E = modulus of elasticity of the material, and 
e: = strain of the material. 

and for thermal changes, strains can be expressed as 

e: = a ~T 

where 

a = thermal coefficient of the material and 
~T = increment in temperature. 

(5.2) 

For the determination of the expressions for the 
bending moments, a differential element of one section 
was studied and the necessary relations and algebra 
worked out. Finally, the effect along the slab width was 
considered. The developed equations for each factor are 
presented below. 

Temperature Gradient. Assuming the temperature is 
DTo degrees higher at the top of the pavement than at 
the bottom, the strain prcxluced will be a product of the 
gradual work performed by the effective temperature in­
crement. The state of strains, stresses, and forces pro­
duced is depicted in Fig 5.l(c). Then, the equation for 
stress for an effective increment of temperature gradient 
DTo· is 

(5.3) 
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where 

a = concrete thennal coefficient of contraction 
and expansion, and 

Ec = concrete modulus of elasticity, psi. 

O.To' = effective increment of temperature, or 
n 

Jo.To (5.4) 
0 

From the energy theory and from the concepts expressed 
before, we know that this function is continuous and that 
a continuous record of calorific energy would be neces­
sary for the accurate detennination of the work done. The 
input of such set of data would be impractical and 
uneconomical. Therefore a discrete equation is sought. 
From the work equations, we know that a good approxi­
mation for discrete increments is achieved using the aver­
age value of the discrete increments. Then, the adopted 
equation is 

1 n 

O.To· = 2n l:o.Tm 

0 

(5.5) 

The bending moment Mro produced by this force is 
constant throughout the slab. If now we consider the slab 
width in the integrated expression along the slab profile 
we have 

where 

B = width of slab, in., and 
D = slab thickness, in. 

(5.6) 

Volumetric Thermal Change and Friction. The 
strains induced in a slab element are shown in Fig 5.l(d), 

assuming a thennal decrement ATM. Here, the equation 
of stresses induced by the slab contraction has the form 

of Eq 5.3, but, for the tenn ATD', which is replaced by 

DTM'• that represents the increment in temperature with 
reference to the original casting temperature. Then, a vir­
tual moment is produced by a contracting force and a 
friction force, where the friction force is of the same 
magnitude but opposite in direction to the contracting 
force. The equation for the constant bending moment 

MTM produced by slab contraction and friction is 

Eco. o 2 O.TM' 
MTM= 4 

(5.7) 

where 

O.TM' 

and 

O.TMi = increment of temperature at time i, °F, 

(5.8) 

TMi = temperature at middle depth of slab, °F, and 
TMo = temperature of slab at initial curing, °F, and 

all other terms are as defined above. 

Stored Deformation Energy and Dead Weight. As­
suming that the slab deflects gradually when subjected to 
its dead weight, an increasing amount of defonnation en­
ergy is stored in the slab with time. The effect of this de­
fonnation in the slab element is depicted in Fig 5.l(e). 
This energy is considered to be stored because it is within 
the elastic range of defonnation of the slab and the 
strains induced are susceptible to be released if the condi­
tions are given. This energy is proportional to the amount 
of strain eu induced in the slab as it deforms. Then, the 
strain produced is related to the deflection of the slab, 
that is 

eu = f(Yw) 

where 

ro L2 
Yw=-­

k 

where 

eu = strain due to stored defonnation energy; 
Yw = slab deflection after period T, inch; 

(5.9) 

ro = unifonn distributed weight of concrete, lb/ 
inch; 

L = total length of the slab, inch; and 
k = relative value of soil support (k-value), psi/ 

inch. 

Deflection Y can be related to the strain eu produced by 
means of the Poisson's modulus. As stated, the stored 
strain affects the development of ongoing temporal 
strains in the slab since it is already stored in the slab. 
Therefore, it must be accounted for in the development of 
stresses. The final relation for a unifonnly distributed 
load is 

where 

(5.10) 

v = Poisson's ratio for concrete and all the other 
terms are as defmed above. 

SOLUTION OF THE MODEL 

In the frrst part of this section, the particular solution 
for the model at the edge is determined separately, 
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affecting it by a parameter representative of the function 
for intermediate points along the slab. In this way the 
handling of the integration operations is clearer. Once the 
initial particular expression is produced, the 
generalization of the model is achieved by the 
introduction of the parameter developed for the 
intermediate points along the slab. For clarity, the 
presentation of the development of the solutions follows 
the same order. 

Since the development of the model is based on an 
established temperature gradient is acting on the slab, the 
model does not hold for a transition period when the tem­
perature gradient experiences a reversal. In this portion of 
the cycle, the slab experiences a recovery of its former 
shape. For a better description of the entire cycle it is 
necessary to introduce a model describing this recovery 
period. 

In the last part of the section, the solution for the 
computation of the stresses induced by curling is intro­
duced. 

Solution for the Slab Edge Vertical Displacements. 
A relation developed from the elastic theory is used for 
the determination of the displacements due to curling. 
From the theory of elasticity, we know that the second 
derivative of Y with respect to X is equal to the bending 
moment divided by the product of the modulus of elastic­
ity times the moment of inertia of the element. Then, the 
following relation is established: 

(5.11) 

the expression for slabs is 

(5.12) 

where 

(5.13) 

and all others are as defmed above. 
In Eq 5.12, the moment of inertia I is replaced by the 

flexural rigidity of the slab D, which differs from the ri­
gidity of the conventional beam by the factor 1/ (1 - v2). 

The determination of Y implies the double integra­
tion of the function in Eq 5.12, that is, 

1 n 
Y=-J fMdx2 

Eio o 
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(5.14) 

From the preceding section we got the expressions 
for the moments due to temperature and friction. Then, 
the total displacement for curling "Y" will be equal to the 
sum of both moments, that is: 

(5.9) 

Now, we can consider that the displacements are 
symmetric for each half of the slab. Then, if we substitute 
Mro and MTM for their expressions in Eqs 5.4 and 5.5, 
and if we perform the integration from the center of the 
slab to the edge, the fmal result is 

Y =! [6.To· a+ v ro L3 )x2 $ (B/L)2 (1 - v2) 
2 \ 15 Ec2k 

D 

+ 0TM' a+ 1~ EJ3k) x2 dl (B/L)2 (1 - v2)l 

o2 J (5.15) 

where all the variables have already been defined, except 
f, which is a parameter representing a restricting factor 
affecting the level of displacements along the slab. For 
slab edges the value of this parameter is equal to unity. 

Equation 5.16 is the function that describes the be­
havior of the corner of a the PCP slab as it curls due to 
temperature differentials. 

As we can see, the model considers 

(I) the relative effect of temperatures, 
(2) friction, 
(3) slab geometry and 
(4) the value of the soil support. 

Now the next step is the determination of the expres­
sion for intermediate points and their stresses. They are 
discussed below. 

Solution for Vertical Displacement of Intermediate 
Points Along the Slab. The magnitudes of the curling dis­
placements at different points of the slab length are a 
function of the increasing stiffness of the slab as it ap­
proaches the center. For the determination of the curling 
displacements along the slab, a regression analysis using 
the collected data was performed. From this analysis, the 
function determined for the model has the form 
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(5.17) 

Then, Eqs 5.16 and 5.17 constitute the generalization 
for the prediction of curling displacements in slabs. 

Solution for the Transition of Temperature Gradient 
Reversal. A little after sunrise, when sunrays start heating 
the pavement again, the top of the pavement becomes 
hotter than the bottom. This heat produces a short transi­
tion and a reversal of the temperature gradient, and con­
sequently the direction of the forces become opposite to 
the direction shown in Fig 5.1. It is during the transition 
moment when the slab flattens again. In fact, the slab is 
recovering its horizontal shape before undergoing the op­
posite part of the cycle, in which the slab stores strains 
and stresses. 

From Figs 4.8 and 4.9, we learned that the path de­
scribed by the slab is different from the cooling path. The 
heating path is steeper in relation to the cooling (or curl­
ing) path. The reasons for this influence is that the slab is 
helped by its own weight, its stiffness, and, in general, 
the release of energy stored during curling. 

An in-depth analysis of this transition path is of no 
use since the values of interest for design are those of 
maximum curling and stresses caused by curling. In addi­
tion, the complexity of the data required for the study of 
this transition is beyond the scope of this research. How­
ever, for a better description of the slab behavior from 
cycle to cycle, this transition of temperature gradient re­
versal was studied. Regression analysis techniques were 
used to develop a parametric equation for this model. The 
fmal model for the transition of temperature gradient re­
versal is 

where 

cp = 

ATDi = 
Ycmax = 

parameter in function of the history of 
intensity of the heat radiation and the 
thermal effective coefficient of the 
pavement - for the present research, the 
values ranged between 18.5 for hot 
weather, and 13 and 10 for cold 
weather; 
as defined before; 
maximum curl experienced by the slab 
before the transition, inch; 

ATDtmax = maximum positive temperature 
differential produced during the 
transition, °F; and 

ATDtmax = maximum negative temperature 
differential produced during the curling 
cycle, 0 F. 

Solution for the Computation of Stresses. As men­
tioned earlier, materials dissipate energy by means of de­
formations. Thus, when a slab is curling, it is dissipating 
energy and, in consequence, the stresses to which it is be­
ing subjected. The opposite happens when the material 
deformation is restricted The restriction causes the mate­
rial to start building up stresses. In this case, stresses due 
to a temperature differential build up in those portions of 
the slab that are restricted to deformation or curl. There­
fore, the level of stresses is maximum where the stresses 
are fully restricted. For slabs, the full restriction occurs at 
the centerline of the slab. 

Once the displacements have been modeled, we can 
see that curling is fully restricted at the centerline of the 
slab. From there, stresses decrease gradually and reach a 
value of zero at the slab edge. The location of this point 
is a function of the friction, stored energy, particularities 
of the slab, construction, etc. From the engineering point 
of view, the maximum stress is of interest for design of 
the slab. This is because no further economy is achieved 
in practical terms since slabs are designed with a constant 
thickness and the specifications of steel reinforcement 
from design is mainly uniform for the entire slab. 

From the work developed above, a relationship can 
be stated for the determination of stresses based on the 
relationship of Eqs 5.11 and 5.12. This expressions cov­
ers only the effect of curling, since the effects of tempera­
ture with friction are covered in the model for determina­
tion of stresses due to slab friction. Then, the expression 
for the stresses produced by the temperature differential 
has the form 

tT v roL3 J cr=Ec 6: D'a+ 
15 Ec2 k 

(5.19) 

A conservative and more practical value for the determi­
nation of the maximwn stresses of the slab is given by 
the relationship 

a = Ec {ATD' a) (5.20) 

This value is constant at the slab centerline and it is 
added to the stresses due to friction along the slab. 

TESTING OF THE MODEL 
The validation of the model is made comparing the 

predicted values of the model just developed with the ac­
tual collected data. 

The values for the horizontal displacements were 
employed as input for the model for curling for the 
validation. In this way, the error of the predicted data was 
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restricted to only the error of the model itself and the 
implicit error of the collected data. The predicted values 
are in Tables 5.1 to 5.3. Table 5.1 contains the values for 
the predicted vertical displacements at the edge, the 
results for curling at the one-sixth point from the slab 
comer are in Table 5.2, and the values for the predicted 
vertical displacements at the one-sixth point from the 
center of the slab (one-third point from the corner of the 
slab) are in Table 5.3. Then, the predicted values were 
compared with Table 4.15, which has the summary of 
the representative values from the data collected in the 
field, and with Tables 4.7 to 4.10 for comparison with 
intermediate data points. 

Figures 5.2 to 5.9 depict the degree of correlation be­
tween the field and the predicted data for the data sets 
collected on July 25, November 5, and January 22. These 
data are representative of hot, random, and cold weather. 
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The correlation obtained is good. The values ranged be­
tween 0.86 and 0.98. A look at the figures reveals that the 
degree of dispersion is higher for the initial readings of 
each set of data and the correlation points approach the 
forty-five degree line as the amount of data accumulates. 
This behavior is expected since the model uses a discrete 
approximation function for temperature. Therefore, the 
model yields reasonable predictions for use in design. 

With the satisfactory testing of this model, the pro­
cess for the development of a new model, required for the 
more accurate estimation of curling values in PCP slabs, 
has been achieved. The necessary assumptions were pre­
sented and the solutions for the model were worked out. 
In the following chapter, program PSCn, the upgraded 
version of PSCPI, is introduced along with a summary of 
the principal factors and concepts involved in the calibra­
tion. 

TABLE 5.1. SUMMARY OF PREDICTED VALUES FROM NEW MODEL FOR CURLING 

(a) For vertical displacements at the corner of a 240-foot slab (inch) 

Tri Date 
1988 1989 

Hour July 25 AusustS Ausust26 NovemberS Janu~21 January22 Febru~9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 0.0147 0.0284 0.0068 0.0034 0.0030 0.0031 0.0052 
18:00 0.0791 0.0095 O.OS30 0.0347 0.01S8 0,0158 0.0089 
20:00 0.1210 0.0490 0.0926 0.0567 0.0293 0.0257 0.0206 
22:00 0.1466 0.0937 0.1162 0.0781 0.0368 0.0290 0.0287 
0:00 0.1625 0.1171 0.1317 0.0818 0.0414 0.0342 0.0337 
2:00 0.1726 0.1319 0.1432 0.0890 0.044S 0.0380 0.0366 
4:00 0.1826 0.1412 0.1S40 0.0925 0.0466 0.0408 0.0386 
6:00 0.1595 0.1S29 0.1684 0.0963 0.0481 0.0433 0.0404 
8:00 0.0733 0.1271 0.1326 0.0968 0.0495 0.0398 0.0381 

10:00 0.0177 0.068S 0.0502 0.0383 0.0228 0.0252 0.0154 
12:00 0.0177 0.0211 0.0036 0.0127 0.0071 0.0106 0.0013 
14:00 0.0177 0.0149 0.0185 0.0230 0.0072 0.0055 0.0020 

(b) For vertical displacements at the comer of a 440-foot slab (inch) 

Tri Date 
1988 1989 

Hour July 25 AuestS Au~t26 NovemberS Janu~21 Janu~22 Febru~9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 0.0142 0.0276 0.0065 0.0030 0.0024 0.0025 0.0040 
18:00 0.0732 0.0092 0.0489 0.0300 0.0133 0.0131 0.0073 
20:00 0.1105 0.04S2 0.0844 0.0483 0.0240 0.0208 0.0165 
22:00 0.1326 0.08S4 0.1051 0.0656 0.0298 0.0232 0.0228 
0:00 0.1459 0.10S8 0.1184 0.0685 0.0332 0.0273 0.0265 
2:00 0.1542 0.1185 0.1281 0.0738 0.0354 0.0302 0.0286 
4:00 B:l~oY 0.1262 0.1371 0.0763 0.0368 0.0322 0.0300 
6:00 0.13S7 0.1486 0.0787 0.0378 0.0336 0.0312 
8:00 0.0645 0.1221 0.1301 0.0824 0.0402 0.0328 0.0294 

10:00 0.0156 0.0658 0.0507 0.0326 0.0185 0.0207 0.0119 
12:00 0.0156 0.0203 0.0056 0.0108 0.0058 0.0087 0.0010 
14:00 0.0156 0.0143 0.0201 0.0196 0.0059 0.0046 0.0016 
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TABLE 5.2. SUMMARY OF PREDICTED VALUES FROM NEW MODEL FOR CURLING 

(a) For vertical displacements at the sixth point of a 240-foot slab (inch) 

Tri Date 
1988 1989 

Hour July 25 Au~ust 5 Au~ust 26 November 5 Janu~21 Janu~22 Febru~9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 • 
16:00 0.0091 O.Q176 0.0042 0.0021 0.0018 0.0019 0.0032 
18:00 0.0488 0.0059 0.0327 0.0214 0.0098 0.0098 0.0055 
20:00 0.0747 0.0303 0.0571 0.0350 0.0181 0.0159 0.0127 
22:00 0.0905 0.0579 0.0718 0.0482 0.0227 0.0179 0.0177 
0:00 0.1003 0.0723 0.0813 0.0505 0.0255 0.0211 0.0208 
2:00 0.1066 0.0814 0.0884 0.0550 0.0275 0.0235 0.0226 • 4:00 0.1127 0.0872 0.0951 0.0571 0.0287 0.0252 0.0239 
6:00 0.0984 0.0944 0.1040 0.0594 0.0297 0.0267 0.0249 
8:00 0.0453 0.0785 0.0818 0.0598 0.0306 0.0246 0.0235 

10:00 0.0109 0.0423 0.0310 0.0236 0.0141 0.0155 0.0095 
12:00 0.0109 0.0130 0.0022 0.0078 0.0044 0.0065 0.0008 
14:00 0.0109 0.0092 O.Q114 0.0142 0.0045 0.0034 0.0012 

• 
(b) For vertical displacements at the sixth point of a 440-foot slab (inch) 

Tri Date 

1988 1989 
Hour July 25 August 5 August 26 NovemberS Janu~21 January 22 February 9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 • 
16:00 0.0088 0.0170 0.0040 0.0018 0.0015 0.0015 0.0025 
18:00 0.0452 0.0057 0.0302 0.0185 0.0082 0.0081 0.0045 
20:00 0.0682 0.0279 0.0521 0.0298 0.0148 0.0128 0.0102 
22:00 0.0818 0.0527 0.0649 0.0405 0.0184 0.0143 0.0141 

0:00 0.0901 0.0653 0.0731 0.0423 0.0205 0.0169 0.0163 
2:00 0.0952 0.0731 0.0791 0.0456 0.0219 0.0187 O.Dl76 • 4:00 0.1000 0.0779 0.0846 0.0471 0.0227 0.0199 0.0185 
6:00 0.0865 0.0838 0.0917 0.0486 0.0233 0.0207 0.0193 
8:00 0.0398 0.0754 0.0803 0.0509 0.0248 0.0202 0.0182 

10:00 0.0096 0.0406 0.0313 0.0201 0.0114 0.0128 0.0073 
12:00 0.0096 0.0125 0.0035 0.0066 0.0036 0.0054 0.0006 
14:00 0.0096 0.0088 0.0124 0.0121 0.0036 0.0028 0.0010 

• 

• 

• 

• 
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TABLE 5.3. SUMMARY OF PREDICTED VALUES FROM NEW MODEL FOR CURLING 

(a) For vertical displacements at the third point of' a 240-f'oot slab (inch) 

Tri Date 
1988 1989 

Hour July 25 Au~ust 5 AU£USt 26 November 5 Janu!!l: 21 Janu!!l: 22 Febru!!l: 9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 0.0067 0.0130 0.0031 0.0016 0.0014 0.0014 0.0024 
18:00 0.0361 0.0043 0.0242 0.0158 0.0072 0.0072 0.0041 
20:00 0.0553 0.0224 0.0423 0.0259 0.0134 O.Dl18 0.0094 
22:00 0.0669 0.0428 0.0531 0.0357 0.0168 0.0132 0.0131 

0:00 0.0742 0.0535 0.0601 0.0374 0.0189 0.0156 0.0154 
2:00 0.0789 0.0603 0.0654 0.0407 0.0203 0.0174 0.0167 
4:00 0.0834 0.0645 0.0703 0.0422 0.0213 0.0186 0.0177 
6:00 0.0728 0.0698 0.0769 0.0440 0.0220 0.0198 0.0185 
8:00 0.0335 0.0581 0.0606 0.0442 0.0226 0.0182 0.0174 

10:00 0.0081 0.0313 0.0229 0.0175 0.0104 0.0115 0.0070 
12:00 0.0081 0.0096 0.0016 0.0058 0.0032 0.0048 0.0006 
14:00 0.0081 0.0068 0.0085 0.0105 0.0033 0.0025 0.0009 

(b) For vertical displacements at the third point of' a 440-f'oot slab (inch) 

Trip Date 

1988 1989 
Hour July 25 Au12ust 5 Au12ust 26 NovemberS Janu!!l: 21 Janu!!l: 22 Febru~9 
14:00 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
16:00 0.0065 0.0126 0.0030 0.0014 0.0011 0.0011 0.0018 
18:00 0.0334 0.0042 0.0223 0.0137 0.0061 0.0060 0.0033 
20:00 0.0505 0.0206 0.0385 0.0221 0.0110 0.0095 0.0076 

22:00 0.0606 0.0390 0.0480 0.0300 0.0136 0.0106 0.0104 
0:00 0.0666 0.0483 0.0541 0.0313 0.0152 0.0125 0.0121 
2:00 0.0704 0.0541 0.0585 0.0337 0.0162 0.0138 0.0130 
4:00 0.0740 0.0576 0.0626 0.0349 0.0168 0.0147 0.0137 
6:00 0.0640 0.0620 0.0679 0.0359 O.Gl73 0.0153 0.0142 
8:00 0.0294 0.0558 0.0594 0.0376 0.0184 0.0150 0.0134 

10:00 0.0071 0.0301 0.0231 0.0149 0.0085 0.0095 0.0054 
12:00 0.0071 0.0093 0.0026 0.0049 0.0026 0.0040 0.0005 
14:00 0.0071 0.0065 0.0092 0.0089 0.0027 0.0021 0.0007 
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CHAPTER 6. CALIBRATION OF THE PROGRAM PSCPl 

In this chapter, the main factors and the procedures 
executed for the calibration of the program are described 
and the principal concepts that resulted from this process 
are discussed. Program PSCP2 is introduced, and the cor­
relation between the values predicted by the program and 
the field values are discussed, along with some consider­
ations for better use of the program. 

PRINCIPAL FACTORS IN CALIBRATION 
In Chapter 2, an analysis of the principal variables 

was performed to detect the possible factors that could 
have a role of importance in the behavior of PCP slabs 
and consequently in the models used in the program. 
Table 2.1 and Fig 2.3(a) and (b) presented graphically the 
information product for this first analysis and served as a 
departure point for the data collection planning. The 
analysis became more objective in Chapter 3, where the 
analysis of the data for the models was discussed. 

At the stage of research previous to the collection of 
data, it was stated that a prime part in the calibration 
would be the data collection. The input characterization 
made it clear that there were some factors which made it 
necessary to carefully plan for the collection of signifi­
cant data under different conditions for their analysis. 
Also, a sequence for the calibration process was sug­
gested. Afterwards, the required data were gathered and 
the analysis was concluded. Also it was possible to estab­
lish the relative weight of each factor in the calibration. 
From the work done up to this point, the factors that are 
considered to have a major role in the calibration of the 
program are: 

(1) Environment. The driving force for curling is envi­
ronment. The changing conditions of its principal 
parameters, moisture and temperature, provide a dif­
ferent set of conditions each time, making the pave­
ment slab behave within different ranges of values 
for all the other factors (friction, thermal contrac­
tion, etc.). The collected values and the measured 
behavior confirmed the importance of stresses in­
duced by environmental changes. 

(2) Friction. The second factor for the calibration of the 
program was friction. The measurement of horizon­
tal displacements permitted the analysis of the fric­
tion under the PCC slab. The models turn out to be 
especially sensitive to the friction values and pro­
files. From the analysis it was stated that the model 
in PSCPI rendered reasonable results for the hori­
zontal displacements, and the calibration proceeded 
to the adjustment of values determined in previous 
research projects. The results indicated that the val­
ues previously reported were somewhat high for the 
displacements experienced by the PCP slabs moni­
tored in this study. 
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(3) Temperature Gradients and Thermal Coefficient of 
the Slab. A third factor for the calibration of the 
program was the analysis and determination of the 
effect of temperature gradients in the slab and their 
combination with other factors. The effect of the 
thermal coefficient of the material and its variations 
were studied along with friction and temperature 
gradients for the determination of the basic factors 
in curling. A model that considered this and other 
factors was developed and tested for accuracy. 
Then, the new model was implemented into pro­
gram PSCP2 with the changes necessary to reflect 
the build-up of stresses due to curling in the slab. It 
is important to point out that during the analysis and 
testing of program PSCP2 it was possible to observe 
the range of variations that these three factors expe­
rienced during the collection period. These varia­
tions confirmed the range of variations suggested in 
manuals. It is also interesting to note the sensitivity 
reflected by the models to these variations. Varia­
tions in the values of the coefficients must be con­
sidered in the determination of values for design. 
An exemplification of this responsiveness is pre­
sented later on in this chapter. 

(4) K-value and Structural Stiffness of the Slab. An as­
pect brought up by the analysis was that the varia­
tions in mechanical strength of the soil represented 
by the soil support value (k-value) do not affect to a 
large extent the behavior of the slab at this stage of 
the slab life. The k-value and the stiffness of the 
slab work in conjunction as a structural unit. The 
model developed in this respect is somewhat differ­
ent from the Westergaard model and more closely 
related to the models used in soil mechanics. Once 
the structural stiffness effect was measured, it was 
translated and introduced in the model in terms of 
strain energy. 

The calibration process ended when program PSCP2 
was tested. From the test it was clear that it was not nec­
essary to pursue a further calibration since the range of 
values predicted by program PSCP2 is accurate enough 
for use in design. Thus, the calibration did not have to 
further consider the remaining factors (such as models 
and coefficients for concrete and steel), which were men­
tioned for the tentative calibration procedure in Chapter 
2. 

CALffiRATED PROGRAM PSCP2 
Program PSCP2 constitutes the upgraded version of 

program PSCPl. The flow charts of the model for the 
prediction of curling and its location within the general 
flow chart of program PSCP2 are presented in this 
section. For a more thorough discussion on the flow chart 
of program PSCPl, the reader should refer to Research 
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Report 401, by Mendoza-Diaz et al (Ref l). Changes in 
the program input data and codification of data input can 
be found, along with an example of the data used, in 
Appendixes A and B. Appendixes C and D contain an 
example of the output data and the listing of the program. 
In this section, the results from the PSCP2 correlation 
with the data collected in the field are presented for the 
horizontal and the vertical data. 

The program has been maintained and it is upgraded 
with the following changes: 

(1) A new model for curling was developed. This 
model allows the prediction of vertical displace­
ments due to curling and/or warping and introduces 
geometry factors that were not considered before in 
the calculation of this type of displacement. The 
model for curling is presented and discussed in 
Chapter 5. 

(2) An equation developed at CTR for the computation 
of the modulus of elasticity for concretes made in 
Texas was added. This equation considers the type 
of aggregate in the computation of the modulus of 
elasticity. 

The general flow chart diagram for program PSCP2 
is shown in Fig 6.1. This flow chart is essentially identi­
cal to the one of program PSCP1 (Ref 2) except that sub­
routine PREDMD is added (to calculate the modulus of 
elasticity) and the newly developed model was installed 
in subroutine CURL. The flow chart for this new model 
for curling is presented in Fig 6.2. 

The flow of the program in subroutine CURL with 
the model installed proceeds in the following manner. 
First, the values for the average temperature gradients are 
determined as well as the maximum and minimum tem­
perature gradients for the cycle. Next, the program deter­
mines for each reading whether or not the slab is under­
going curling. If it is, the value for curling is determined 
for each time interval until the program detects a change 
in the gradient. Once the program establishes that the slab 
is experiencing a reversal in the temperature gmdient. the 
program predicts the transition part of the cycle, which 
occurs when the slab is flattening. For each part of the 
process, the stresses that build up in the slab are com­
puted after the displacements are calculated. Then, the 
command of the program returns to the main routine. 

The program can also predict the build up of stresses 
from warping. The difference in this case is that the gra­
dients to be input are the equivalent ones induced by the 
moisture differentials developed between the top and the 
bottom of the slab. 

Additionally, a version of program PSCP2 was made 
for a personal computer (PC). This PC version of PSCP2 
achieves the objectives of lower costs and higher avail­
ability of the program while keeping efficiency. The aver­
age time for one run is less than two minutes in a com­
puter with a speed of 10 MHz. This running time is 
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reduced to seconds for a 25 MHz machine. These running 
times allow the consideration of several design possibili­
ties in a short period of time. 

The general accuracy of the program was tested us­
ing data from the field. Previously, some correlation val­
ues were determined for the horizontal data in Chapter 4 
and correlation values for the vertical displacements were 
presented with the testing of the model for curling. Here, 
the fmal correlation values for horizontal and vertical dis­
placements from the interaction of models in PSCP2 
were checked. 

HORIZONTAL DISPLACEMENTS 

In all cases the computed values were found accept­
able and in agreement with field values for this project. A 
coefficient of friction of 0.2 was used in the input. For 
the compressive strength of concrete, the mean value of 
the final strength determined by laboratory testing of the 
field samples was calculated. All the other input values 
were taken from field records. Input values are in Appen­
dix B. 

The numbers turned out by program PSCP2 are the 
same as those presented in Table 4.1. The curves corre­
sponding to the horizontal displacement values are shown 
in Figs 4.1 to 4.3. They show good agreement between 
the predicted and the measured behavior. Parts (a) of Figs 
4.7 to 4.9 show the correlation for the horizontal dis­
placement The predicted horizontal displacements are in 
close agreement with the measured values. The coeffi­
cients of partial determination in parts (a) of Figs 4.7 to 
4.9 show that the correlation values for program PSCP1 
ranged between 0.99 and 0.87 for the horizontal move­
ment 

Figure 6.3(a) and (b) confrrms the level of correla­
tion between the field data and the data predicted by 
PSCP2 for the edge points of the data set collected on 
July 25. Figures 6.4 and 6.5(a) and (b) confrrm the level 
of correlation between the field data and the data pre­
dicted by PSCP2 for the interior points of data sets col­
lected on November 5 and January 22 for 240 and 440-
foot slabs. 

VERTICAL DISPLACEMENTS 

For vertical displacements, the predicted values are 
summarized in Tables 6.1 and 6.2. Figures 6.6 to 6.8 
show the correlation between the field and predicted ver­
tical displacement data for the edge and interior locations 
of the data sets for July 25, November 5, and January 22. 
The correlation in these figures is slightly lower than the 
correlation obtained for the model alone in Figs 5.2 to 
5.9. This is due to round-off and to truncation errors in­
troduced by the interaction of the models and possibly to 
the variations in the value of the thermal coefficients of 
the materials with the seasons. 
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Subroutine 
TIDEVAR 

Compute Profiles of Movement and Friction 
Restraint Stresses from Friction Submodel 2 

uperimpose Post-tensioning Stress 
Applied, If any, to Friction Stresses 
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(continued) 

Fig. 6.1. General now diagram of computer program PSCP2. 
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Fig. 6.1. General now diagram of computer program PSCP2 (continued). 
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Subroutine Curl 

ilmperatures and Slab Data 

Compute Discrete Aproximation of Effectivelncrement of 
Temperature Gradientfor All Time Intervals 

Compute Values for T~ansition Parts of Cycle 

loop for Slab length Increments 

Compute Relative Values of Stiffness 

'lt!s 

Calculate Displacements Due to Curling 

Calculate Stresses Induced 

Fig 6.2. Flow diagram for subroutine CURL. 
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TABLE 6.1. SUMMARY OF PREDICTED VALUES FOR CURLING FROM PROGRAM PSCP2 

(a) For vertical displacements at the corner of a 240-foot slab (inch) 

Tri Date 
1988 1989 

Hour July 25 Au&ust 5 Au&ust 26 November 5 Janu!!X 21 Janu!!X 22 Febru!!:!19 
14:00 -.00078 -.00078 -.00078 -.00078 -.00078 -.00078 -.00078 
16:00 -.02750 -.02475 .00481 .00301 -.00540 -.00448 -.00692 
18:00 -.01455 .01348 .04414 .03935 .02518 .01886 .01038 
20:00 .03641 .08863 .07768 .06442 .04686 .03089 .02487 

22:00 .07313 .10810 .09769 .08901 .05891 .03483 .03490 
0:00 .10667 .11995 .11075 .09329 .06630 .04137 .04107 
2:00 .11786 .12713 .12045 .10143 .07140 .04607 .04470 
4:00 .12840 .13643 .12957 .10536 .07466 .04942 .04723 
6:00 .12819 .13346 .14162 .10952 .07711 .05187 .04940 
8:00 .07842 .08189 .13662 .10688 .07775 .05081 .04881 

10:00 .03428 .03344 .08153 .06166 .04303 .03217 .02356 
12:00 .00787 -.02197 .03953 .02668 .01889 .01787 -.00095 

(b) For vertical displacements at the corner of a 440-foot slab (inch) 

Tri Date 
1988 1989 

Hour July 25 August 5 Au~ust26 November 5 January 21 Janu!!:!122 February 9 
14:00 -.00478 -.00478 -.00478 -.00478 -.00478 -.00478 -.00478 

16:00 -.03126 -.02854 .00076 -.00102 -.00936 -.00844 -.01087 
18:00 -.01843 .00935 .03975 .03500 .02095 .01468 .00628 
20:00 .03208 .08384 .07299 .05985 .04244 .02661 .02064 
22:00 .06848 .10314 .09282 .08423 .05439 .03052 .03059 
0:00 .10172 .11489 .10577 .08847 .06171 .03700 .03670 
2:00 .11282 .12201 .11539 .09653 .06676 .04165 .04030 
4:00 .12326 .13122 .12442 .10043 .07000 .04498 .04281 
6:00 .12305 .12828 .13637 .10455 .07243 .04740 .04495 
8:00 .07373 .07716 .13142 .10193 .07306 .04635 .04437 

10:00 .02997 .02914 .07681 .05711 .03865 .02788 .01935 
12:00 .00380 -.02579 .03518 .02244 .01472 .01371 -.00495 
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TABLE 6.2. SUMMARY OF PREDICTED VALUES FOR CURLING FROM PROGRAM PSCP2 

(a) For vertical displacements at the sixth point of a 240-foot slab (inch) 

Tri Date 
1988 1989 

Hour July 25 Au~ust 5 AU£USt26 November 5 Janu~21 Janu~22 Febru~9 

14:00 -.00049 -.00049 -.00049 -.00049 -.00049 -.00049 -.00049 
16:00 -.01718 -.01546 .00301 .00188 -.00337 -.00280 -.00432 
18:00 -.00909 .00842 .02758 .02458 .01573 .01178 .00649 
20:00 .02275 .05537 .04853 .04025 .02928 .01930 .01554 
22:00 .04569 .06753 .06103 .05561 .03680 .02176 .02181 
0:00 .06664 .07494 .06919 .05828 .04142 .02585 .02566 
2:00 .07363 .07942 .07525 .06336 .04460 .02878 .02792 • 4:00 .08021 .08523 .08095 . 06582 .04664 .03088 .02951 
6:00 .08008 .08337 .08848 .06842 .04817 .03240 .03086 
8:00 .04899 .05116 .08535 .06677 .04857 .03174 .03049 

10:00 .02141 .02089 .05094 .03852 .02688 .02010 .01472 
12:00 .00492 -.01373 .02470 .01667 .01180 .01117 -.00059 

• 
(b) For vertical displacements at the sixth point of a 440-foot slab (inch) 

Tri Date 
1988 1989 

Hour Julv 25 August 5 August 26 November 5 Janu~21 Janu~22 Febru~9 __.____ • 14:00 -.00297 -.00297 -.00297 -.00297 -.00297 -.00297 -.00297 
16:00 -.01942 -.01773 .00047 -.00063 -.00581 -.00525 -.00675 
18:00 -.01145 .00581 .02470 .02174 .01302 .00912 .00390 
20:00 .01993 .05209 .04535 .03719 .02637 .01654 .01283 
22:00 .04255 .06408 .05767 .05233 .03379 .01896 .01901 

0:00 .06320 .07138 .06572 .05497 .03834 .02299 .02280 
2:00 .07010 .07581 .07170 .05998 .04148 .02588 .02504 
4:00 .07659 .08153 .07731 .06240 .04349 .02795 .02660 
6:00 .07646 .07971 .08473 .06496 .04500 .02945 .02793 
8:00 .04581 .04795 .08165 .06333 .04540 .02880 .02757 

10:00 .01862 .01811 .04773 .03549 .02401 .01732 .01202 
12:00 .00236 -.01602 .02186 .01394 .00915 .00852 -.00308 

f 

• 



"'I 

N 
a.. 
(..) 
(/.) 
a.. 
>. 
..0 
-o 
a:> 

.2 
-o 
a:> .... 
a.. 
c 
a:> 
E 
a.:> 
u 
('tl 

iS. 
(J) 

i5 
('tl 

:2 
~ 

0.08 

0.06 

0.04 

0.02 

0.00 

" " " 

1:1 " 

" " -' a , 

1:1 

" " 
" " " a 

1:1 : " a-' 
,~ 

" " " 1:1 

, 
" " 

-0.02 &.-__ ..__ __ .,___~ _ _.____.._....__....___, 

-0.02 -0.00 0.02 0.04 0.06 0.08 

Vertical Displacement from 11/5 Field Data (1 ON/6) 

(a) At the sixth point of a 240-foot slab. 

0.06 

N 

~ 0.05 
(/.) 
a.. 
>. 

..0 

-g 0.04 
t5 
'6 
a:> a: 
c 0.03 
a:> 
E 
a.:> 
u 

~ 0.02 
.~ 
Cl 

"§ 
t 0.01 
~ 

a 

a -' 

" " " " 

" " 
" " 

" " " 
a 

a -' a a-' 
I 

" " " 

-'a 
-' a 

a 

41 

" " " 

a 0.00 &-_;.....!. __ _.__ _ __., __ ....___--'-~....J 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 

Vertical Displacement from 11/5 Field Data (1 ON/3) 

(b) At the third point of a 240-foot slab. 

Fig 6.7. Correlation of program PSCP2 with lield data for vertical displacements at interior points of a 240-foot 
slab for a set of weather conditions chosen at random (a= S X 10-6). 
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TABLE 6.3. SUMMARY OF PREDICTED VALUES FOR CURUNG FROM PROGRAM PSCP2 , 
(a) For vertical displacements at the third point of a 240-foot slab (inch) 

Tri Date 

1988 1989 
Hour July 25 Auiust 5 Auiust 26 November 5 J anu!!;!X 21 January 22 February 9 
14:00 .00037 .00037 .00037 .00037 .00037 .00037 .00037 
16:00 .01286 .01157 .00225 .00141 .00252 .00209 .00324 
18:00 .00680 .00630 .02064 .01840 .01177 .00882 .00485 
20:00 .01702 .04144 .03632 .03012 .02191 .01444 .01163 
22:00 .03419 .05054 .04568 .04162 .02754 .01629 .01632 

0:00 .04987 .05608 .05178 .04362 .03100 .01934 .01920 
2:00 .05511 .05944 .05632 .04742 .03338 .02154 .02090 
4:00 .06003 .06379 .06058 .04926 . 03491 .02311 .02208 • 
6:00 .05994 .06240 .06622 .05121 .03605 .02425 .02310 
8:00 .03667 .03829 .06388 .04997 .03635 .02375 .02282 

10:00 .01603 .01564 .03812 .02883 .02012 .01504 .01102 
12:00 .00368 .01027 .01848 .01247 .00883 .00836 .00044 

• 
(b) For vertical displacements at the third point of a 440-foot slab (inch) 

Tri Date 

1988 1989 
Hour July 25 Au~ust5 August 26 November 5 January 21 January 22 February 9 
14:00 -.00221 -.00221 -.00221 -.00221 -.00221 -.00221 -.00221 • 
16:00 -.01446 -.01320 .00035 -.00047 -.00433 -.00391 -.00503 
18:00 -.00853 .00433 .01839 .01619 .00969 .00679 .00291 
20:00 .01484 .03879 .03377 .02769 .01963 .01231 .00955 

22:00 .03168 .04771 .04294 .03896 .02516 .01412 .01415 
0:00 .04706 .05315 .04893 .04093 .02855 .01712 .01698 
2:00 .05219 .05644 .05338 .04466 .03088 .01927 .01864 • 4:00 .05702 .06071 .05756 . 04646 .03238 .02081 .01980 
6:00 .05693 .05934 .06309 .04837 .03351 .02193 .02080 
8:00 .03411 .03570 .06079 .04715 .03380 .02144 .02053 

10:00 .01386 .01348 .03553 .02642 .01788 .01290 .00895 
12:00 .00176 -.01193 .01627 .01038 .00681 .00634 -.00229 

• 

• 

• 

• 
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CURUNG 

An outcome of the analysis was that curling in PCP 
slabs is specially sensitive to changes in the thermal 
changes of the slab along with some other factors, and as 
friction and rate of development of the temperature gradi­
ent. This range of values is consistent with values shown 
in the literature for similar aggregates. 

An illustration of the effect of the variations of coef­
ficients of friction and thermal conductivity is shown in 
Figs 6. 9 to 6.11. The data were generated by running 
PSCP2 several times employing adequate values for the 
thermal coefficient. Figures 6.9 to 6.11 show the im­
proved correlation achieved with these values. Therefore, 
the designer should consider this fact when selecting in­
put values in order to achieve adequate values. This pre­
caution will prevent the use of input data that might pre­
dict undesirably low results, leading to unconservative 
designs. 
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(a) At the sixth point of a 440-foot slab. 

WARPING 

Program PSCP2 can be used to predict warping in 
the slab. In this case, the gradient induced by the mois­
ture differential has to be input as the equivalent tempera­
ture gradient. The nature of the data collected and the dry 
weather conditions prevailing during the period of the 
data collection prevented any such use of the program. 
Therefore, the use of PSCP2 for the prediction of warp­
ing is beyond the scope of this paper. Nevertheless, the 
program is designed and can be employed for this pur­
pose in the future if needed. 

Summarizing the statements earlier in this chapter, 
program PSCP2 provides satisfactory results with the 
calibration and upgrading introduced in the original pro­
gram. The output values for the horizontal and vertical 
displacements were tested and proved to be satisfactory. 
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(b) At the third point of a 440-foot slab. 

Fig 6.10. Best correlation of program PSCP2 with field data for vertical displacements at interior points of a 
440-foot slab under cold weather conditions (a= -3.5 X 10-6). 
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CHAPTER 7. SUMMARY, CONCLUSIONS, 
AND RECOMMENDATIONS 

The fmdings of this study are presented in this chap­
ter, along with the conclusions and, some recommenda­
tions for the design and construction of PCP slabs are 
made. 

SUMMARY 
This report has discussed the necessary background 

on PCP slabs and the analysis carried out for this study in 
the first three chapters. The collected data and the pro­
gram calibration are discussed from Chapters 4 to 6. 
Chapter 5 is devoted to the development of a new model 
for curling. Some of the more important concepts pre­
sented are summarized here. 

PCP is an attractive alternative to conventional pave­
ments. The study of PCP and its materials and the study 
of the pavement as a unit are important for understanding 
PCP. For this study, the data collected in the field for the 
one-mile-long experimental section showed a high degree 
of uniformity. A correlation test showed that models for 
horizontal displacements of PCP slabs are reasonable but 
this did not hold for vertical displacements using the pro­
gram PSCPL A new model for the behavior of PCP slabs 
under temperature gradients is from existent models and 
has shown good agreement with the observed perfor­
mance of PCP. Use of revised program PSCP2 can help 
in the study of PCC and in design applications. 

CONCLUSIONS 
The following conclusions were reached in these 

study. 

FROM THE VISUAL SURVEY 

(1) No signs of major distresses are present in the PCP 
slabs, and, no progress in the existent cracks was 
detected during the monitoring of the experimental 
section in Waco. 

(2) The structural capacity in the experimental section 
is uniform and similar to that observed soon after 
the PCC construction. 

(3) The selected joints have performed satisfactorily. 
No signs of spalling, cracking, or warping were no­
ticed, which indicates the good protection and an­
choring of the joints. However, the rate of debris ac­
cumulation leads to filled joints. 

(4) If sufficient debris is present in the joint, the slabs 
can be prevented from expanding freely. This condi­
tion is more frequent during summer, when the 
slabs reach maximum expansion. 

(5) If sufficient debris accumulates in a particular sec­
tion of the joint, that section of the slab's joint will 
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be prevented from expanding freely. This condition 
was noticed during this study and it induces devel­
opment of uneven stresses in the slab. No distress in 
the slab was observed from this cause. 

(6) The observed cracks running between the stressing 
pockets located at the center of the PCP slabs did 
not show appreciable signs of progress, remaining 
hairline tight. The same condition occurred with a 
pothole which probably resulted because of a clay 
ball in the aggregate. However a second pothole 
with the same characteristics as the ftrst one was de­
tected towards the end of the monitoring stage. 

(7) In general terms, all the slabs are in good condition 
and from the visual survey it was clear that they are 
behaving normally. 

FROM THE DATA ANALYSIS 

(l) The analysis of the data collected in the field 
showed it to be highly consistent and uniform. 

(2) The displacements of the slabs are uniform with no 
slabs showing abnormal displacements. 

(3) The horizontal data were very consistent for all 
kinds of weather. The data are strongly related to 
the temperature and friction in the slab. 

(4) The magnitude of the vertical displacements is 
higher than the amount all the previous models for 
curling could predict. The revised model predicts 
values that are similar to the vertical displacements 
measured. 

(5) Vertical displacements in the slab are more related 
to the temperature gradient that develops between 
the top and the bottom of the slab than to the tem­
perature at the middle of the slab. However, there is 
a correlation between this kind of displacement and 
the range of variations of the temperature at the 
middle of the slab. 

(6) There are variations in the thermal and friction co­
efficients between seasons. These variations should 
be considered during the design stage for an opti­
mum range of design parameters. 

FROM THE PREDICI'ION MODELS 

(1) The actual level of friction between the slab and the 
subbase is lower than that reported by previous 
studies but agrees with the back calculated coeffi­
cient in the parent research project, 401. A reason 
for this difference might be the time the experimen­
tal section has been in service, considering the con­
tinuous daily movements as temperature changes 
occur. 
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(2) The relationship between horizontal displacements 
and temperature at the middle depth of the slab is 
linear. The same relationship holds for horizontal 
displacements and friction. 

(3) The model used for horizontal displacements in pro­
grams PSCPl and PSCP2 showed a good level of 
accuracy in the prediction of edge and intermediate 
point movements. 

(4) The relationship between vertical displacements and 
temperature is not linear. It is governed by the 
amount of work energy transferred in the tempera­
ture exchange from environment to the slab. 

(5) The relationship between the vertical displacements 
at intermediate points along the slab is not linear. 
The calculated correlation showed it to be hyper­
bolic in nature. 

(6) The main parameters for the characterization of the 
venical and horizontal displacements are the coeffi­
cients of friction, which should be carefully deter­
mined in each case. 

(7) Vertical displacements are related to the geometry 
of the slab and the soil resilient modulus. However, 
the impact of the resilient modulus on the vertical 
displacements in PCP is less than the one proposed 
by some existent models. 

(8) The new model for vertical displacements in pro­
gram PSCP2 represents an advance in modelling, 
providing the functional relationship between the 
vertical displacements and temperature, friction, 
slab geometry, and strength of road bed. From these 
factors, the temperature gradient plays a major role 
as the driving force for the curling of the slab. The 
results from this new model showed good accuracy 
for the prediction of edge and intermediate point 
movements. 

(9) Program PSCP2 proved to be an excellent tool for 
the backcalculation of different coefficients as well 
as for the study of their seasonal variations. The use 
of PSCP2 should be helpful in optimization of de­
sign and the achievement of economical design val­
ues. 

(10) The major stresses in the slab is along the axis of 
the center of the slab, where the stresses due to dis­
placements and curling add to load stresses. 

RECOMMENDATIONS 

(1) Frequent maintenance is necessary to keep the slab 
joints working, free from debris accumulated by ve­
hicular circulation. This maintenance must be per­
formed with care to avoid breaking the seals used in 
the joints. Those joint seals found broken should be 
replaced, but no broken seals have been noted to 
date. 

(2) The development of low cost and low maintenance 
joint details is encouraged as one of the key factors 
towards the achievement of low cost PCP highways. 

(3) It is advisable to leave a safety margin between slab 
joints to assure that a total closing of the slabs will 
not take place. In this form the joints will not cause 
unnecessary stresses, with the consequent potential 
damage for the slab (no such damage was ob­
served). 

(4) The use of friction reduction media is encouraged in 
the construction of highways for the reduction of 
stresses in pavements. 

(5) The use of early prestressing is encouraged to pre­
vent overnight or early cracking in slabs. 

(6) A check considering thermal stresses must be car­
ried out to prevent the underdesign of slabs. This 
check should consider the design during the early 
ages of the slab. 

(7) The occurrence of spots with stress concentration, 
such as corners of prestressing boxes, etc., must be 
avoided. If it can not be prevented, the use of rein­
forcement to take care of this concentration of stress 
is advised. 

(8) Use of trained personnel is advised for the uninter­
rupted placing of PCP slabs. These measures will 
help in achieving good rideability . 

(9) The careful selection of factors and coefficients for 
the design of PCP is suggested in order to avoid the 
use of unconservative design values and at the same 
time allow the achievement of economic designs. 

(10) The continuation of periodical monitoring of PCP 
slabs is recommended as a way to gain knowledge 
of the evolution of the coefficients of friction and, 
in general, of the slab performance after a long pe­
riod of service life. 

• 

• 

• 

• 
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APPENDIX A. USER MANUAL FOR 
COMPUTER PROGRAM PSCP2 

GENERAL 
This appendix provides the input data instructions 

that are necessary for operating the PSCP2 program. The 
user should refer to Chapter 6 of this report for criteria on 
the selection of appropriate values for the data. Addi­
tional information is offered in Mendoza-Diaz et al (Ref 
1). As an additional help, an example of the program in­
put and an example of the program output are provided in 
Appendices B and C. A listing of the program in FOR­
TRAN is available in Appendix D. 

The specification of a run consists of one alphanu­
meric card with a description of the problem, followed by 
cards defining the problem, slab dimensions, concrete 
properties, the concrete compressive strength-age curve, 
the type of aggregate, the slab-base friction relationship, 
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the k-value of the slab support, steel properties, concrete 
temperature data for the initial period, the time and 
amount of prestress applied at each post-tensioning stage 
(at the initial period), and temperature data for subse­
quent periods. The following pages provide a guide for 
data input. Input for the FORTRAN variables in this pro­
gram can be placed anywhere in the available field, but 
do not forget the decimal point. Integer numbers should 
be right justified in their fields without a decimal point. 
Not following these directions will lead to errors. Alpha­
numeric variables allow the use of any combination of 
numbers and/or letters in an available field. It is advised 
to check the echo print of the input data to detect any er­
ror or omission. 
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PSCP2- Guide for Dara Input 

PROBLEM IDENTIFICATION (One Card) 
VECTOA1 

( (Alphanumeric) 13A4 f 
1 56 

PROBLEM DEFINITION (Two Cards) 

Slab Length Slab Width Slab Thickness 
(in) (in) (in) 
Dl OW D 

I F10.0 I F10.0 [ F10.0 I 
1 11 21 30 

No. of No. Max. Tolerance 
Elements Iterations (Percent) 
NILD · NMAX TOL 

I 15 I I 5 I F1 0.0 I 
1 6 11 20 

CONCRETE PROPERTIES (<Ale Card) 

Thermal Coeff. Ultimate Shrink. Unit Weigth 
(lnlin-Deg.F) Strain (pcf) 

AllOT ZTOT G 

Poisson 
Ratio 

. PR 

Creep 
CoeffiCient 
CREEP 

Aggregate 
Type 

AGGTYP 

I F10.0 I F10.0 I F10.0 J F10.0 I F10.0 I F10.0 I 
1 11 21 31 41 51 60 

• • • • • • • -

Vl 
0 

• 



PSCP2- Guide for Data Input 
(Continued) 

<:X.'EFF. a= FAICTD'I-OISPI..ACEMENT RELATGJSHIP 
(Z -U Relationship) 

thd 
Poira 

M1 

QO 
1 5 

Oispl. Friction 
(in) Coel. 

Z:~lll Will ZU(7) UU(7) I Fj .0 I FS.O I F5.0 I FS.O I I FS.O I FS.O I 
11 16 21 26 31 71 76 80 

ZU(B) W(B) ZU(M1) UU(MI) 

fBol~~fBol~l l~oi~J 
u 16 21 26 31 . 61 66 70 

.. 

w M1·1 M1·2 M 1 - No. of Points 

LN:AR• 
JB.ATOSF 

~·. 
~J.ATDSIP 

zo 

MUlTIUNENl" 
re.An::JG IP 

• Only the thicker portion of lhe curve needs lo be defined; lhe lhinner 
portion is generaled by lhe program. 

Lll 
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PSCP2- Guide for Data Input 
(Continued) 

AGE-<XJvflRESSIVE STFEM3TH FEI.AlD'S-IP 

Ml.d 
Poinls 

I<K 

[!!] 
1 5 

• 

kJfJ Sllenglh 

1 CCNP(1) AGEU(7) COUr(7) 1ii (pol) 

m i Fs.o r Fs.o 1 Fs.o 1 1 F5.0 1 rs.o 1 
11 16 21 26 31 7 1 76 80 

AGE, COMP(8) 1\Cl£~ ! Fs.1CFs.o I Fs.o I Fs.o I I r51)f5;() 
11 18 21 28 31 61 66 70 

KK. 1, if no compressive slrength data are available. The relalion­
ship will be generated by tho program from the 281h 
day compressive strength. In this case, the 281h day 
should be Input in COMP(1). and AGEU(1) should be equal28. 

• • • • • ... ... 

V1 
t·J 

... 



PSCP2- Guide lor Data Input 
(Continued) 

PCP 1 - Guide for Data Input 
(Continued) 

STFFNESS a= SLAB SUPPORT (<Ale Cad) 
K-Value 
(psi/In) 

5I< 
I F10.0 I 
1 10 

STEEl PAOPEATIES (Qle Card) 
SlrMd Sp. Non*lallvea Yield Slrength Elastic MocUus Thermal Coeft. 

(In) of Slrand (sq.ln) (ksi) (psi) (inlin-Deg.F) 
SS SA EPY ES_ ALS 

I F10.0 I F10.0 I F10.0 I F10.0 I F10.0 I 
1 11 21 11 41 50 

SS - 0, if post-tensioning forces are not to be specified. 

~ 

Vl 
VJ 
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PSCP2- Guide for Data Input 
(Continued) 

TEMPERATURE DATA FOR INITIAL PERIOD 
No. of Temp. Setting Setting Temp. 

Data Hour (Deg. F) 
NTEMP CURH CURTEMP 

~ I F10.0 I F10.0 I 
1 5 11 21 30 

CURH a Setting hour between 0:00 and 24:00 hours 

Mid-depth . Top-Bottom Hour of Day 
Temperature Temp. Diff. (Optional) 

(Oeg. F) (Oeg. F) 
AQTUl IDIElU IHOURCU I E10.0 I E10.0 I 110 I 

1 11 21 30 

ADT(2) TDIE(2) IHOUR(2) 

I F10.0 I F10.0 I 110 I 
1 11 21 30 

ADT(NTEMP) TDIE(NTEMP)IHOUR(NTEMP) 

I E10.0 I F10.0 I 110 I 
1 11 21 30 

• ... • • • • "* ,., 

VI 
.j.... 



PSCP2· Guide for Data Input 
(Continued) 

SE<l.JENCE CF POOT-TENSJONif'.G APPUCA TIONS DURING INITIAL PERKX> • c· Specify only if SS • 0, and steel properties were provided) 

No. of Post-
T er6ilr*1g Sagas 

NS w 
Tme Since Prestress ~ed 

Setting (Hours) per Strand (Ksi) 
11\GE PS(1) 

@] I F10.0 I 
1 5 11 20 
w:E PS(2) 

~ I F10.0 I 
1 5 11 20 

va: 

QD 
PS(NS) 

I F10.0 J 
1 5 11 20 

v. 
v. 
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PSCP2- Guide for Data Input 
(Continued) 

TEMPERATURE DATA FOR SUBSEQUENT PERIODS• 
(•Repeal for as many subsequent periods as desired to analyse) 

Time of Analysis 
Since SeUing (Days) 

~ 
1 " Mid-depth. 

Temperature 
(Deg. F) 
ADT(1) 

Top-BoUom 
Temp. Diff. 
(Deg. F) 
TDIF(1) 

Hour of Day 
(Optional) 

IHOUA(1) r F10.0 1 F10.0 1 11 o 1 
1 11 21 30 

ADT(2) TDIF(2) IHOUA(2) 

I F10.0 I F10.0 I 110 I 
1 11 21 30 

ADT(12) TDIF(12) IHOUA(12) 

I F10.0 I F10.0 I 110 I 
1 11 21 30 

TERMINATION BLANK CARD 

1 

• • • • • 

80 

• • • 

VI o-



APPENDIX B. EXAMPLE OF INPUT DATA FOR 
COMPUTER PROGRAM PSCP2 

ANALYSIS OF PRESTRESSED PVHT SLABS: REPORT 556-3 
240. 12.00 6.00 

60 100 0.5 
0.0000032 0.0003 150. 0.15 2.10 6. 

28.0 4500. 
1 0. 02 . 2 

1800. 
34.0 0.216 

18 14. 
95. 12.5 
87. -0.5 
78. -6.4 
70. -6.4 
65. -5.8 
62. -s .1 
60. ·5.3 
57. -5.1 
57. -2.5 
65. 1.8 
80. 17.4 
90. 20.4 
95. 12.5 
87. -o.s 
78. -6.4 
70. -6.4 
65. -5.8 
62. -5.1 

2 
10 46.4 
24 215. 

1207 
107.4 14.8 
112.5 11.4 
109.8 4.2 
102.4 -5.0 
96.4 -6.3 
92.5 -5.8 
89.6 -5.6 
87.8 -5.2 
85. -5.1 
84.1 -2.6 
90.9 7.3 
100.7 13.9 

270. 
90. 

30000000. 0.000007 

14 
16 
18 
20 
22 
24 

2 
4 
6 
8 

10 
12 

57 

4140000. 



APPENDIX C. EXAMPLE OF OUTPUT FROM 
COMPUTER PROGRAM PSCP2 

Prrrrr ssssss ccccc pppppp 222222 \ 
PPPPPPP ssssssss ccccccc PPPPPPP 22222222 \ 
PP pp ss cc pp pp 22\ 22 \ 
PP PP sssssss cc PP pp 222222 \ 
PPPPPPP sssssss cc ppppppp 222222 \ 
pppppp ss cc PPPPPP 22 \\\\ 
pp ssssssss ccccccc pp 22222222 \ 
rr ssssss ccccc PP 22222222 \ 

\\\\\\\\\ 

**********************Yrl'*************************"' ill il 1\ ;, "' 

* * 
* ANALYSIS OF PRESTRESSED CONCRETE PAVEMENTS • 
* CONSIDERING THE INELASTIC * 
* NATURE OF THE SLAB-BASE FRICTION FORCES • 
oft (VERSION 2, APRIL 1989) * 
* * • CENTER FOR TRANSPORTATION RESEARCH * 
it THE UNIVERSITY OF TEXAS AT AUSTIN • 
* • 
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*- -'~1\N/\LYSI S OF PRESTRESSED PW!T SLABS: REPORT 556-3*--* 

ECI!O-PRINT OF GENERAL DATA 

•--**--**·-··--··--··--··--··--··--**--**--**--**--**--* 

'lt****'~r***************<ir-lr1r-lr-lr-lr1r***** 

* PROBLEM DEFINITION * 
"it"'r-lr'lt"'r-lr'i:'ir''r******"'*'''***'f"''*''nh'r-lr-lr+.>'r-lr1r 

SLAB LENGTH (FT) = 
SLAB EFFECTIVE WIDTII(FT)= 
SLAB THICKNESS (IN) = 
NO. OF INCREMENTS = 
HAX. NO. OF ITERATIONS = 
REL. CLOSURE TOLERANCE = 

240.0 
12.0 
6.0 

60 
100 
.s 

* CONCRETE PROPERTIES * 
**W1r*frlr-lr'fn'r-lr*************** tc (tit It It il it 

THERMAL COEFFICIENT = 
TOTAL SHRINKAGE = 
UNIT WEIGHT (PCF) = 
POISSON RATIO = 
CREEP COEFFICI£~7 = 
AGGREGATE TYPE = 
YOUNG 1 S MODULUS PROVIDED= 

.500£·05 

.300£-03 
150.0 

.15 
2.10 

.00 

.00 

O=NOT SPECIFIED ; l=GRANITE ; 2=DOLOMITE ; 3=VEGA ;4•BDG/TT; 
5=W·T ;6=FERRIS;7=LIHESTONE;8=SILICEOUS RIVER GRAVEL 
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***,'r**********'"****************** 
* 
* 

COMPRESSIVE 
STRENGTH DATA 

* 
* 

*****'it*************************** 

TilE FOLLO\I'ING STRENGTH RELATIONSHIP WAS 
DEVELOPED BASED ON THE REC0!1!1ENDATION GIVEN 
BY THE U.S. BUREAU OF RECLAMATION AND THE 
28TH D \Y COHPRES. STRENGTII PROVIDED BY USER 

AGI.: 
(DAYS) 

. 0 
1.0 
3.0 
5.0 
7.0 

14.0 
21.0 
28.0 

COMPRESSIVE 
STRENGTH 

.0 
675.0 

1710.0 
2385.0 
2835.0 
3690.0 
4230.0 
4500.0 

* SLAB-BASE FRICTION PROPERTIES * 
* Z-U RELATIONSHIP * 
***********'***"'rlrlr**************** 

TYPE OF FRICTION CURVE IS A STRAIGHT LINE 

MOVEME!\'1' AT SLIDING = . 020 
MAXIMUM COEFFICIENT OF FRICTION• .200 

,. 

• 

• 

• 

• 

• 

• 



***********1'r*********"'***"'**"'**** * STIFFNESS OF SLAB SUPPORT * 
********************************* 

K-VALUE OF SlJPPORT(PCI) = 1800.00 

"'******************************** * STEEL PROPERTIES * 
********************************* 

PERCENT REINFORCEMENT = .106 
STRAND SPACING (IN) = 34.00 
NOMINAL AREA (SQ.IN) = .216 
YIELD STRENGTH (KSI) = 270.00 
ELASTIC MODULUS (PSI) = .300E+08 
THERMAL COEFFICIE~7 = .700E-05 
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*--**--**--**--**--**--**--**--**--**--**--**--**--**--* 

*--*ANALYSIS OF PRESTRESSED PWfT SLABS: REPORT 556-3*--* 

*--,.'PREniCTION PAVE~tENT STRESSES FOR INITIAL PERIOD*--,., 

*--**--**--**--**--**--**--**--**--**--**--**--**--**--* 

• 
SETTING TEMP. (DEG.F) = 90.00 

TEMP. AT TEHP. PRESTRESS 
HOUR MID-DEPTH DIFF. PER STRAND • OF DAY (DEG.F) (DEG.F) (KSI) 

4 P.H. 95.0 12.5 .0 
6 P.M. 87.0 -.5 .0 
8 P.M. 78.0 -6.4 .o 

10 P.M. 70.0 -6.4 .0 • 12 MIDNIGHT 65.0 -5.8 46.4 
2 A.M. 62.0 -5.1 46.4 
4 A.H. 60.0 -5.3 46.4 
6 A.M. 51.0 -5. 1 46.4 
8 A.H. 57.0 -2.5 46.4 

10 A.M. 65.0 1.8 46.4 • 12 NOON 80.0 17.4 46.4 
2 P.M. 90.0 20.4 21.5.0 
4 P.H. 95.0 12.5 215.0 
6 P.M. 87.0 -.5 215.0 
8 P.H. 78.0 -6.4 215.0 

10 P.H. 70.0 -6.4 215.0 • 12 MIDNIGHT 65.0 -5.8 215.0 
2 A.M. 62.0 -5. 1 215.0 

• 

• 

• 
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HOUR = 4 P.M. 

DISTANCE MOVEME~7 COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM MID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) tpsi) 

.00 .00000 .00000 -16. 77 .00000 .00 
4.00 .00100 -.00498 ·16.75 -.00008 • 00 
8.00 .00199 ·.01495 ·16.69 -.00012 .00 

12.00 .00299 -.02492 -16.59 -.00017 .00 
16.00 .00399 -.03491 -16.44 -.00021 .00 
20.00 .00499 -.04491 -16.25 -.00024 .00 
24.00 .00600 -.05493 -16.03 -.00028 .00 
28.00 .00700 -.06497 -15.75 -.00030 .00 
32.00 .00801 -. 07505 -15.44 -.00033 .oo 
36.00 .00902 -.08516 -15.09 -.00035 .00 
40.00 .01004 -.09532 -14.69 -.00037 .00 
44.00 . 01107 -.10553 -14.25 -.00038 .00 
48.00 .01210 -.11580 -13.77 -.00040 .oo 
52.00 .01313 -.12615 -13.24 -.00041 .00 
56.00 .01418 -.13659 -12.67 -.00042 .00 
60.00 .01523 -.14712 -12.06 -.00043 .Oil 
64.00 .01630 -.15777 -11.40 -.00044 .00 
68.00 .01737 -.16854 -10.70 -.00045 .00 
72.00 .01846 -.17945 -9.95 -.00046 .00 
76.00 .01957 -.19053 -9.16 -.00048 .00 
80.00 .02069 -.19805 -8.33 -.00049 .00 
84.00 .02183 -.20000 -7.50 -.00050 .00 
88.00 .02298 -.20000 -6.67 -.00052 .00 
92.00 .02415 -.20000 -5.83 -.00054 .00 
96.00 .02535 -.20000 -5.00 -.00056 .00 

100.00 .02656 -.20000 -4.17 -.00059 .00 
104.00 .02778 -.20000 -3.33 -.00062 .00 
108.00 .02903 -.20000 -2.50 -.00065 .00 
112.00 .03030 -.20000 -1.67 -.00069 .00 
116.00 .03158 -.20000 -.e3 ... 00073 .00 
120.00 .03288 -.20000 .oo -.00078 .00 
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HOUR = 6 r.H. 

DISTANCE MOVEMENT COEFF OF PRST~FRICT CURLING DOT.CURL 
FROM HID FRICTION STRESS DEFLECTION STRESS r· 
SLAB ( ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 19.50 .00000 1. 84 
4.00 ·.00050 .00749 19.47 .00318 1. 84 
8.00 -.00100 .02247 19.38 .00517 1. 84 

12.00 -.00151 .03746 19.22 .00702 1. 84 • 
16.00 -.00201 .05249 19.00 .00868 1. 84 
20.00 -.00252 .06756 18.72 .01015 1. 84 
24.00 -.00303 .08269 18.38 .01144 1.84 
28.00 -.00355 .09789 17.97 .01258 1. 84 
32.00 -.00407 .11317 17.50 . 01357 1. 84 
36.00 -.00460 .12857 16.96 .01444 1.84 • 
40.00 -.00514 .14408 16.36 .01520 1.84 
44.00 -.00569 .15975 15.70 .01586 1.84 
48.00 -.00624 .17559 14.96 .01644 1.84 
52.00 -.00681 .19162 14.17 .01697 1.84 
56.00 -.00740 .19984 13.33 .01745 l. 84 
60.00 -.00799 .20000 12.50 .01790 1.84 • 
64.00 -.00860 .20000 11.67 .01834 1.84 
68.00 -.00923 .20000 10.83 .01878 l. 84 
72.00 -.00986 .20000 10.00 .01924 1.84 
76.00 -.01052 .20000 9.17 .01975 l. 84 
80.00 -. 01118 .20000 8.33 .02030 1.84 
84.00 -.01186 .20000 7.50 .02093 1.84 • 
88.00 -.01255 .20000 6.67 .02165 1.84 
92.00 -.01325 .20000 5.83 .02247 l. 84 
96.00 -.01396 .20000 5.00 .02341 1.84 

100.00 ·.01469 .20000 4.17 .02448 1.84 
104.00 ·.01542 .20000 3.33 . 02571 l. 84 
108.00 -.01616 .20000 2.50 . 02711 1. 84 • 
112.00 -.01691 .20000 1.67 .02870 1.84 
116.00 -.01767 .20000 .83 .03049 1.84 
120.00 -.01843 .20000 .00 .03250 1.84 

• 

• 
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HOUR = 8 P.M. 

DISTANCE ~IOVE~fENT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLAD(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 22.85 .00000 -70.15 
4.00 -.00272 .01946 22.77 .00918 -70.15 
8.00 -.00550 .05839 22.53 .01492 -70.15 

12.00 -.00833 .09733 22.12 .02026 -70.15 
16.00 -.01118 .13628 21.55 .02505 -70. 15 
20.00 -.01406 .17525 20.82 .02929 -70.15 
24.00 -.01695 .19737 20.00 .03303 -70.15 
28.00 -.01984 .20000 19.17 .03631 -70.15 
32.00 -.02275 .20000 18.33 .03918 -70.15 
36.00 -.02566 .20000 17.50 .04168 -70. 15 
40.00 -.02857 .20000 16.67 .04387 -70.15 
44.00 -.03148 .20000 15.83 .04578 -70.15 
48.00 -.03439 .20000 15.00 .04747 -70.15 
52.00 -.03730 .20000 14.17 .04898 -70.15 
56.00 -.04021 .20000 13.33 .05036 -70.15 
60.00 -.04312 .20000 12.50 .05166 -70. 15 
64.00 -.04603 .20000 11.67 .05293 -70.15 
68.00 -.04893 .20000 10.83 .05421 -70.15 
72.00 -.05182 .20000 10.00 .05555 -70.15 
76.00 -.05472 .20000 9.17 .05700 -70.15 
80.00 -.05760 .20000 8.33 .05861 -70.15 
84.00 -.06048 .20000 7.50 .06043 -70. 15 
88.00 -.06335 .20000 6.67 .06249 -70.15 
92.00 -.06621 .20000 5.83 .06486 -70.15 
96.00 -.06906 .20000 s.oo .06757 -70.15 

100.00 -.07191 .20000 4.17 .07068 -70.15 
104.00 -.07474 .20000 3.33 .07423 -70.15 
108.00 -.07757 .20000 2.50 .07827 -70.15 
112.00 -.08039 .20000 1.67 .08285 -70.15 
116.00 -.06320 .20000 .83 .08802 -70.15 
120.00 -.08601 .20000 .00 .09382 ·70.15 
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• 
!lOUR = 10 P.M. 

DISTANCE MOVEMENT COEFF OF PRST+FRICT CURLING BOT.CURL • FROM MID FRICTION STRESS DEFLECTION STRESS 
SLAB ( ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 23.54 .00000 -90. 15 
4.00 -.00464 .02909 23.42 .01203 -90. 15 
8.00 -.00935 .08727 23.05 .01957 -90. 15 • 12.00 -.01410 .14546 22.45 .02657 -90. 15 

16.00 -.01888 .18728 21.67 .03285 -90.15 
20.00 -.02368 .20000 20.83 .03841 -90. 15 
24.00 -.02850 .20000 20.00 .04332 -90. 15 
28.00 -. 03332 .20000 19.17 .04762 -90.15 
32.00 -.03615 .20000 18.33 .05138 -90. 15 • 36.00 -.04298 .20000 17.50 .05467 -90.15 
40.00 -.04782 .20000 16.67 .05753 -90.15 
44.00 -.05266 .20000 15.83 .06004 -90.15 
48.00 -.05749 .20000 15.00 .06225 -90.15 
52.00 -.06233 .20000 14. 17 .06423 -90.15 
56.00 -. 06717 .20000 13.33 .06605 -90.15 • 
60.00 -.07200 .20000 12.50 .06775 -90.15 
64.00 -.07683 .20000 11.67 .06941 -90.15 
68.00 -.08166 .20000 10.83 .07109 -90.15 
72.00 -.08648 .20000 10.00 . 07285 -90.15 
76.00 -.09130 .20000 9.17 .07476 -90.15 
80.00 -.09611 .20000 8.33 .07687 -90.15 • 
84.00 -.10091 .20000 7.50 .07924 -90.15 
88.00 -.10570 .20000 6.67 .08195 -90.15 
92.00 -.11049 .20000 5.83 .08505 -90.15 
96.00 - .11527 .20000 5.00 .08861 -90.15 

100.00 -.12004 .20000 4. 17 .09269 -90.15 
104.00 -.12480 .20000 3.33 .09735 ·90.15 • 
108.00 -.12955 .20000 2.50 .10265 -90.15 
112.00 -.13430 .20000 1. 67 .10866 -90.15 
116.00 -.13904 .20000 .83 .11543 -90.15 
120.00 -.14377 .20000 .00 .12304 -90.15 

• 

• 

• 
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IIOUR = 12 MID!'\IGHT 

DISTANCE MOVEMENT COEFF OF PRST1-FRICT CURLING DOT.CURL 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -25.26 .00000 -97.10 
4.00 -.00642 .03802 -25.42 .01328 -97.10 
8.00 -.01291 .11405 -25.90 .02159 -97.10 

12.00 -.01945 .17604 -26.63 .02932 -97.10 
16.00 -.02602 .20000 -27.46 .03625 -97.10 
20.00 -. 03260 .20000 ·28.30 .04239 -97.10 
24.00 -.03921 .20000 -29.13 .04780 -97.10 
28.00 -.04581 .20000 -29.96 .05255 -97.10 
32.00 -.052.:.3 .20000 -30.80 .05670 -97.10 
36.00 -.05905 .20000 -31.63 .06032 -97.10 
40.00 -.06567 .20000 -32.46 .06348 -97.10 
44.00 -.07229 .20000 -33.30 .06625 -97.10 
48.00 -.07892 .20000 -34.13 .06869 -97.10 
52.00 -.08554 .20000 -34.96 .07088 -97.10 
56.00 -.09216 .20000 -35.80 .07288 -97.10 
60.00 -.09878 .20000 -36.63 .07476 -97. 10 
64.00 -.10539 .20000 -37.46 .07659 -97.10 
68.00 - .ll201 .20000 -38.30 .07845 -97.10 
72.00 -.11861 .20000 -39.13 .08039 -97.10 
76.00 -.12521 .20000 -39.96 .08249 -97.10 
80.00 -.13181 .20000 -40.80 .08482 -97.10 
84.00 -.13840 .200(10 -41.63 .08744 -97.10 
88.00 -.14498 .20000 -42.46 .09043 -97.10 
92.00 -.15155 .20000 -43.30 .09385 -97. 10 
96.0(' -.15811 .20000 -44.13 . 09778 -97.10 

100.00 -.16467 .20000 -44.96 .10228 -97.10 
104.00 -.17122 .20000 -45.80 .10742 -97.10 
108.00 -.17775 .20000 -46.63 .ll327 -97.10 
112.00 -.18428 .20000 ·47.46 .ll990 -97.10 
ll6. 00 -.19081 .20000 -48.30 .12738 -97.10 
120.00 -.19732 .20000 -49.13 .13577 -97.10 
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• 
HOUR = 2 A.M. 

D1STANGE HOVF.HE~'T GOEFF OF PRST+FRICT CURLING BOT.CURL • 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLAD(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -25. 17 .00000 -98.42 
4.00 -.00715 .04164 -25.35 .01379 -98.42 
8.00 -.01436 .12493 -25.87 .02243 -98.42 • 

12.00 -.02163 . 18329 -26.63 .03046 -98.42 
16.00 -.02892 .20000 -27.46 .03765 -98.42 
20.00 -.03623 .20000 -28.30 .04403 -98.42 
24.00 -.04356 .20000 -29. 13 .04965 -98.42 
28.00 -.05089 .20000 -29.96 .05458 -98.42 
32.00 -.05823 .20000 -30.80 .05890 -98.42 • 
36.00 -.06558 .20000 ·31. 63 .06266 -98.42 
40.00 -.07292 .20000 ·32.46 .06594 -98.42 
44.00 -.08027 .20000 -33.30 .06881 ·98.42 
48.00 -.08762 .20000 -34.13 .07135 -98.42 
52.00 -.09497 .20000 -34.96 .07362 -98.42 
56.00 -.10231 .20000 -35.80 .07570 -98.42 • 
60.00 -.10966 .20000 -36.63 . 07766 -98.42 
64.00 -.11700 .20000 -37.46 .07956 ·98.42 
68.00 -.12434 .20000 -38.30 .08149 -98.42 
72.00 -.13167 .20000 -39.13 .08350 -98.42 
76.00 -.13899 .20000 ·39.96 .08569 -98.42 • 80.00 -.14632 .20000 -40.80 .08810 -98.42 
84.00 -.15363 .20000 -41.63 .09083 -98.42 
88.00 -.16093 .20000 -42.46 .09393 -98.42 
92.00 -.16823 .20000 -43.30 .09749 -98.42 
96.00 -.17552 .20000 -44.13 .10157 -98.42 

100.00 -. 18280 .20000 -44.96 .10624 -98.42 • 104.00 -.19007 .20000 -45.80 .11158 ·98.42 
108.00 -.19734 .20000 -46.63 .11766 ·98.42 
112.00 -.20459 .20000 -47.46 .12454 -98.42 
116.00 -. 21184 .20000 -48.30 .13231 -98.42 
120.00 -.21908 .20000 -49.13 .14103 ·98.42 

• 
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HOUR = 4 A.H. 

DISTANCE MOVEMENT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLAB( ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -25.11 .00000 -99.98 
4.00 -.00763 .04407 -25.29 .01412 -99.98 
8.00 -.01533 .13221 -25.85 .02296 -99.98 

12.00 -.02308 .18814 -26.63 .03117 -99.98 
16.00 -.03086 .20000 -27.46 .03853 -99.98 
20.00 -.03866 .20000 -28.30 .04506 ·99.98 
24.00 -.04647 .20000 -29.13 .05081 -99.98 
28.00 -.05429 .20000 -29.96 .05586 -99.98 
32.00 -.06211 .20000 -30.80 .06027 -99.98 
36.00 -.06994 .20000 -31.63 .06412 -99.98 
40.00 -.07778 .20000 -32.46 .06748 -99.98 
44.00 -.08561 .20000 -33.30 .07043 -99.98 
48.00 -.09344 .20000 -34.13 .07302 -99.98 
52.00 -.10128 .20000 -34.96 .07535 -99.98 
56.00 -.10911 .20000 -35.80 .07747 ·99.98 
60.00 -.11694 .20000 -36.63 .07948 -99.98 
64.00 -.12476 .20000 -37.46 .08142 ·99.98 
68.00 -.13259 .20000 -38.30 .08339 -99.98 
72.00 -.14040 .20000 -39.13 .08546 -99.98 
76.00 -.14822 .20000 -39.96 .08769 -99.98 
80.00 -.15602 .20000 -40.80 .09017 -99.98 
84.00 -.16382 .20000 -41.63 .09296 -99.98 
88.00 -.17161 .20000 -42.46 .09613 -99.98 
92.00 -.17939 .20000 -43.30 . 09977 -99.98 
96.00 -.18717 .20000 -44.13 .10395 -99.98 

100.00 -.19493 .20000 -44.96 .10873 ·99.98 
104.00 -.20269 .20000 -45.80 .11419 •99.98 
108.00 -.21044 .20000 -46.63 .12041 -99.98 
112.00 -.21818 .20000 -47.46 .12746 -99.98 
116.00 -.22591 .20000 -48.30 .13541 -99.98 
120.00 -.23364 .20000 -49.13 .14433 -99.98 
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liOUR = 6 A.!1. 

DISTANCE HOVEHEt·rr COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM MID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -25.02 .00000 -100.51 
4.00 -.00836 .04770 -25.22 .01445 -100.51 • 8.00 -.01678 . 14309 -25.82 . 02351 -100.51 

12.00 -.02526 .19539 -26.63 .03192 -100.51 
16.00 -.03376 .20000 -27.46 .03945 -100.51 
20.00 -.04228 .20000 -28.30 .04614 -100.51 
24.00 -.05082 .20000 -29.13 .05203 -100.51 
28.00 -.05937 .20000 -29.96 .05720 -100.51 • 32.00 -.06792 .20000 -30.80 . 06172 -100.51 
36.00 -.07647 .20000 -31.63 .06566 ·100.51 
40.00 -.08503 .20000 -32.46 .06910 -100.51 
44.00 -.09359 .20000 -33.30 .07211 -100.51 
48.00 -.10215 .20000 -34.13 .07477 -100.51 
52.00 -.11070 . 20000 -34.96 .07715 -100.51 • 
56.00 -.11926 .20000 -35.60 .07933 -100.51 
60.00 -.12782 .20000 -36.63 .08138 -100.51 
64.00 -.13637 .20000 -37.46 .06337 -100.51 
68.00 -.1449'- .20000 -38.30 .08539 -100.51 
72.00 -.15346 .20000 -39.13 .08751 -100.51 
76.00 -.16200 .20000 -39.96 . 08979 -100. s 1 • 
80.00 -.17053 .20000 -40.80 .09233 -100.51 
64.00 -.17905 .20000 -41.63 .09518 ·100.51 
88.00 -.18757 .20000 -42.46 .09844 -100.51 
92.00 -.19608 .20000 -43.30 .10216 ·100.51 
96.00 -.20458 .20000 -44. 13 .10644 -100.51 

100.00 -.21307 .20000 -44.96 .11133 -100.51 • 
104.00 -.22155 .20000 -45.80 .11693 -100.51 
108.00 -.23002 .20000 -46.63 .12329 -100.51 
112.00 -.23849 .20000 -47.46 .13051 -100.51 
116.00 -.24695 .20000 -48.30 .13865 -100.51 
120.00 -.25540 .20000 -49.13 .14779 -100.51 • 

f 
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HOUR = 8 A.M. 

DISTANCE MOVEMENT COEFF OF PRST+FRICT CURLJI\G BOT.CURL 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLAB{ft) (in) {psi) (psi) (in) (psi) 

.00 .00000 .00000 -25.02 .00000 -94.30 
4.00 -.00836 .04772 -25.22 .01420 -94.30 
8.00 -.01679 .14317 -25.82 .02309 -94.30 

12.00 -.02527 .19545 -26.63 .03135 -94.30 
16.00 -.03378 .20000 -27.46 .03875 -94.30 
20.00 -.04231 .20000 -28.30 .04532 -94.30 
24.00 -.05085 .20000 -29.13 .05110 -94.30 
28.00 -.05940 .20000 -29.96 .05618 -94.30 
32.00 -.06796 .20000 -30.80 .06062 -94.30 
36.00 -.07652 .20000 -31.63 .06449 -94.30 
40.00 -.08508 .20000 ·32.46 .06787 ·94.30 
44.00 -.09365 .20000 ·33.30 .07083 -94.30 
48.00 -.10221 .20000 -34.13 .07344 -94.30 
52.00 -.11077 .20000 -34.96 .07578 -94.30 
56.00 -.11934 .20000 -35.80 . 07792 -94.30 
60.00 -.12790 .20000 -36.63 .07993 -94.30 
64.00 -.13645 .20000 -37.46 .08189 -94.30 
68.0G -.14501 .20000 -38.30 .08387 -94.30 
72.00 -.15355 .20000 -39.13 .08595 -94.30 
76.00 -.16210 .20000 -39.96 .08820 -94.30 
80.00 -.17063 .20000 -40.80 .09068 -94.30 
84.00 -.17916 .20000 -41.63 .09349 -94.30 
88.00 -.18768 .20000 -42.46 .09668 -94.30 
92.00 -.19620 .20000 -43.30 .10034 -94.30 
96.00 -.20470 .20000 -44.13 .10454 -94.30 

100.00 -.21320 .20000 -44.96 .10935 -94.30 
104.00 -.22169 .20000 -45.80 .11485 -94.30 
108.00 -.23017 .20000 -46.63 .12110 -94.30 
112.00 -.23864 .20000 -47.46 .12819 -94.30 
116.00 -.24710 .20000 -48.30 .13618 -94.30 
120.00 -.25556 .20000 -49.13 .14516 -94.30 
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HOUR = 10 A.M. 

• DISTANCE MOVEMENT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM mD FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -68.38 .00000 -23.51 
4.00 -.00696 -.00702 -68.35 .01023 -23.57 • 8.00 -.01398 -.02109 -66.26 .01664 -23.57 

12.00 -.02104 -.03523 -68.11 .02260 -23.57 
16.00 -.02812 -.04948 -67.91 .02793 -23.57 
20.00 -.03520 -.06366 -67.64 .03267 -23.57 
24.00 -.04229 -.07836 -67.31 .03684 -23.57 
28.00 -.04937 -.09300 -66.93 .04050 -23.57 • 32.00 -.05644 -.10780 -66.48 . 04370 -23.57 
36.00 -.06349 -.12276 -65.97 .04649 -23.57 
40.00 -.07054 -.13789 -65.39 .04892 -23.57 
44.00 -.07756 -.15323 -64.75 .05106 -23.57 
48.00 -.08456 -.16877 -64.05 .05294 -23.57 
52.00 -. 09154 -.18455 -63.28 .05462 ·23.57 • 56.00 ·.09850 -.19625 -62.46 .05617 -23.57 
60.00 -.10543 -.20000 -61.63 .05762 -23.57 
64.00 -.11233 -.20000 ·60.80 .05903 -23.57 
68.00 -.11919 -.20000 -59.96 .06046 -23.57 
72.00 -.12602 -.20000 ·59.13 .06196 -23.57 
76.00 -.13282 -.20000 ·58.30 .06357 -23.57 • 80.00 -.13958 -.20000 ·57.46 .06537 ·23.57 
84.00 -.14631 -.20000 -56.63 .06739 -23.57 
88.00 -.15300 -.20000 -55.80 .06969 -23.57 
92.00 -.15965 -.20000 -54.96 .07233 -23.57 
96.00 -.16626 -.20000 -54.13 .07536 ·23.57 

100.00 -.17283 -.20000 -53.30 .07882 -23.57 • 104.00 -.17937 -.20000 -52.46 .08279 -23.57 
108.00 -.18587 -.20000 -51.63 .08729 -23.57 
112.00 -.19234 -.20000 -50.80 .09240 ·23.57 
116.00 -.19878 -.20000 -49.96 .09817 -23.57 
120.00 ·.20519 -.20000 ·49.13 .10464 ·23.57 

II 

• 
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HOUR = 12 NOON 

DISTANCE HOVEHENT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROH HID FRICTION STRESS DEFLECTION STRESS 
SLAB ( ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -72.52 .00000 ·5.89 
4.00 -.00332 ~.02613 -72.41 .00591 -5.89 
8.00 -.00663 -.07841 -72. 0~ .00961 ~5.89 

12.00 ~.00994 -.13076 -71.54 .01305 -5.89 
16.00 -.01324 -.17848 -70.80 .01614 -5.89 
20.00 -.01653 -.20000 -69.96 .01887 -5.89 
24.00 -.01981 -.20000 -69.13 .02128 -5.89 
28.00 -.02309 -.20000 -68.30 .02339 -5.89 
32.00 -.02635 -.20000 -67.46 .02524 -5.89 
36.00 -.02960 -.20000 -66.63 .02685 -5.89 
40.00 -.03284 -. 20000· -65.80 .02826 -5.89 
44.00 -.03607 -.20000 -64.96 .02949 -5.89 
48.00 -.03929 -.20000 -64.13 .03058 -5.89 
52.00 -.04250 -.20000 -63.30 .03155 -5.89 
56.00 -.04570 -.20000 -62.46 .03244 -5.89 
60.00 -.04888 -.20000 -61.63 .03328 -5.89 
64.00 -.05205 -.20000 -60.80 .03410 -5.89 
68.00 -.05521 -.20000 -59.96 .03492 -5.89 
72.00 -.05836 -.20000 ·59.13 .03579 -5.89 
76.00 -.06148 -.20000 -58.30 .03672 -5.89 
80.00 -.06460 -.20000 -57.46 .03776 -5.89 
84.00 -.06769 -.20000 -56.63 .03893 -5.89 
88.00 -. 07077 -.20000 -55.80 .04026 -5.89 
92.00 -.07383 -.20000 -54.96 .04178 -5.89 
96.00 -.07687 -.20000 -54.13 .04353 -5.89 

100.00 -. 07989 -.20000 -53.30 .04553 -5.89 
104.00 -.08290 -.20000 -52.46 .04782 -5.89 
108.00 -.08588 -.20000 -51.63 .05042 -5.89 
112.00 -.08885 -.20000 -50.80 .05338 -5.89 
116.00 -.09180 -.20000 -49.96 .05670 -5.89 
120.00 -.09474 -.20000 -49.13 .06044 -5.89 
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• 
HOUR = 2 P.M. 

• DISTANCE ~IOVE~IENT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -251.11 .00000 -1.47 
4.00 -.00303 -.02757 -250.99 .00214 -1.47 • 8.00 -.00606 -.08273 -250.65 .00346 -1.47 

12.00 -.00908 -.13796 -250.08 .00472 -1.47 
16.00 -.01209 -.18280 -249.31 .00584 -1.47 
20.00 -.01510 -.20000 -248.48 .00683 -1.47 
24.00 -.01809 -.20000 -247.65 . 00770 -1.47 
28.00 -.02107 -.20000 -246.81 .00846 -1.47 • 32.00 -.02404 -.20000 -245.98 .00913 -1.47 
36.00 -.02701 -.20000 -245.15 .00971 -1.47 
40.00 -.02996 -.20000 -244.31 .01022 -1.47 
44.00 -.03290 -.20000 -243.48 .01067 -1.47 
48.00 -.03584 -.20000 -242.65 . 01106 -1.47 
52.00 -.03876 -.20000 -241.61 . 01141 -1.47 • 56.00 -.04167 -.20000 -240.98 .01174 -1.47 
60.00 -.04457 -.20000 -240.15 .01204 -1.47 
64.00 -.04745 -.20000 -239.31 .01233 -1.47 
68.00 -.05032 -.20000 -238.48 .01263 -1.47 
72.00 -.05318 -.20000 -237.65 .01295 -1.47 
76.00 -.05602 -.20000 -236.81 .01328 -1.47 • 80.00 -.05884 -.20000 -235.98 .01366 -1.47 
84.00 -.06165 -.20000 -235.15 .01408 -1.47 
88.00 -.06444 -.20000 -234.31 .01456 -1.47 
92.00 -.067Z1 -.20000 -233.48 . 01511 -1.47 
96.00 -.06996 -.20000 -232.65 .01575 -1.47 

100.00 -.07270 -.20000 -231.81 .01647 -1.47 • 
104.00 -.07542 -.20000 -230.98 .01730 -1.47 
108.00 -. 07811 -.20000 -230.15 .01824 -1.47 
112.00 -.08079 -.20000 -229.31 .01931 -1.47 
116.00 -.08346 -.20000 -228.48 .02051 -1.47 
120.00 -.08610 -.20000 -227.65 .02186 -1.47 

' 

• 
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HOUR = 4 P.M. 

DISTANCE MOVEMENT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM MID FRICTION Si'RESS DEFLECTIO'. STRESS 
SLAB (ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 ·251.40 .00000 .00 
4.00 -.00184 ·.03354 ·251. 26 ·.00008 .00 
8.00 -.00367 -.10065 -250.84 ·.00012 .00 

12.00 -.00550 ·.16711 ·250.15 •. 00017 .00 
16.00 -.00732 -.20000 -249.31 -.00021 .00 
20.00 -.00912 -.20000 ·248.48 -.00024 .00 
24.00 ·.01092 -.20000 -247.65 -.00028 .00 
28.00 -. 01271 -.20000 -246.81 -.00030 .00 
32.00 -.01449 -.20000 -245.98 -.00033 .00 
36.00 -.01626 -.20000 -245.15 -.00035 .00 
40.00 -.01801 ·.20000 -244.31 -.00037 .00 
44.00 -.01976 -.20000 ·243.48 -.00038 .00 
48.00 -.02150 -.20000 -242.65 -.00040 .00 
52.00 ·.02323 -.20000 -241.81 ·.00041 .00 
56.00 -.02494 -.20000 -240.98 ·.00042 .00 
60.00 •.02664 -.20000 -240.15 -.00043 .00 
64.00 -.02833 -.20000 -239.31 -.00044 .00 
68.00 -.03001 -.20000 -238.48 -.00045 .00 
12.00 -.03167 -.20000 -237.65 -.00046 .00 
76.00 -.03332 -.20000 -236.81 -.00048 .00 
80.00 -.03495 -.20000 -235.98 -.00049 .00 
84.00 -.03656 -.20000 -235.15 -.00050 .00 
88.00 -.03815 -.20000 ·234.31 -.00052 .00 
92.00 -.03973 -.20000 -233.48 -.00054 .00 
96.00 -. 04129 -.20000 -232.65 -.00056 .00 

100.00 -.04283 -.20000 -231.81 -.00059 .00 
104.00 ... 04435 -.20000 -230.98 -.00062 .00 
108.00 -.04586 -.20000 -230.15 -.00065 .00 
112.00 -.04734 -.20000 -229.31 -.00069 .00 
116.00 -.04881 -.20000 -228.48 -.00073 .00 
120.00 -.05026 -.20000 -227.65 -.00078 .00 
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HOUR = 6 J'.H. 

D I ST hNCE ~lOVEHENT COEFF OF PRST+FRICT CURLING BOT.CURL • 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLhB(ft) (in) (psi) (psi) (in) ( pf; i) 

.00 .00000 .00000 -208.36 .00000 .00 
4.00 -.00325 .00709 -208.39 .00325 .00 • 8.00 -.00651 .02129 -208.48 .00529 .00 

12.00 -.00977 .03555 -208.62 .00719 .00 
16.00 -.01303 . 04991 -208.83 .00888 .00 
20.00 -.01629 .06438 -209.10 .01039 .00 
24.00 -.01955 .07898 -209.43 .01172 .00 
28.00 -.02282 .09373 -209.82 .01288 .00 • 32.00 -.02610 .10863 -210.27 . 01390 .00 
36.00 -.02938 .12369 -210.79 .01479 .00 
40.00 -.03267 .13893 -211.37 .01556 .00 
44.00 -.03597 .15436 -212.01 .01624 .00 
48.00 -.03928 .17002 -212.72 .01684 .00 
52.00 -.04259 .18590 -213.49 .01737 .00 • 
56.00 -.04593 .19695 -214.31 . 01786 .00 
60.00 -.04927 .20000 -215.15 .01833 .00 
64.00 -.05263 .20000 -215.98 .01877 .00 
68.00 -.05601 .20000 -216.81 .01923 .00 
72.00 -.05939 .20000 -217.65 .01971 .00 
76.00 -.06280 .20000 -218.48 .02022 .00 • 80.00 -.06621 .20000 -219.31 .02079 . 00 
84.00 -.06964 .20000 -220.15 .02143 .00 
88.00 -.07308 .20000 -220.98 .02217 .00 
92.00 -.07653 .20000 -221.81 .02301 .00 
96.00 -.07999 .20000 -222.65 .02397 .00 

100.00 -.08347 .20000 -223.48 .02507 .00 • 
104.00 -.08695 .20000 -224.31 .02633 .00 
108.00 -.09044 .20000 -225.15 . 02776 .00 
11~. 00 -.09394 .20000 -225.98 .02939 .00 
116.00 -.09744 .20000 -226.81 .03122 .00 
120.00 -.10095 .20000 -227.65 .03328 .00 

• 
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HOUR = fl r.M. 

DISTANCE MOVEMENT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM HID FRICTION STRf.SS DEFLECTION STRESS 
SL/>.D ( ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -204.84 .00000 .00 
4.00 -.00547 .01905 -204.92 .00627 .00 
8.00 -.01101 .05718 ·205.16 .01020 .00 

12.00 -.01659 .09536 -205.56 . 01385 .00 
16.00 -.02219 .13361 ·206. 12 . 01712 .00 
20.00 - .027e2 .17196 -206.83 .02002 .00 
24.00 -.03346 .19558 ·207.65 .02257 .00 
28.00 -.03910 .20000 -208.48 .02481 .00 
32.00 -.04476 .20000 -209.31 .02677 .00 
36.00 -.05042 .20000 ·210.15 .02848 .oo 
40.00 -.05608 . 20000' -210.98 .02998 .00 
44.00 -.06174 .20000 -211.81 .03126 .00 
48.00 -.06740 .20000 -212.65 .03244 .00 
52.00 -.07306 .20000 -213.48 .03347 .00 
56.00 -.07872 .20000 -214.31 .03441 .00 
60.00 -.08438 .20000 -215.15 .03530 .00 
64.00 -.09004 .20000 -215.98 .03617 .00 
68.00 -.09569 .20000 -216.81 .03704 .00 
72.00 -.10134 .20000 -217.65 .03796 .00 
76.00 -.10698 .20000 -216.48 .03895 .00 
80.00 -.11261 .20000 -219.31 .04005 .00 
84.00 -.11824 .20000 -220.15 .04129 .00 
88.00 -.12386 .::oooo -220.98 .04270 .00 
92.00 -.12947 .20000 -221.81 .04432 .00 
96.00 -.13508 .20000 -222.65 .04617 .00 

100.00 -.14067 .20000 -223.48 .04830 .00 
104.00 -.14626 .20000 -224.31 .05072 .00 
108.00 -.15184 .20000 -225.15 .05349 .00 
112.00 -.15741 .20000 -225.98 .05662 00 
116.00 -.16297 .20000 -226.81 .06015 .00 
120.00 -.16852 .20000 -227.65 . 06411 .00 
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HOUR = 10 r.M. 

DlSTANCE HOVEMENT CUEFF OF PRST+FRICT CURLING BOT.CURL 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 ·204 .13 .00000 .00 
4.00 -.00739 .02868 ·204.25 .00830 .00 • 8.00 -.01465 .08606 ·204.61 .01350 . 00 

12.00 ·.02235 .14349 ·205.20 .01833 .00 
16.00 -.02989 .18611 ·205.98 .02266 .00 
20.00 -.03744 .20000 -206.81 .02649 .00 
24.00 -.04500 .20000 ·207.65 .02988 .00 
28.00 -.05258 .20000 -208.48 . 03285 .00 • 3:!.00 -.06016 .20000 ·209.31 . 03544 .00 
36.00 -.06774 .20000 -210.15 .03770 .00 
40.00 -.07533 .20000 ·210.98 .03968 .00 
44.00 -.082~2 .20000 -211.81 .04141 .00 
48.00 -.09050 .20000 -212.65 .04294 .00 
52.00 -.09809 .20000 -213.48 .04430 .00 • 56.00 -.10568 .20000 -214. 3l .04555 .00 
60.00 -. 11326 .20000 -215.15 .04673 .00 
64.00 -.12084 .20000 -215.98 .04788 .oo 
68.00 -.12842 .20000 ·216.81 .04903 .00 
72.00 -.13599 .20000 -217.65 .05025 .00 
76.00 -.14356 .20000 ·218.48 .05156 .00 • 
8('.00 -.15112 .20000 -2.19.31 .05302 .00 
84.00 -.15867 .20000 -220.15 .05466 .oo 
88.00 -.16622 .20000 ·220.98 .05652 .00 
92.00 -.17375 .20000 -221.81 .05866 .00 
96.00 -.18128 .20000 ·222.65 .06112 .00 

100.00 -.18880 .20000 ·223.48 .06393 .00 • 
104.00 -.19632 .20000 -224.31 .06714 .00 
108.00 -.20382 .20000 ·225.15 .07080 .00 
112.00 -. 21131 .20000 -225.98 .07494 .00 
116.00 -.21880 .20000 -226.81 .07962 .00 
120.00 -.22628 .20000 -227.65 .08486 .00 

• 
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HOtJR = 12 MIDNIGHT 

DISTANCE ~10VEHENT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -203.86 .00000 .00 
4.00 -.00860 .03471 -204.01 .00926 .00 
8.00 -.01726 .10414 -204.44 .01505 .00 

12.00 -.02597 .16943 -205.15 .02044 .00 
16.00 -. 03470 .20000 -205.98 .02527 .00 
20.00 -.04346 .20000 -206.81 .02955 .00 
24.00 -.05223 .20000 -207.65 .03332 .00 
28.00 -.06101 .20000 -208.48 .03663 .00 
32.00 -.06980 .20000 -209.31 .03953 .00 
36.00 -.07859 .20000 -210.15 .04205 .00 
40.00 -.08738 .20000 -210.98 .04426 .00 
44.00 -.09617 .20000 -211.81 .04619 .00 
48.00 -.10497 .20000 -212.65 .04789 .00 
52.00 -.11376 .20000 -213.48 .04941 .00 
56.00 -.12255 .20000 ·214.31 .05081 .00 
60.00 -.13134 .20000 -215.15 .05212 .00 
64.00 -.14013 .20000 -215.98 .05340 .00 
68.00 -.14891 .20000 -216.81 .05469 .00 
72.00 -.15769 .20000 -217.65 .05604 .00 
76.00 -.16646 .20000 -218.48 .05751 .00 
80.00 -.17522 .20000 -219.31 .05913 .00 
84.00 -.18398 .20000 -220.15 .06096 .00 
88.00 -.19273 .20000 -220.98 .06304 .00 
92.00 -.20148 .20000 -221.81 .06543 .00 
96.00 -.21021 .20000 ·222.65 .06817 .00 

100.00 -.21894 .20000 -223.48 . 07130 .00 
104.00 -.22765 .20000 -224.31 .07489 .00 
108.00 -.23636 .20000 -225.15 .07897 .00 
112.00 -.24506 .20000 ·225.98 .08359 .00 
116.00 -.25375 .20000 -226.81 .08880 .00 
120.00 -.26244 .20000 -227.65 .09465 .oo 
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!lOUR = 2 A.M. 

DISTANCE ~10VE~1ENT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROH MID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -203.77 . 00000 .00 • 4.00 -. 00932 .03833 -203.93 . 00972 .00 
8.00 -.01871 .11502 -204.41 .01580 .00 

12.00 -.02814 .17668 -205.15 .02146 .00 
16.00 -.03760 .20000 -205.98 .02652 .00 
20.00 -.04709 .20000 -206.81 .03102 .00 
24.00 -.05659 .20000 -207.65 . 03498 .00 • 
28.00 -.0660~ .20000 -208.48 .03845 .00 
32.00 -.07560 .20000 -209.31 .04149 .00 
36.00 -.08512 .20000 -210.15 .04414 .00 
40.00 -.09463 .20000 -210.98 .04645 .00 
44.00 -.10415 .20000 -211.81 .04848 .00 
48.00 -. 11367 .20000 -212.65 . 05027 .00 • 
52.00 -.12319 .20000 -213.48 .05187 .00 
56.00 -.13270 .20000 -214.31 .05333 .00 
60.00 -.14222 .20000 -215.15 . 05471 .00 
64.00 -.15173 .20000 -215.98 .05605 .00 
68.00 -.16124 .20000 -216.81 .05740 .00 
72.00 -.17074 .20000 -217.65 .05883 . 00 • 
76.00 -.18024 .20000 -218.48 .06036 .00 
80.00 -.18973 .20000 -219.31 .06207 .00 
84.00 -.19921 .20000 -220.15 .06399 .00 
88.00 -.20869 .20000 -220.98 .06617 .00 
92.00 -.21816 .20000 -221.81 .06868 .00 
96.00 -.22762 .20000 -222.65 .07155 .00 • 

100.00 -.23707 .20000 -223.48 .07484 .00 
104.00 -.24651 .20000 -224.31 .07860 .00 
108.00 -.25594 .20000 -225.15 .08288 .00 
112.00 -.26537 .20000 -225.98 .08774 .00 
116.00 -.27479 .20000 -226.81 .09321 .00 • 120.00 -.28420 .20000 -227.65 .09935 .00 

• 

• 
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*--*ANALYSIS OF PRESTR~SSED PVMT SLABS: REPORT 556-3*--* 
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PREDICTION OF PAVE~tENT SmESSES FOR 
INTER~EDIATE/FINAL PEF.IOD 

*--* 
*--* 

*--**--**--**--**--**--*~--**--**--**--**--**--**--**--* 

TH!E OF ANALYSIS FROM END 
OF SLAB SETTING (DAYS) = 1207 

TEMP. AT TEMP. PRESTRESS 
HOUR HID-DEPTH DIFF. PER STRAND 

OF DAY (DEG.F) (DEG.F) (KSI) 

8 A . .H. 107.4 14.8 179.8 
10 A.M. 112.5 11.4 179.8 
12 NOON 109.8 4.2 179.8 
2 P.M. 102.4 -5.0 179.8 
4 P.H. 96.4 -6.3 179.8 
6 P.H. 92.5 -5.8 179.8 
8 P.H. 89.6 -5.6 179.8 

10 P.M. 87.8 -5.2 179.8 
12 MIDNIGliT 85.0 -5. 1 179.8 
2 A.H. 84.1 -2.6 179.8 
4 A.H. 90.9 7.3 179.8 
6 A.M. 100.7 13.9 179.8 
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HOUR = 14:00 HRS. 

DISTANCE ~10VE~tEt\'T COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM MID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 ·213.83 .00000 .00 
4.00 -.01553 -.02656 ·213.72 -.00008 .00 
8.00 -.03111 -.07971 -213.39 -.00012 .00 • 12.00 -.04673 -.13290 -212.83 -. 00017 .00 

16.00 -.06237 -.17975 -212.08 -.00021 .00 
20.00 -.07800 -.20000 -211.25 -.00024 .00 
24.00 -.09363 -.20000 -210.42 -.00028 .00 
28.00 -.10925 -.20000 -209.58 -.00030 .00 
32.00 -.12485 -.20000 -208.75 -.00033 .00 • 36.00 -.14044 -.20000 -207.92 -.00035 .00 
40.00 -.15601 -.20000 -207.08 -.00037 .00 
44.00 -.17156 -.20000 -206.25 -.00038 .00 
48.00 ·.18709 -.20000 -205.42 -.00040 .00 
52.00 -.20260 -.20000 -204.58 -.00041 .00 
56.00 -.21809 -.20000 -203.75 -.00042 .oo • 60.00 -.23356 -.20000 -202.92 -.00043 .00 
64.00 -.24901 -.20000 -202.08 -.00044 .00 
68.00 -.26444 -.20000 -201.25 -.00045 .00 
72.00 -.27984 -.20000 -200.42 -.00046 .00 
76.00 -.29521 -.20000 ·199.58 -.00048 .00 
60.00 -.31056 -.20000 -198.75 -.00049 .00 • 84.00 -. 32569 -.20000 -197.92 -.00050 .00 
88.00 -. 34119 -.20000 -197.08 -.00052 .00 
92.00 -.35646 -.20000 -196.25 -.00054 .oo 
96.00 -.37170 -.20000 -195.42 -.00056 .00 

100.00 -.36692 -.20000 -194.58 -.00059 .00 
104.00 -.40210 -.20000 -193.75 -.00062 .00 • 
108.00 -.41726 -.20000 -192.92 -.00065 .00 
112.00 -.43240 -.20000 -192.08 -.00069 .00 
116.00 -.44750 -.20000 -191.25 -.00073 .00 
120.00 -.46258 -.20000 -190.42 ·.00078 .00 

• 

• 

• 
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HOUR = 16:00 !IRS. 

DISTANCE MOVEHE~i COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM MID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -214.14 .00000 .00 
4.00 -.01431 -.03267 -214.00 -.00282 .00 
8.00 -.02867 -.09802 -213.59 -.00459 .00 

12.00 -.04307 -.16342 -212.91 -.00623 .00 
16.00 -.05749 -.19807 -212.08 -.00771 .00 
20.00 -.07190 -.20000 -211.25 -.00901 .00 
24.00 -.08631 -.20000 -210.42 -.01016 .00 
28.00 -.10070 -.20000 -209.58 -.01111 .00 
32.00 -.11508 -.20000 -208.75 -.01205 .00 
36.00 -.12945 -.20000 -207.92 -.01282 .00 
40.00 -.14380 -.20000 -207.08 -.01350 .00 
44.00 -.15813 -.20000 -206.25 -.01408 .00 
48.00 -.17244 -.20000 -205.42 -.01460 .00 
52.00 -.18673 -.20000 -204.58 -.01507 .00 
56.00 -.20100 -.20000 -203.75 -.01549 .00 
60.00 -.21525 -.20000 -202.92 -.01589 .00 
64.00 -.22948 -.20000 -202.08 -.01628 .00 
68.00 -.24368 -.20000 -201.25 -.01668 .00 
72.00 -.25786 -.20000 -200.42 -.01709 .00 
76.00 -.27202 -.20000 -199.58 -.01754 .oo 
80.00 -.28615 -.20000 -198.75 -.01803 .00 
84.00 -.30025 -.20000 -197.92 -.01859 .00 
88.00 -.31433 -.20000 -197.08 -.01922 .00 
92.00 -.32838 -.20000 -196.25 -.01995 .00 
96.00 -.34240 -.20000 -195.42 -.02079 .00 

100.00 -.35639 -.20000 -194.58 -.02174 .00 
104.00 -.37036 -.20000 -193.75 -.02284 .00 
108.00 -.38430 -.20000 -192.92 -.02408 .00 
112.00 -.39821 -.20000 -192.08 -.02549 .00 
116.00 -.41210 -.20000 -191.25 -.02708 .00 
120.00 -.42595 -.20000 -190.42 -.02886 .00 
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HOUR = 18:00 HRS. 

DISTANCE ~fOVEHENT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM MID FRICTION STRF.~S DEFLECTION STRESS I' 

SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -183.19 .00000 .00 
4.00 -.01459 .00143 -183.20 -.00134 .00 
6.00 -.02925 .00431 -183.22 -.00218 .00 

12.00 -.04395 .00723 -183.25 -.00295 .00 • 16.00 -.05866 .01023 -183.29 -.00365 .00 
20.00 -.07339 .01333 -183.35 -.00427 .00 
24.00 -.08812 .01653 -183.42 -.00482 .00 
28.00 -.10286 .01983 -183.50 -.00529 .00 
32.00 -.11758 .02323 -183.59 -.00571 .00 
36.00 -.13231 . 02674 -183.71 -.00608 .00 • 
40.00 -.14702 .03036 -183.83 -.00640 .00 
44.00 -.16173 .03409 -183.97 -.00668 .oo 
48.00 -.17644 .03794 -184. 13 -.00692 .oo 
52.00 -.19113 .04191 -184.31 -.00714 .oo 
56.00 -.20582 .04601 -184.50 -.00734 .00 
60.00 -.22049 .05024 -184.71 -.00753 .00 
64.00 -.23516 .05461 -184.94 -. 00772 .oo 
68.00 -.24982 .05913 -185.18 -.00790 .00 
72.00 -.26447 .06379 -185.45 -.00810 .00 
76.00 -.27911 .06862 -185.73 -.00831 .oo 
80.00 -.29375 .07361 -186.04 -.00855 .00 
84.00 -.30837 . 07877 -186.37 -.00881 .00 • 
88.00 -.32298 . 08411 -186.72 -.00911 .00 
92.00 - . .3.3759 .08963 -187.09 -.00946 .00 
96.00 -.35218 .09534 ·187.49 -.00985 .00 

100.00 -. 36677 .10124 -187.91 -.01031 .00 
104.00 -.38135 .10732 ·188 . .36 -.01082 .00 
108.00 -.39591 .11360 -188.83 -.01141 .00 • 
112.00 -.41048 .12008 ·189.33 -.01208 .00 
116.00 -.42503 .12675 -189.86 -.01283 .oo 
120.00 -.43958 .13362 -190.42 -.01368 .00 
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HOUR = 20:00 JIRS. 

DISTANCE HOVE~!EI\'T COI:FF OF rRST+FRICT CURLING BOT.CURL 
FRml Min FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -169.72 .00000 ·33.89 
4.00 -.01621 .00954 -169.76 .00378 ·33.89 
8.00 -. 03249 .02863 -169.88 .00614 ·33.89 

12.00 -.04881 . 04778 -170.08 .00834 -33.89 
16.00 -.06515 .06703 -170.36 .01031 ·33.89 
20.00 ·.08151 .08642 -170.72 .01206 -33.89 
24.00 -.09788 .10596 -171.16 .01360 -33.89 
28.00 -.11425 .12567 -171.69 .01495 -33.89 
32.00 -.13063 .14556 -172.29 .01613 -33.89 
36.00 -.14701 .16567 -172.98 .01716 ·33.89 
40.00 -.16340 .18602 -173.76 .01806 -33.89 
44.00 -.17980 .19813 -174.58 .01885 -33.89 
48.00 -.19620 .20000 -175.42 .01954 -33.89 
52.00 -.21261 .20000 -176.25 .02016 -33.89 
56.00 -.22903 .20000 -177.08 .02073 ·33.89 
60.00 -.24546 .20000 -177.92 .02127 -33.89 
64.00 -.26189 .20000 -178.75 .02179 -33.89 
68.00 -.27834 .20000 -179.58 .02232 -33.89 
72.00 -.29479 .20000 ·180.42 .02287 ·33.89 
76.00 -.31125 .20000 -181.25 .02347 -33.89 
80.00 -. 32771 .20000 ·182.08 .02413 ·33.89 
84.00 -.34418 .20000 -182.92 .02488 -33.89 
88.00 -.36065 .20000 -183.75 .02573 -33.89 
92.00 -.37713 .20000 -184.58 .02670 -33.89 
96.00 -.39360 .20000 -185.42 .02782 -33.89 

100.00 -.41007 .20000 -186.25 .02910 -33.89 
104.00 -.42653 .20000 -187.08 .03056 -33.89 
108.00 -.44299 .20000 -187.92 .03222 -33.89 
112.00 -.45944 .20000 -188.75 .03411 -33.89 
116.00 -.47589 .20000 -189.58 .03624 -33.89 
120.00 -.49233 .20000 -190.42 .03863 ·33.89 
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r 

HOUR = 22:00 HRS. 

I' 
DISTANCE MOVEMENT COEFF OF PRST+FRICT CURLING BOT.Ct'RL 
FROM MID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) {psi) (psi) (in) (psi) 

.00 .00000 .00000 -167.75 . 0000(; -57.44 
4.00 -.01773 .01797 -167.83 .00738 ·57.44 • 8.00 -.03558 .05393 -168.05 .01200 -57.44 

12.00 -.05351 .08994 -168.42 .01629 -57.44 
16.00 -.07150 .12602 -168.95 .02014 -57.44 
20.00 -.08951 .16220 -169.63 .02355 -57.44 
24.00 -.10754 .19016 -170.42 .02656 -57.44 
28.00 -.12558 .20000 -171.25 .02920 -57.44 • 32.00 -.14362 .20000 -172.08 .03150 ·57.44 
36.00 -.16166 .20000 -172.92 .03352 -57.44 
40.00 -.17969 .20000 ·173.75 .03527 -57.44 
44.00 -. 19772 .20000 -174.58 .03681 -51.44 
48.00 -.21574 .20000 -175.42 .03817 -57.44 
52.00 -.23375 .20000 -176.25 .03938 -57.44 • 56.00 -.25175 .20000 -177.08 .04049 ·57.44 
60.00 -.26973 .20000 -177.92 .04154 -57.44 
64.00 -. 28771 .20000 -178.75 .04256 -57.44 
68.00 -.30567 .20000 -179.58 .04359 -57.44 
72.00 -. 32362 .20000 -180.42 .04467 -57.44 
76.00 -.34155 .20000 ·181.25 .04584 -57.44 • 
80.00 -.35947 .20000 -182.08 .04713 -57.44 
84.00 -.37737 .20000 -182.92 .04859 -57.44 
88.00 -.39526 .20000 -183.75 .05025 -57.44 
92.00 -.41313 .20000 -184.58 .05215 -57.44 
96.00 -.43098 .20000 -185.42 .05433 -57.44 

100.00 -.44881 .20000 -186.25 .05683 -57.44 • 104.00 -.46662 .20000 -187.08 .05969 -57.44 
108.00 -.48442 .20000 -187.92 .06294 -57.44 
112.00 -.50220 .20000 -188.75 .06662 ·57.44 
116.00 -.51996 .20000 -189.58 .07078 -57.44 
120.00 -.53770 .20000 -190.42 .07544 -57.44 

• 
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HOUR= 24:00 HRS. 

DISTANCr. HOVE~lf.I'.'T COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM HID FRICTTOt\ STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -167.28 .00000 -69.54 
4.00 -.01866 .02267 -167.37 .00940 -69.54 
8.00 -.03745 .06802 -167.65 .01529 -69.54 

12.00 -.05632 .11342 -16b.13 .02076 -69.54 
16.00 -.07525 .15889 -168.79 .02566 -69.54 
20.00 -.09420 .19082 -169.58 .03001 -69.54 
24.00 -.11317 .20000 -170.42 .03384 -69.54 
28.00 -.13215 .20000 -171.25 .03720 -69.54 
32.00 -.15113 .20000 -172.08 .04014 -69.54 
36.00 -.17011 .20000 -172.92 .04271 -69.54 
40.00 -.18908 .20000 -173.75 .04494 -69.54 
44.00 -.20805 .20000 -174.58 .04690 -69.54 
48.00 -.22701 .20000 -175.42 .04863 -69.54 
52.00 -.24595 .20000 -176.25 .05018 -69.54 
56.00 -.26489 .20000 -177.08 .05160 -69.54 
60.00 -.28382 .20000 -177.92 .05293 -69.54 
64.00 -.30273 .20000 -178.75 .05423 ·69.54 
68.00 -.3:!164 .20000 -179.58 .05554 -69.54 
72.00 -.34052 .20000 -180.42 .05691 ·69.54 
76.00 -.35940 .20000 -181.25 .05840 -69.54 
80.00 -.37825 .20000 -182.08 .06005 -69.54 
84.00 -.39710 .20000 -182.92 .06191 -69.54 
88.00 -.41592 .20000 -183.75 .06402 -69.54 
92.00 -.43473 .20000 -184.58 .06645 -69.54 
96.00 -.45352 .20000 -185.42 .06923 -69.54 

100.00 -.47229 .20000 -186.25 .07241 -69.54 
104.00 -.49104 .20000 -187.08 .C7605 -69.54 
108.00 -.50978 .20000 -187.92 .08019 -69.54 
112.00 -.52849 .20000 -188.75 .08488 -69.54 
116.00 -.54719 .20000 -189.58 .09018 -69.54 
120.00 -.56588 .20000 -190.42 .09612 -69.54 
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' 
HOUR= 2:00 I!RS. 

DISTANCE ~tOVE~tF.r-.'T COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLAD(ft) {in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 ·167.03 .00000 -76.93 
4.00 ·.01936 .02616 -167.13 .01074 -76.93 • 
8.00 -.03885 .07850 ·167.46 .01747 -76.93 

12.00 -.05842 . 13089 -168.01 .02373 -76.93 
16.00 -.07804 .17855 ·168.75 .02933 ·76.93 
20.00 -.09769 .20000 ·169.58 .03429 ·76.93 
24.00 •. 11736 .20000 -170.42 .03867 -76.93 • 28.00 -.13704 .20000 -171. 25 .04252 -76.93 
32.00 -.15672 .20000 -17.2. 08 .04588 ·76.93 
36.00 -.17640 .20000 ·172.92 .04881 -76.93 
40.00 -.19607 .20000 -173.75 .05136 ·76.93 
44.00 -.21574 .20000 -174.58 .05360 -76.93 
48.00 -.23539 .20000 -175.42 .05558 ·76.93 • 52.00 -.25504 .20000 -176.25 .05735 -76.93 
56.00 -.27468 .20000 ·177.08 .05897 ·76.93 
60.00 -.29431 .20000 -177.92 .06049 -76.93 
64.00 -.31392 .20000 -178.75 .06197 ·76.93 
68.00 -.33352 .20000 -179.58 .06347 -76.93 
72.00 -. 35311 .20000 ·180.42 .06504 -76.93 • 76.00 -.37268 .20000 -181.25 .06674 ·76.93 
80.00 -.39224 .20000 -182.08 .06863 ·76.93 
84.00 ... 41178 .20000 -182.92 .07075 ·76.93 
88.00 -.43130 .20000 -183.75 .07317 ·76.93 
92.00 -.45081 .20000 -184.58 .07594 -76.93 
96.00 -.47029 .20000 -185.42 .07911 -76.93 • 100.00 -.48976 .20000 ·186.25 .08275 ·76.93 

104.00 -.50922 .20000 -187.08 .08691 -76.93 
108.00 -.52865 .20000 -187.92 .09165 -76.93 
112.00 -.54807 .20000 -188.75 .09701 ·76.93 
116.00 -.56747 .20000 ·189.58 .10306 -76.93 
120.00 -.58685 .20000 -190.42 .10985 -76.93 

• 



89 

HOUR= 4:00 !IRS. 

DISTANCE ~lOVE HE NT COEFF OF PRST+FRICT CURLING BOT.CURL 
FROH HID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -166.92 .00000 ·81. OS 
4.00 -.01980 .02834 -167.04 .011S2 -81.0S 
8.00 -.03972 .08503 -167.39 .01873 -81.05 

12.00 -.05972 .14177 -167.98 .02S43 -81. OS 
16.00 -.07978 .18508 -168.75 .0314L. -8l.OS 
20.00 -.09987 .20000 -169.58 .03676 ·81. OS 
24.00 -.11997 .20000 -170.42 .04146 -81. OS 
28.00 -.14009 .20000 -171. 2S .04SS8 -81. OS 
32.00 -.16020 .20000 -172.08 .04918 -F.1.0S 
36.00 -.18032 .20000 -172.92 . OS232 -81.0S 
40.00 -.20042 .20000 -173.7S .OSS06 -81. OS 
44.00 -.220S2 .20000 -174.S8 .OS746 -81. OS 
48.00 -.24062 . 20000· -17S.42 .OS9S8 -81. OS 
S2.00 -.26070 .20000 -176.25 .06148 -81.0S 
56.00 -.28077 .20000 -177.08 .06321 -81. OS 
60.00 -.30083 .20000 -177.92 .06484 -81. OS 
64.00 -.32088 .20000 -178.75 .06643 -8l.OS 
68.00 -.34092 .20000 -179.S8 .06804 -8l.OS 
72.00 -.36094 .20000 -180.42 .06973 -81.05 
76.00 -.38095 .20000 -181.2S .07155 -81.0S 
80.00 -.40094 .20000 -182.08 .07357 -s:.os 
84.00 -.42091 .20000 -182.92 .07S84 -81.0S 
88.00 -.44087 .20000 -183.75 .07844 -81.05 
92.00 -.46081 .20000 -184.58 .08140 ·81. OS 
96.00 -.48074 .20000 -185.42 .08481 -8l.OS 

100.00 -.S0064 .20000 -186.2S .08871 -81. OS 
104.00 -.S20S3 .20000 -187.08 .09317 -81. OS 
108.00 -.S4040 .20000 -187.92 .09824 -81. OS 
112.00 -.S602S .20000 -188.7S .10399 ·8l.OS 
116.00 -.S8009 .20000 -189.S8 .11048 -8l.OS 
120.00 -.S9990 .20000 -190.42 .11776 -81.05 
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HOUR = 6:00 !IRS. 

f' 

DISTANCE 110\'F.HEr...'T COEFF OF PRST+FRJCT CURLING BOT.CURL 
FROM HID FRJCTIOI\ STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -166.75 .00000 -83.88 
4.00 -.02047 .03171 -166.88 .01251 -83.88 • 8.00 -.04107 .09516 -16:'.28 .02035 -83.88 

12.00 -.06175 .15865 -167.94 .02763 -83.88 
16.00 ·.08248 .19520 -168.75 .03415 -83.88 
20.00 -.10324 .20000 -169.58 .03994 -83.88 
24.00 -.12402 .20(,00 -170.42 .04504 -83.88 
28.00 -.14481 .20000 -171.25 .04951 -83.88 • 32.00 -.16560 .20000 -172.08 .05342 -83.88 
36.00 -.18639 .20000 -172.92 .05683 -83.88 
40.00 -.20717 .20000 -173.75 .05981 -83.88 
44.00 -.22795 .20000 -174.58 .06242 -83.88 
48.00 -. 24872 .20000 -175.42 .06472 -83.88 
52.00 -.26948 .20000 -176.25 .06678 -83.88 • 56.00 -.29022 .20000 -177.08 .06867 -83.88 
60.00 -.31096 .20000 -177.92 .07044 -83.88 
64.00 -.33168 .20000 -17!.75 . 07217 -83.88 
68.00 -.35239 .20000 -179.58 .07391 -83.88 
72.00 -.37309 .20000 -180.42 .07574 -83.88 
76.00 -.39377 .20000 -181.25 .07772 -83.88 • 80.00 -.41444 .20000 -182.08 .07992 -83.88 
84.00 -.43509 .20000 -182.92 .08239 -83.88 
88.00 -.45572 .20000 -183.75 .08520 -83.88 
92.00 -.47634 .20000 -184.58 .08843 -83.88 
96.00 -.49694 .20000 -185.42 .09213 -83.88 

100.00 -.51752 .20000 -186.25 .09637 -83.88 • 104.00 -.53808 .20000 ·187.08 .10121 -83.88 
108.00 -.55863 .20000 -18i.92 .10672 -83.88 
112.00 -.57915 .20000 -188.75 .11297 -83.88 
116.00 -.59966 .20000 -189.58 .12001 -83.88 
120.00 -.62016 .20000 -190.42 .12792 -83.88 

• 

t 

• 
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HOUR = R:OO HRS. 

DISTANCE ~IOVDIE~'T COEFF OF PRST+FRICT CURLING BOT.CURL 
FROM HID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -166.69 .00000 -80.43 
4.00 -.02069 .03281 -166.83 .01263 -80.43 
8.00 -.04150 .09844 -167.24 .02055 -80.43 

12.00 -.06240 .16412 -167.92 .02790 -80.43 
16.00 -.08336 .19849 -168.75 .03449 -80.43 
20.00 -.10434 .20000 -169.58 .04033 -80.43 
24.00 -.12534 .20000 -170.42 .04548 -80.43 
28.00 -. 14635 .20000 -171.25 .05000 -80.43 
32.00 -.16736 .20000 -172.08 . 05395 -80.43 
36.00 -.18836 .20000 -172.92 .05739 -80.43 
40.00 -.20936 .20000 -173.75 .06040 -80.43 
44.00 -.23036 .20000 -174.58 .06303 -80.43 
48.00 -.25135 .20000 -175.42 .06536 -80.43 
52.00 -. 27232 .20000 -176.25 .06744 -80.43 
56.00 -.29329 .20000 -177.08 .06934 -80.43 
60.00 -.31425 .20000 -177.92 . 07113 -80.43 
64.00 -.33519 .20000 -178.75 . 07288 -80.43 
68.00 -.35612 .20000 -179.58 .07464 -80.43 
72.00 -.37703 .20000 -180.42 .07649 -80.43 
76.00 -.39794 .20000 -181.25 .07849 -80.43 
80.00 -.41882 .20000 -182.08 .08070 -80.43 
84.00 -.43969 .20000 -182.92 .08320 -80.43 
88.00 -.46054 .20000 -183.75 .08604 -80.43 
92.00 -.48138 .20000 -184.58 .08930 -80.43 
96.00 -.50220 .20000 -185.42 .09304 -80.43 

100.00 -.52300 .20000 -186.25 .09732 -80.43 
104.00 -.54378 .20000 -187.08 .10221 -80.43 
108.00 -.56454 .20000 -187.92 .10777 -80.43 
112.00 -.58529 .20000 -188.75 .11408 -80.43 
116.00 -.60602 .20000 -189.58 .12119 -80.43 
120.00 -.62673 .20000 -190.42 .12918 -80.43 



!lOUR = 10:00 HRS. 

I' 

DISTANCE HOVEHE~~ COEFF OF PRST+-FRICT CURLING BOT.CURL 
FROH HID FRICTION STRESS DEFLECTION STRESS 
SLAB(ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -208.42 .00000 -20.p • 4.00 -.01955 -.00569 -208.40 .00794 ·20 .11 
8.00 -.03923 -.01708 ·208.33 .01291 -20. 11 

12.00 -.05898 -.02852 -208.21 .01752 -20.11 
16.00 -. 07877 -.04006 -208.04 .02166 ·20 .11 
20.00 -.09858 -.05171 -207.82 .02533 -20.11 
24.00 -.11840 -.06348 -207.56 .02856 ·20 .11 • 28.00 -.13821 -.07538 -207.25 .03140 -20.11 
32.00 -.15801 ·.08742 ·206.88 .03388 -20.11 
36.00 -.17779 -.09960 -206.47 .03605 -20.11 
40.00 -.19755 -.11194 -206.00 .03794 -20.11 
44.00 -.21729 -.12445 ·205.48 .03959 -20.11 
48.00 -.23700 -.13714 -204.91 .04105 -20.11 • 52.00 -.25668 -.15003 -204.28 . 04236 -20.11 
56.00 -.27633 -.16313 -203.61 .04355 ·20 .11 
60.00 -.29595 -.17647 -202.87 .04468 -20.11 
64.00 -.31553 -.19004 -202.08 . 04577 -20.11 
68.00 -.33507 -.19845 -201.25 .04688 -20.11 
72.00 -.35458 -.20000 -200.42 .04804 -20.11 • 76.00 -.37404 -.20000 -199.58 .04930 -20.11 
80.00 -.39346 -.20000 -198.75 .05069 -20.11 
84.00 -.41283 -.20000 -197.92 .05226 -20.11 
88.00 -.43216 -.20000 -197.08 .05404 -20.11 
92.00 -.45144 -.20000 -196.25 .05609 -20.11 
96.00 -.47067 -.20000 -195.42 .05843 -20.11 • 100.00 -.48986 -.20000 -194.58 .06112 -20.11 

104.00 -.50900 -.20000 -193.75 .06419 -20.11 
108.00 -.52809 -.20000 -192.92 .06769 -20.11 
112.00 -.54714 -.20000 -192.08 .07165 -20.11 
116.00 -.56615 -.20000 -191.25 .07612 -20.11 
120.00 -.58511 -.20000 -190.42 .08114 -20.11 
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HOUR= 12:00 !IRS. 

DISTANCE HOVEHEI\'T COEFF OF PRST~FRICT CURLING 1.\0T.CURL 
FROH MID FRICTIOr\ STRESS DEFLECTION STRESS 
SLAB ( ft) (in) (psi) (psi) (in) (psi) 

.00 .00000 .00000 -213.15 .00000 -5.03 
4.00 -.01716 -.01849 -213.07 .00336 -5.03 
8.00 -.03439 -.05550 -212.84 .00547 -5.03 

12.00 -.05165 -.09255 -212.46 .00742 ·5.03 
16.00 -.06893 -.12967 -211.92 .00917 -5.03 
20.00 -.08621 -.16690 -211.22 .01073 -5.03 
24.00 -.10348 -.19277 -210.42 . 01210 -5.03 
28.00 -.12074 -.20000 -209.58 .01330 -5.03 
32.00 -.13799 -. 20000, -208.75 .01435 -5.03 
36.00 -.15522 -.20000 -207.92 .01527 -5.03 
40.00 -.17243 -.20000 -207.08 .01607 -5.03 
44.00 -.18962 -.20000 -206.25 .01677 -5.03 
48.00 -.20680 -.20000 -205.42 .01739 -5.03 
52.00 -.22395 -.20000 -204.58 .01794 -5.03 
56.00 -.24108 -.20000 -203.75 .01845 -5.03 
60.00 -.25820 -.20000 -202.92 .01892 -5.03 
64.00 -.27529 -.20000 -202.08 .01939 ·5.03 
68.00 -.29235 -.20000 -201.25 .01986 -5.03 
72.00 -.30940 -.20000 -200.42 .02035 -5.03 
76.00 -.32642 -.20000 -199.58 .02088 -5 .o3 
80.00 -.34341 -.20000 -198.75 .02147 -5.03 
84.00 -.36037 -.20000 -197.92 .02213 -5.03 
88.00 -.37731 -.20000 -197.08 .02289 -5.03 
92.00 -.39423 -.20000 -196.25 .02376 -5.03 
96.00 -.41111 -.20000 -195.42 .02475 -5.03 

100.00 -.42797 -.20000 -194.58 .02589 -5.03 
104.00 -.44480 -.20000 -193.75 .02719 -5.03 
108.00 -.46160 -.20000 -192.92 .02867 -5.03 
112.00 -.47838 -.20000 -192.08 .03035 -5.03 
116.00 -.49512 -.20000 -191.25 .03224 -5.03 
120.00 -.51185 -.20000 -190.42 .03437 -5.03 



APPENDIX D. LISTING OF PROGRAM PSCP2 

c 
c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c c 
C PROGRA~' PSCPt. ANALYSIS or PR[STRESSEO CONCRETE rAV(M(IlT!. C 
C CONSIO[RIN(i THE INELASTIC NATURE or lH£ SLA8·8ASE FRICliCIPf C 
C FORCE:$, JULV 1111 C 
c c 
c:$'; PSCP: IS WE Uj:I(#R,o\0£0 ANO CALIBRAT£0 V[RSIOII or PROGRAL'. C 
C PSCP1. I"SCPZ VERSION WAS OEV£LOPEO BY JOSE Ito. TEHito.·COI.UNCA C 
C UNDER THE RESEARCH PROJECT 1156 AT THE C(NlER FOR TRANSPORTito.TION C 
C RESEARCH THE UNIVERSITY OF TEXAS AT AU~ TIN THIS VERSION C 
C CONTAINS THE IMPROVED ALGORITM FOR CUI":I.INC C 
c c 
C PSCP1 PAOCAAM WAS DEVEI.OP£0 BY AlBERTO M£HOOZA AT THE C 
C CENTER FOR TRANSPORTATION RESEito.RCH. TH[ UNIVERSilY OF TEXAS AT C 
C AUSTIN. IN 1\EstARCH PROJECT •01. 'DESIGN AND CONSTRUCTION OF C 
C PRESTRESSED CONCRETE PAVEMENTS FOR OVERLAY AI'PLICATIONS', C 
C CONDUCTED IN COOPERATION WITH THE TExlto.S STAT£ DEPARTMENT OF C 
C HIGHWito.YS lto.NO PUII.IC TRANSPORTATION, AND THE FEDERAL HIGHWAY C 
C AOMINISTRito.TION. C 
c c 
C DOCUMENTito.TION RELATED TO THE OIVILOPMENT lto.NO lto.PPI.ICATION C 
C OF PSCPt PROGRAM IS PRESENT£0 IN CTR REPORT NO 1!11·3, C 
C PY J~St 1>. TFNA·CCilliN\.1,, B FRMIK MCCUllOli(:H AND NED H [WIH4!. C 
c c 
C THIS PROGRAM DOES NOT CONSTITUTE A STANDARD OR POLICV OF C 
C THE TEXAS SOHPT. lto.HV Ur.ER SHOULD ACCEPT RUPONSIIILITY FOR THE C 
C ACCURito.CY OF THE INPUTS AND VALIDITY OF THE RESULTS. C 
c c 
cccccccccccccccccccccccccccccccccccccccccccccccccccc:ccccccccccccccccc 
c 
c 

c 

IMP\.ICIT OOU8L[ PIUCISION IA•H,O,P,R·ZI 
DIMENSION VECTR1(1Zl.VECTRZI12l.ARREI14l 
DIMENSION AG£18I,PCTCIIl,PCTTIII 
DIMENSION CURH(U,PI1DOI 

c 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccc:ccccccccccc 
c 
c 
c 

LIST OF V.._RIAILES 

C INPUT V ... RIAILES: 
c 
c 
c 
c::: 
c 
c 
c 
c 
c 

VECTR1• ALPHANUMERIC INFORMATION TO IDENTIFY THE PROBLEM 
01. • SLAB LENGTH In) 

OW • TOTAL WIDTH OF THE SLAB THAT CAN BE CONSIOEIUD FREECnl 
0 • S\.41 THICKNESS (IN) 

NII.O • NO. OF INCREMENTS CONSIDERED IV THE PROGRAM FOR lto.NAL VSIS 
OF S\.41 HALF 

NMAX • MAXIMUM NO. Oil IT[AATIOHS 
TOL • RELATIVE C\.OSURE TOUR4HCE (PERCENT! 
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• 

• 



C AL TOT • CONCitElE t "(lltMAL COEHICIENT o.- CONTIItACTION Olt (J(PANSI()til 
C UNIIN·DEG F) 
C ZTOT • FINAL SHRINK.AC[ STAAl,_ !INIIN) 
C C • CONCRETE UNIT WEICHT IPCFI 
C PR • CONCRETE POISSON ltATIO 
C CREEP • CONCRET£ CRUP CO£F'F'ICI£NT 
C KK • NO OF POINT$ IN COMPRESSIVE STRENGTH VS ACE 
C REL.ATIONSHIP PROVIDED 8\' USER 
C AGEUIII• ,~o:lf: IN DAYS FOR POINT I OF REL.ATIONSHIP 
C COMPII)• COMPRESSIVE STRENCTH FOR POINT I OF RU.t.TIONSHIP 
C Ml • NO OF POINTS IN THE FRtCliOH COEFFICIENT VS DISPV.CUUNT 
C R£L.ATIONSHIP 
C ZVtll • DISPL.ACEMENT IN INCHES FOR POINT I OF REV.TIONSHII' 
C UUI1l • FRICTION COEFFICIENT FOIIt POINT I OF' lltEL.ATIONSHIP 
C SK • I<·VALUI ON TOP OF SV.I surPORTINC VoYER fPSIIINI 
C SS • STRANO SPACINCi 0Nl 
C &A • NOMINAL ARU. OF THE STRANDS ISO INl 
C FPV • STEEL YIELD STRESS IKSI) 
C ES • STEEL EL..t.STIC MODULUS II'Sil 
C ALS • STEll. TH(RMAI. CO[FFICI(NT IPSIJ 
C NP£R • PAIRI OF SL..-.8 MID·DEPTH TEMPEAATURU AND TOP·TO·BOTTOM 
C TEMII'EAATUIU DIFFERENTIALS PROVIDED AT t·HOUR INTERVALS 
C CURH • S(TTING HOUR UN THE SCALE OF 0 TO f4 HOURS) 
C CVRTEMP• SLAB MIDOEPTH TEMPERATURE AT THE S£TTING HOUR IOEG Fl 
C ADTIIJ• MID·DEPTH TEMPERATURE FOIIt DATA PAIIIt IIOEG.F) 
C TOIFIIJ• TOP•TO·BOTTOM SL..-.8 TEMPERATURE DIFFERENTIAL FOR DATA 
C PAIR I IDEG F) 
C /,VCOIF{Il• MOVING AVER~>.CE OF TCII'·BOTTCIM SLAB TEMPERAtuRE OIF'f'E'RtNTI 
c:!-'1 AL FOR PAIR I IOEG.FI 
C NS • NUMBER OF POST·TENSIONING STAGES 
C lAC:£ • TIM[ SINCE CONCRETE SETTING TO COMPLEf.ION OF POSTTENSIONING 
C STAGE I (HOUUI 
C PSI!) • AMOUNT OF NESTRESS COMPLETED PER STRAND AT POST· 
C TINIIONING ITAGE 111<11) 
C ITOA • NUMBIR OF O.O..YI IlNCE CONCRETE SETTING TO IEGINNING OF PERIOD 
C AGCTVII' • DENOTES TVPI OF AGGREGATE. ONE OFt VALUES. 
C , • GRANITE 
C 2 • DOLOMIT£ 
C 3 ·VEGA 
C .& • IDGITT 
C 5 • W·T 
C I · FIRRIS 
C 7 • LS 
C I • SRG 
c 
c 
c 
c 
c 

TIME • TH£ TIME IN OAVI FOR WHICH THE QUANTITY IS DESIRED. 

OF ANAL VSIS CONSIDERED 

C OTMER VARIABLES: 
c 
c 
c 
c 
c 

FPA • MAXIMUM TENSILE STRIU AL.LowtO IV ACI IN STEEL TENDONS 
II<SI) 

SFF • INCREMENT OF COHCRnE ITIWN (SINCE APPliCATION OF LAST 
POST·TINIIONING FORCE) THAT RliUlTIIN A CHANGE OF THE 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

PR£STIUSS L(V[L IN THE STRAHOI (lfoi/INI 
£l0NC • CHANCE IN THE STRESS IN THE STRAt.jO$ DUE TO THE 

CONCI\fH STRAIN INCR(M(t.jT SFF 11<511 
REI.AJ< • LOSS IN THE STRESS IN THE STRAfoiOS OVE TO STEEl. R(.L.A.IlA.TIOII 

II< SIJ 
PRF'INAI. • TOTAL PRESTRESS IN THE STRANDS AnER LOSS£$ II<SI) 
SF'INA.L • I'RESTRESS LfVEL IN THE CONCR£TE AF'TER LOSUS IPStl 

8\.0CI< VARIABLES USED: COMMONIBLCI<110T!IC.U),TMI0(1C.f51 
COMMON18LCK~/I<K,ACiEUI201.COMP120) 
COMMON18LCKIIM1 ,ZUI201,VUI~OI 
C0MMON18LCIUIIR,fW,IE 
COMMON18LCK511CI,CURTEMP,AG(100),AOTI100),TOIFUOOI,PP(100l.AVGOIF 

1(100),1HOURI 100),AOT FIICI100I.CRLMAX,AOT MAX,AOT MIN 
COMMONIBLCKIIG,COMPF .ALlOT ,ZTOT ,CRUP ,PR,SK,SL 
COMM0Nt8LCK71DL,NILO.NTEMP,TOL,NMAX.OW 
COMMON18LCki/AL,EL.ZZ.IA.. S S,PS110l,AO £PI tiii,IA.CO ,A.CG TYP .E MOD21 
COMMON!ILCKI/M,ZI200I.UI2001 
COMM0111t8LCK101Z11200I.XI200l,FimOOI,STF112001 
COMMONIILCIC111C.H,R 
COMMONIBLCK IIITOA(10) 
COMMONIBLCK131CPF,CPM,ZZF,RELAX,FPY 
COMM0Nt8LCKWYVERT(30, 100,10) 

VARIBLU ORIGINA TEO: COMMON18LCIC110T 110,%5). TMIOI1U5l 
COMMON18LCICIIICIC.A.GEUIHI,COMPIHI 
COMMONt8LCI<411R.fW.IE 
COMMON18LCIC511<1.CUR T EM I' .ACil100l .AOTIIhO). T OIFI100l.A VCit•lr! 1001 

IHOURI100l,AO T FIXIIOO) .CRLMAX,AOT MA.X,AOT MIN 
COMM0Ht8LCKSIG ,COMPF .A.L TOT .z TOT ,CREEP ,PR. SK. SL 
COMM0Ht8LCK71DI..NILO,NTIMP. TOi..NMAX,OW 
COMMONI8LCKitAI..II..ZZ.SA,SS,AGEPI10l,IACC,AOGTYP 
COMMONI8LCK111C,H.R. 
COMMONIILCK 121TOAI10l 

c 
cccccccccccccccoccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 

c 

COMMON18LCK110TI1D,ZS),TM10l10,ZSl 
COMMONt8LCICftKK.A.GIUCZOI.COMPIZOI 
CONMON18LCK2/M1,ZUIZOI.UUCIO) 
COMMONIBLCIC"III'.IW.IE 
COMMONIBLCKI/KI,CURTIMP ,A.GC100) .ADTUOOl, TOI11100I,PPI1 00) ,AVOOIF 

1( 100) ,IHOUR(1001 ,AOTFIXI100),CRLMAX,ADTMAX,AOTMIN 
COMMON18LCICIIG,C0MP'.A.I.TOT,ZTOT,CRIEP,PR,SK,SL 
CONMON18LCIC71CL.NILD.NTIMP,TOL.NMAX,DW 
C:OMMON18LCICIIAI..EL.ZZ.SA.SS.PSI10l.A.GEPI10l,IAOG.AGGTYP,EMOOU 
COMMON18LCICIIM,ZI200J,UCZOOI 
COMM0Nt8LCK1QIZ1(200),K(20CI,FX120C),STF11ZOO) 
COMMON/8LCIC11/C,H,IIl 
COMMON18LCK1ZITOAI10l 
COMMONIILCK121CPF.CPM.ZZF,REI.A)(,FPV 
COMMON/8LCK14fV\IIRTC30, 100,101 

• 

• 

' 

f 



C INITI"LIZE V"'""IIL£5 FOR 1-4E"0tNCS, COMPRESSIVE STRENCTI-4 VS 
C "CE RELATIONSHIP "NO INPUT/OUTPUT P"AAMET£AS 
c 

c 

c 

c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

OAT A AAA£114"4H"··"I 
DATA AG£10 ,1 .J ,I ,7 ,U .%1 ,UI 
DATA PCTC10.,15.,31.,5l .. U .. U.,U ,100 I 

OPEN (5.F'ILE • 'INPUT PCP') 
OPEN CI.FiL£ • 'OUTPUT PCP'l 
OPEN (7 ,FILE • PLOT PC I'') 

OPEN CI.FILE • 'PCPfV4 PAO'l 

IR•OS 
IW•OI 
IE • 01 

PAINT TITLE 

CALL TITLE 

INPUT AND ECHO-PRINT or GENERAL DATA 

• READ INPUT DATA • 

~ 
PROGRAM AND PROBLEM IDENTIFICATION 

READIIR,1000IVICTR1 
1000 FORMAT(1Z..U) 

WRITEIIW,10rtiiARRI 
1 020 FORMAT ('1', 10(/l,1ZX, UA4) 

WRITE(IW,1030)AARE(1).VECTR 1 ,AAAEl1) 
1030 FORMA T(I1ZX ...... 1Z..U,.A4) 

WR ITE(IW,1031)AARE(1),.ARREI11 
1031 FORM.ATI/1ZX ..... ,11X,'ECHO·PRINT OF GENERAL DATA',11X,M) 

WAITEIIW,103ZIARRI 
1032 FORMAT(I1ZX,14M,I//) 
c 
C READ PROBLEM DEFINITION 
c 

READ(IR,1040IDL.OW,O 
1040 FOAMAT(IF10.0) 

REAO(IR ,1050)NILO,NM.AX, TOL 
1050 FORMAT(ZIS,F1D.OI 

WAITE(IW,105ZI 
10S2 FOAMAT(//III,HX,23(1W'"J) 

WAIT EIIW,1010) 
1010 FOAM.AT(21X,'" PROBLEM DEFINITION "') 

WRITE(IW,1070l 
1070 FOAMATIZSX,S3(1H"ll 
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WAITE(IW, !OIOIOL,D'W.O 
10tl0 FORMATI1125X,l5~SL.AILENGT~ IFTI • .FlO II 

ZSX,ZSHSL.A8 EFFECTIY( WlOTHirl I • ,rl:' II 
+ ZSX.ZSHSL.AI THICI<NUS IINI • .F1 II 
WRITEIIW,HIIIINILO,NMAX,TOL 

l()lf FOAMAT!25X.Z5HN0 OF INCREMENTS • ,1101 
+ 25X.l5HMAX NO OF ITEJ.ATIONS • ,110' 

+ ZSX.ZSHREL. CLOSURE TOI.(AAHCE • ,1'10 11111 
TOL•TOUlOO 

c 
C RlAO CONCRETE PROPERTI£S 
c 

REAOUR, 1040)Al TOT ,ZTOT ,G,PR,CREEP.AGG Tvr .EM00%1 
IACG • OINTIACGTYPI 
IFIIAGG GT.I)WRITEitW,11UI 
IF(IAGG GT .tiGO TO n:tt 

1113 FOAMAli/11117X,'lRROR.AGGRECATE SPECIFICATION HIGHER THAN I') 
IF!CREEP.LE.O.OICAEEP • US 
IF(PR l( 0 O)PR•O.lO 
WAITEIIW, HISZI 
WRITEUW, 10HI 

1010 FORMATIZSX,'* CONCRETE PROPERTIES •') 
WRIT((IW, 1070) 
WI<ITEIIW, 1110IAL TOT ,ZTOT ,G,PR,CIUEP,AGOTYP ,EMOOll 

1110 FORMATIII,Z5X.Z5HTHERMAI. COEFFICIENT • ,£10.31 

c 

+ 2SX,r5HTOTAL SHRINI<ACE • .£10 31 
• Z5lf.,Z5HUNIT WEICHT (PCF> • ~lC 11 
+ 25X.Z5HPOISSON RATIO • rt('! 2/ 
+ ZSX.tSHCREEP COEFFICIENT • .F10.21 
+ UX.ZSHAGGREGATE TYPE • ,F10.ZI 
+ ZSX,ZSHYOUNG'S MOOULUS PROVIOIO• ,FIO.llf 
+ 1ZX,'O• NOT SPEC:IF'IEO ;1• GIV.NITE ;Z• OOI.OMITE :2• VlGA :-'• 80CITT;'I 
+ 1:tX.'S • W· T ;I • FERRIS;7 • \.IMU TONI:I • SIUCEOUI RIVER GRAVEL' /II) 

C INPUT AGI.C:OMPRESSIVI STRENGTH REI.ATIONSHU» 
c 

R£AOI!R,11ZOIICK,IAGEUUI,COMP(I),I• 1,7} 
1120 FORMATII$,$X,14FI,OI 

WRITE!IW, 11211 
1121 FORMATf1'.111)J 

WRITE(IW,10SZI 
WRITE(IW,H%21 

1122 •oRMATIZ4Y.,' • COMPRESSIVE •• , 
+ Z4X,' • STIUNGTH DATA •·1 
WRITEIIW,1070) 
IF(IAOG LT.1)G0 TO tt27 

c 
C REI.A TIONSHIP IS NOT USER·SUPPI.IED STRINGTH DEVELOPMENT CURVE FROM CTA·.C%2 
c 

WRITE(IW,11Z4} 
112~ FORMATI1111X,'THi FOLLOWING STRENGTH RII.ATIONSHIP WAS' I 

• 11X,'OIVII.OPEO IIASEO ON THI RECOMMtHOA TIC»> CIYIH' I 
+ 11X,'ON PROJECT CT"...SU:UNIVIIlSITV OF TEXAS AT AUSTIN') 
COMPIII• COMPUI 
COMPF • COMPI1l 

• 

• 

• 

• 

• 

• 

• 



00 11" 1•1.1 
AC:[U(II• AC[Iil 
A:;[UII• AG[UIIl 
CALL P~[OMO II ,AGClYP.AC[Uil.COMPHl 
COM Pill• COMPII"COMPF 

n:~ CONTINUE 
GO TO 1%10 

11%1 CONTINUE 
tF(KK Gl 1ICO lO 1700 

c 
C R£LAT10NSH1r IS NOT USER·SUPPU£0 STRENGTH 0£VELOPM£NT rAOIA ACI MANUAl 

c 
II'(AC£UIIl EOZIICO TO 1135 
W~ITEUY ... 1130I 

1Ut CONTINUE 
W~IT[IIW,11311 

11)0 FORMAT(II/1117X,'£RROR.STRENCTH VALUE PR0¥10£0 IS N01 FOR liTH 
+ OAV') 

11)1 FORMAT(11X,'-• EXECUTION ABORT£0 •••'J 
GO lO 2000 

11!5 KL•t 
c 
C ACE·COMPRESSIVE STAENCTH RELATIONSHIP DEVELOPED FROM 
C 28TH OAV COMPAESSIVE STRENGTH SUPPLIED BY USEA 
c 

WRIT((IW, 1 1<WI 
11.W FORMI\T(II11X,'THE FOLLOWit.IG STRENCTH RELATIOI~SUIP WAS'/ 

• 19>:,'0EVELOI'ED 6ASEI'l 010 THE RECOMMEIIOJ.TION CIVEN I 

+ 1IX,'IV THE U.S. BUREAU OF RECLAMATION AND l HE't 
+ IIY.,'ZITH DAY COMPRES STRENGTH PROVIDED BY USER') 
COM Pill• COMPI11 
COMPF • COM11'{1) 
00 1150 1•1,1 
AGEU(I) •AGEIIJ 
COM Pill• COMPflrPCTCII)t1DII. 

11SC CONTINUE 
GO TO n10 

1%00 CONTINUE 
IF(I•GEUiti.EO O.).AHO.ICOMP{1l.EO.O.)IGO TO 1204 
WRITEIIW, IZC.Z) 
WRITE(IW,11S1) 

1%02 FORM-'TI/11111,11X.'ERAOR,THE ACE·STRENGTH RELATIONSHIP OOU NOT 
+BEGIN WlTH (0.0,0.01'1 
GO TO 2000 

1204 CONTINUE 
IFIKK.GT.7lRIAOIIR.1l01lllt.CEUUI,COMPII),I• I.KK) 

1201 FORM ... T((IOX,14F'I.OII 
KL•KK 

c 
C RELATIONSHIP IS USER·SUPPUED 
C ACf·COMPRESSI\11 STREI>GTH RELATIONSHIP tS USER·SUPPLIEO 
c 

WRITEIIW,1lSO) 
1230 FORMAT(Il.11X,'THE COMPRESSIVE STRENGTH·-'CE RELATIONSHIP'/ 

+ 1tX:AS SUPPUED IV USER IS:') 
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oo un r• V<K 
IFIAC[UIII LT 21 )CO TO 1217 
SLOP£ •ICOMP(il·COMPII·l!lt(AC[Uili·ACEUII·HI 
COMPF • COMP(I·Il + SLOI"£'121 ·AC[Uii· I)) 
CO TO 1210 

1Z77 CONTINUE 
COMPF • COMI"(KKI 

1210 CONTINUE 
WRITEIIW. H't0liAG£VIIl.COMPUl,l• 1 KL) 

1290 FORMATI11.30lC,' AGE COMPAUSIV['! 
• 30lC,'(OAV$) S TRENGTH'il 
+ I32X,F"S. I,IX,F'I.!ll 

c 
C INPUT COEFFICIENT OF F'AICTION·t'IISPLACEMEIH RELATIONSHIP 
c 

REAOIIR, 1 170)1\ot I,IZVIII.UV(t).r•1,7) 
IF(Ml CT 1)AEAOIIR,I71MHZUIII.UUIII,t•I.Ml) 
WRI TEIIW, 10'52) 
WRITE!IW. 1214) 

12U FORMA TIZ5x.'• SLAB·BASE FRICTION PROPERTIES "'I 
+ zax:• Z·U RELATIONSHIP *'I 
WRITE(IW, 1070) 
IF(MUO 1)GO TO 1300 
IF(M1 GE.2lGO 10 U20 
WRITE (IW ,1ZN} 
WRITE(IW,1131) 

12U FORMA TI1117X,'[ARC\R. TVP[ C\F FRICTION CURVE INPUT NOT IOENTiri[O' 
+) 

GO TO 2000 
1300 CONTINUE 
c 
C RELATIONSHIP IS LINEAR 
c 

ZUI2) • ZU(1) 
UU(2) • UU(1) 
ZUI11•0. 
UU(I)•O. 
GO TO 1330 

1320 CONTINUE 
c 
C RELATIONSHIP IS EXPONENTIAL OR MULTILINEAR 
c 

IF((ZU!1).EO.O.)ANO.IUU(1).EO.O.IIGO TO 1330 
WR.ITEIIW, UZZI 
WRITf(IW, 1 131) 

13ZZ FORMAT(I/11//13X,'ERROR,THE Z·U RELATIONSHIP DOES NOT BEGIN WIT 
+ H 10.0,0.0)') 
GO TO 2000 

1330 CONTINUE 
IFI Ml EO. 1)WRITEIIW,1340IZU(J),UU(2) 

13.&0 FORMAT(IIZ1X;TYPE OF FRICTION CURV£ IS A STilAIGHT LIN('// 
+ Z1X.'MOVEMENT AT SUDING • ',ZX,FI.:t/ 

· + 21X.'MAXIMUM COEFFICIENT 011' FRICTION•'.ZX,Ft.:t) 
IFIM1. E0.21WRITEIIW, 1JIOIZU(I},UUt21 

1350 FORMAT(II11X;TVPE OF ,._ICTION CUilVIIS 1414 EXPONENTIAl. CURvE·n 

• 

' 

• 

• 

• 

• 

• 

• 

• 



• ;t1X,'MOV£MENl AT !oi..IOING • ·.zx 'I'' 
• l1X,'MA.XIMUM COU'FICIEIH Of FIIIC1101ii • .. lX.FI ,, 
lli'[M1 GT 2IWRIT((IW,1HO)(ZUltl UIJ!Ii.l• I .Mil 

13110 f011MAT{111IX,'TYP[ OF FIIICTION CUIIV( IS A liiJLTIUN£AA CURVE 11 

+ ,3%x,· Z(ll Ul!l'11137X.rl HXJ'S 'H 
c: 
C INF'UT PROPERTIES Of SLAB SUI'PORT 
c: 

WIUT[(IW.1\l1) 
WRIT[(IW,1~%) 

WRIT((IW, 15411 
1M2 FORMATt24X,' • STIFFNESS OF SLAB SUPPORT "') 

WRITEiiW. 10701 
REAOIIR, 10401SI( 
WRIT Ellw,1S""!SI( 

t~u FORMAT(II14X.%SHI(.VAlUE OF' SUPPOATIPC:Il • .FIC :rl 
c 
C READ STEEl PROPERTIES 
c: 

REAOIIR, 10401SS.SA,FPV,ES,AI..S 
IF(SS EO OIGO TO 1•:15 
IF(FPV.EO OIFPV • UCI 
IF(ES.EO O.IES • UCIOOOOO 
IF(ALS.EO.O.IALS •0 00000$ 
WAITEIIW,10U) 
WRITEIIW, 14151 

U1S f'ORM.t.TI20:,' • STEEl. PROI'(RTI£5 • ') 
wAtt EIIW. 10:0i 
S"1 • SA*100JISS"OI 
WRITE!IW. 1.C20ISPT .SS.SA,FPV .ES.AtS 

1420 FOAMATiti2•X.tsHPEACENT AEIHFvqCEMEt:T • ,rt0.31 
+ l•UC,2SHSTJV.HD SPACING CINI • ,F10.ZI 
+ UlC.ISHNOMIN~ ARIA IIO.IN) • ,,0,3/ 
+ l•0(,2tHVIII.O ITI'INOTH fKSII • ,,10.21 
+ 2.CX,ZSHILAITIC MODULUS IPSII • .E1UI 
+ 2.CX,Z5HTHERMI.l. COEI=FICIENT • ,E1G 3!1 

105 FPA•O .... FPY 
c 
C INPUT CONCRETE TEW.PEAATURU FOIII "AIT PERIOD AHO TIME ANO AMOUNT 
C OF PRESTRESS FOR EACH POST·TENIIONING STAGE 
c 

WRITEIIW, 10ZOIAARE 
WRITEfiW.1020lARAEI11, VECTIII1,AAAEI11 
WRITE(IW,17001AARE!1l,AIIIRII1l 

1100 FORMAT(11ZX,M,'PRED1CTIOH PAVEMENT STRESSES FOR INITIAL PEIIIOO' 
+,MI 
WRITEIIW, 103ZIA,_AE 

c 
C REAO NO. OF TEMPERATURES FOJII INITIAL PERIOO 
c 

REAOI!R,1:J17INTEMP,CUAH{1l,CURTEMP 
1367 FORMATUS,5X,tF10.0l 

IFINTEMP.EO OIGO TO 1710 
GO TO 1720 

1110 WRITEIIW,13111CURTEMP 
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WIIIIT[l!W 17151 
1~1! F0"M"'T(II,'WA.Nf .. G NO T[MJ'(III:"'TUIII( OAT .a. W(lll( 1>111011'10[('1 'O"' I 

11tX 'INITI"'l ,fi.N"'l VSIS r>ERIO(l CCI TO "'ML YZE N[Y.T f!"ERIOO 1) 

NS•O 
GO TO 1.US 

17ZO COtJTINLit 
1FICURMI1l CT (!GO TO 1370 
K • CURMI11 + 11 
co 10 1372 

1370 I< • CURHI1H 
1)7< )(I(. I( 

RES • XK12 ·KIZ 
Jr:(R[$ £0,0 lCO TC 137.4 
I( I. I(+ z 
co 10 1371 

137.4 1(1•1(+ 1 
1371 CONTINUE 

A0lMIN•100 
AOTMA.X•C, 
00 1Ht 1•1.NlEMP 
REAOIIR,10.eOIAOT{I).l 01r111 
AOTFIK(Il• AOTCII 
lr:IADTMAX.L T .ADTFUCIIII ADTMAX • AOTFUCUI 
IFIADlMIN,GT .ADTFIXII)) ADTMIN • AOTFUCUI 

1371 CONTINUE 
00 1311 1•1,NTEM" 
T RAOIF •113 Z!· TOIFIIlltiOABSI.I\CITMAY.l + CIABSIADTMHllt 

1U1 CONTINUE 
MAACA•O 
GO TO 1471 

1371 MARC/1.•1 
IF(SS EO.O.)GO TO 1314 

c 
C READ NO, OF POST·T£NSIONING STAGES 
c 

R.EAOIIR,1050lNS 
00 1312 1•1,PlS 
READIIR,1H1IIAG£.PS(I) 
AGEP(I) •IAGE 

1JU CONTINUE 
UN CONTINUE 
c 
c 
c 
c 

PAINT SEQUENCE OF PAVEMENT TEMPERATURES AND APPLICATION OF POST· 
TENSIONING FORCES 

WRITEIIW,1HilCUATEMP 
13U FORMAT(/124X,HHSETTING TEMP. IDIG.'l • ,F10.Zt) 

NG3f • NTEMP/:11 + 1 
NCZ<~•1 

E:.•D, 
PANl• 0, 
00 1440 11•1,NGH 
1FII1.E0.1)GO TO 1310 
WRITEIIW.1HII 

1311 FORMAT('1',10(11,JOX:T£MP. AT TEMP. PRIS'tRIII'I 

• 

• 

• 

• 

• 



1 l7X.' HOUR 
2 17X, OF O"V 
CO TO 1394 

1UO CONTINUE 
WRITE(IW, 1312) 

tlSZ FORMAT(l7X,' 
17X,' HOUR 

2 17X.'OF OAY 
UIU NTEM•:II 

MIO·OEPTH 

IOEG Ff 

TEMP AT 
MIO·OEPTH 

(OECi F) 
OtrF 

IOEG F) 

tFit1EO NClflNTEM • NTEMP·3f'ING3,·1l 
00 141112•1,NT[M 
HCOUNT • n•ttHl + IZ 
I'IHCOUHTI• 0. 
PP!NCOUNTI • 0. 
A TIM • NCOUH T'2. 
AClNCOUNT) • A TIM/2• 
lf(SS EO 0 lCO TO 1400 
00 131$ KP• 1,N$ 
NKP•NS·KP+1 
lf"IATtt.llT ACEP{NKP)ICO TO 1391 
P(NCOUNl) • F'S(NKPI 
TIME • AGEP{HKP}/14. 
CAll TIOEVAA.(TIME,Cl.O,OI 
GO TO 1400 

1391 CONTINUE 
1400 CONTINUE 

H •I( I+ 2'NCOUIH ·Z·INC1<1·1l'14 
IFill EO 2SlGO 10 1401. 
GO TO l<l04 

1402 NC2• • NC2• + 1 
140. CONTINUE 

ITIM•II+S 
IF(ITIM.GT .U)ITIM •ITIM·1Z 
IFill CT.71GO TO 1401 

PER STR4HO'I 

IKSilll 

r'RESTRE SS'I 
r'ER STRANO I 

IKSII 'II 

IF(Il.LE.IlWRITtiiW, 140IIIT IM .ADTINCOUNTI, TOIFINCOUN Tl ,PINCOUNTI 
1401 FORMAT(1ZX,I5.' A.M.','I'X,F10.1II 

IF(tt.£0.7lWAITEIIW,1410IITIM,AOTINCOUNTI,TOIF(NCOUNT),PINCOUNTI 
1410 FORMATUZX,IS,' NOON',JI2X,F10.11J 

IF(P(NCOUNT).CT.FP.AJOO TO tUS 
GO TO 1411 

1 •OI !FlU. l£. 1I)WRITE (IW, 1<11ZIITIM ADTINCOUNTI, TDI F(NCOUNTI,PINCOU NT I 
1412 FORMATI1U:.tS,' P.M.' ,3I,X,F10.1ll 

"IITIM.GT .tt)lTIN •ITIM•1Z 
IFUI. EO. 11IWRI T EIIW,1<1 t<IIITIN,ADTINCOUNT). TDIF(NCOUNTI ,PINCOUNTI 

1414 FOAMA TI1ZX.IS,' MIDNIGHT' ,1X,III. UI3X,II1Q. 111 
IFill. CiT .111WAITEIIW ,1.alllTIN,ADTINCOUNT), TDIFINCOUNTI,PCNCOUNT) 
IF(PINCOUNTI.CT.FP.AJCO TO 1US 
CO TO U11 

1US WRITE(IW,I<I17)PINCOUNT),FPA 
1417 FORMAT(I/1/IIUX,'EAROA,STRAI~O TENSILE STRESS • '.F"'.Z.' I<SI'I 

1 Z3X.'£XeEEDS MAXIMUM AU.OW£0'/ 
2 23X,'8Y Ael I0.14"FPYI •',F7.l,' KSI'I 
WRITEIIW, 1 1'11 
C:O TO 2000 

1411 CONTINUE 
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trtss £0 0 )GO TO 10 
PINCOUNT) • 1000 "PtNC0UNT)"SA11$S"Ol 
1Ff£L £0 0 IGO TO 10 
PP!NCOUN H •IP!NCOUN T H'AN T )tEL 
PANT • P(NCOUNT) 

10 CONTINUE 
II'(NCOUNT GT 11CO TO 141f 
T£MPT1•A0Till 
A.OH 1)• AOT(I)·CURTEMP 
CO TO 1411 

141f AOTt~COUNT) •AOTINCOUNT)·TEMrT 1 
TEMPT1•A.OT{NCOUNTl+ TEMPT I 

U!t CONTINUE 
1440 CONTINUE 

LAP$• I 
c 
C SOLVE FOR All TIM( tNCR(MENTS 
c 

c 
c 
c 
c 

CALL FRESW,P.O,O 000.0 OOO.LAf'S) 

STARTS ANALYSIS FOR INTERMEDIAT(IFINAL PERtOO II' REQUESTED 
INITIALIZE'S PR[STRUS VARIABLU 

lUI CONTINUE 
PRI'INAL•O. 
SFINAL•O. 
NTEMP•l4 
oo uso , .. u•• 
PHl•O. 
PP(II•O 

14$0 CONTINUE 
IF[SS EO O.)CO TO 1.az 

c 
C CONVEftT TIMU OF POST·TENSIONINCi TO DAYS FOft COMPUTATION OF 
C PRESTRESS LOSSIS FOft INTI'RMEDIATEIFINAL PEftiOO 
c 

00 1410 1•1,NS 
ACEPUl • ACEP(I)/24. 

14IC CONTINUE 
IP1•NS 
PRT•PSINS) 
LAPS•O 
CO TO 1411 

1462 PRT•O. 
c 
C RE-"0 TEMPER-"TURES FOR Z4·HOUR P£111100 
c 
1461 CONTINUE 

REAOIIR,1317liTOA 
T0-"(11 •ITOA 
tF(ITO-".EO.O)CO TO 2000 
LAPS •LAPS + 1 
CRLMAJC•O. 
WRITEIIE,<IIOILAPS 

<&10 FORMATUII1SX,'STUDY SET NUMBER;',IS) 

• 

• 

• 

• 

• 

• 

• 

• 



0014701•1.12 
REAOIIR. 1017lAOTCI,. T OIF(II,tHOUA(I) 
A(, TFIXO) • A0Tfl) 

1M7 FOIIIMA TI2FIO 0.110) 
ITW0•1+12 
IHOUR(ITWO) •IHOVR!tl 

1470 CONTINUE 
U71 CONTINUE 
c 
C !AlCOM~UTATIOH OF MOVING AVERAGES Of TrMPERATVAE GkAOI[IH 

c 

c 

AOTMIN• 100 
AOTMAX•O. 
AIV\\IC • 3. 
IV\VC • 3 

C (81SORT TO FINO ~U,)(IMUM AND MINIMUM T£MPEAt,TURE OF CYCLE 
c 

00 U73 IS•1.1t 
JIS•IS 
IFIAOTMAX.LT AOTFil<fiSll A.OTMAX • A.OTFIX(IS) 
IF(AOTMI~: CT AOTFtXIISH A.Ot MIN • AOTFIXtiSI 

1413 CONTINUE 
c 
C (C)COMPVTA.TIOH OF AVERAGES 
c 

IAI•IA·I 

SUMOIF•D. 
TOII"SM • TOII"IIA.) 
TRA.OIF •I1US· TOIFSMlliOABSIADTMAXI + OA.BSIAOTMINJ} 
IFITOIFSM.GT .D.) TOIFSM • 0. 
tFitA.EO. 1.ANO. TOIFIIAJ.GE.CI.)AVCOIFIIAI• C. 
ti"(IA.EC 1.AN0.TO:F(IA).G£.D.)CO TO 14~J 
IFIAOTMIN.I.T .AOTFOCIIAl.AND. TOIFIIAi.C E.O.)AVGOIFIIA)• AVCOIFIIAII/ 

.4 

IF{AOTMIN LT.AOTFIXIIAl.ANO TOIFHA) C[.O) CO TO 1471 
IF(JISLT .I<.AVG.ANO.TOIF(IA).LT.D.) AVCOIFUAl• TRAOIF 
IF(JIS.LT.I<.AVG)GO TC 1411 
001471 JAV•1,,11S 
TOIFSM • TOIF(JAV) 
IF(TOIFSM.GT.O.) TOIFSM•C. 
SUMOIF• SVMOIF+ TOIFSM 

1411 CONTINUE 
c 
C COMPUTATION OF NUMBER OF HOUR PEAIOOS FROM FIRST DECREMENT IN TOP TEMP 
c 

A.JIS •0. 
LFLAC: •0 
00 1417 JJS•.IIS,2.•1 
J8FR•JJS·1 
JJA•JJS 
IFIAOTFIX(JJA).CT .AOTFIXIJBFR).AHO. TOIFW.IA.l.GT. TOIF(JIFlt))I.FLA.G • 1 
IF(TOIFIJJA) .LI.OILFLAC • 0 
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IF(LrLA.C EO HCO TO 1477 
A..IIS • A..IIS + 1 

14~1 CON' tNUE 
lriA..ItS EO 0 )A..IIS • 1 

A\I'GOIFUISI• SUMOIFIA..IIS 
147f CONTINUE 

IF(MARCA EC OIGO TO 1371 
WAIT[(I[,400)1T0A 
WIUTEII£ •10)(IHOUAIISl.IS • 1,121 
WRITEIIE,·UO)(A\I'GOIFUSI.IS • 1,121 

400 I=ORMAT(II5>:,'0AVS PASS£0 ',15) 
410 FORMAT(30X,'HOURS. 110l(.121$) 
410 FORMATI%1X.'TEMPERATURES.'I10X,1Zfrl 11 

c 
C [NO OF MOVING AVERAGES ROUTINE 
c 

1(1•3 
WRtTEI!W, 10:l0)AAAE 
WRITEIIW, 1030IARREI11 ,VECT A 1 ,ARR£111 
WAITE IIW, 14IOIAAR£1t I.ARRE I ti.ARRE f ll.ARREI 11 

14~0 FORMATit12X,.U.IX,'PREOICTION OF PAvEMENT STRESSES FOR',5X,.U,112X 
1.A.&,11X,'INTERMEDIATE/FIN.-,L PERIOO ,IZX,.U) 
WRIHUW,10U)ARRE 
IF'IPIU EO O.ICO TO 1412 
TIME • TOAI1) 

c 
C OETE!:IMU4E EFFECTIVE I"RESTRESS LEVEL AT PERIOO CC'INSIOEFI[f) 
c 

CALL TIO£VARITI,_.£,D,NS.II 
TEMPO • AOTU)·CURTEMP 
SFF • lt..L·ALSI.TEMPD·CPF·IZZ·ZZFl 
ELONG • SFF-E$11\000.•11. + ISPJ&ESlll100.•tLlJ) 
PA,IN"L • PAT+ ELONG·RILAX 
SFINAL •1000 .• PRFINAL•foA!(SS•o-eLI+ CPM 

1412 CONTINUE 
c 
c 
c 
c 

PRINT SEQUENCE OF PAVEMENT TEMPERATURES AND EFFECTIVE 
PRESTRESS LrvEL FOR PERIOD CONSIDERED 

WAITEIIW, 144)1TO.-. 
141.& FORMATI1124X,ISHTIME OF ANALYSIS FROM ENOl 

1 Z.&X,ZSHOF·SLAI SETTING IDAVS) • ,11011 
IF(ITOA.GE.ZIIGO TO 1.&fl 
WRITIIIW, 14 .. ) 

1454 FOi\MAT(l/JX.'WARNING,THE TIME OF ANALYSIS FOR PERIODS OTHER' 
1/.&>:,'THAN THE INITIAL PERIOD SHOULD IE CREATIR THAt; 21 DAYS' I) 

1415 CONTINUE 
WRITE(IW, 13121 
00 1511 11 •1, 12 
NCOUNT •II 
H •KI+ 2"11·% 
lTIM •II + 5 
IF!ITIM.GT.1Z)ITIM •lTIM·1Z 
tF(ILCT.7lCO TO 1501 
IF(II. LE .IIWRITi(IW, 1GIITIM ,AOT(NC:OUNT), TDIF(NCOUNT),PRFIN"L 

• 

• 

• 

• 

• 
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IFill EO 1!WRITE(IW, I~IO)ITIM AOTINCOUNfl.TOI'!NCOUh T).PRF'INAL 

GO TO 1111 
1~0S 11'(11 LE 18)WRITEtiW,U12)1TIM A.OT!NCOUijT), TOirtNCOUNTI,I"RtiNA.L 

!F(ITIM GT 12)1T!M•ITIM·Il 
1FU1 EO II)WRITEUW, I~Ul!TIM,AOT fNCOUNTI.l OIFINCOUNT),PRFINAL 
IF (II GT ti!WRIT EIIW, I ~oti)ITIM.ADT INCOUHTI TOtrii~COUtH).I'RrtNAL 

1511 CONTINUE 
liDO CONTIIIUE 

00 1810 I• ,, ~· 
AD Till • AOTII·I2} 
AG(II• fi·IZI.l+ TOA(I} 

1110 CONTINUE 
00 1UO 1•1,12 
AGIH•AG(I+ 12) 

1120 CONTINUE 
00 1640 I• 1 ,NTEirotP 
IF(I C T t)GO 10 IUO 
TEMPT I • AOT(1) 
AOTIII • AOTIU·CURTEMP 
GO TO 1&40 

IUO AOTU)•AOT(I)·T£MP1t 
TEMPT I • AOT(I) +TEMPT I 

1140 CONTINUE 
c 
C SOLVE FOR ALL TIME INCREMENTS 
c 

CALL F'R[ST!2,P O,SF'INAL,f."RF'INAL.I.!\PSl 
GO TO 1<1111 

2000 CONTINUE 
00 Ut KFT • t,J 
FAACI•KFT 
SIZEI• OL• FRACIII. 
WRITEIIE.$01)SIZU.~PS 
WRIT £lll,tt tiiCYVI!RTIIIl,JJJ ,I<FT),.W •1.~P$) ,Ill • 13,2•1 

501 FORMATIIIfOX;OtSTANCl FROM ClNTlR OF SLAB (FTI:',Fto.znox. 
t'NUM&i'R OF SiTS IN STUDV',ISI) 

511 FORMATI10X.IFI.II 
Stl CONTINU£ " 

WRIT£11W,Z020J 
2020 FORMAT('1',20(/),t:te;E N D 0 F J 0 8') 

WRITEIIW.2030)ARRl 
2030 FORMAT(IT12,14M) 

STOP 
END 
SUBROUTINE TITLE 
IMil'LICIT DOUBLE PRECISION IA·H,O,P,R·ZI 

c 
c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
C THIS SUBROUTINE PRINTS THE PROGRAM TITLE 
c 
cccccccccccccccccccccccccccccccceccccccccccccccccecccccccccceeccccc 
c 
c 
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COMMOIIIiiLCK•fiii~.IW.IE 

WRIT(11W, 'Ol 
10 F"ORMAT(It(l) !IX I('P ISX I( S'I.SX.S! C').)X ICP I 5X fl 2') ' 

11 16X,7('P ).$X.t('S').3X,7(C'I.ZX.7( P'}.3x l!t'),1X I 
z IIX.Zl'P'I•x.UP'I.ZX.US'l.IX,Z( C'),IX.ZI P') •x. 
3 2( P ).~X.2(T).'\' ,3X,:Ctl. 1X.'I' I 
• 1IX.21P'),AX.ZP''),ZX,7(S'l,3X,t( C'l,IX.2(P') AX, 
5 Z( P'I,AX,I!'2'!,1X,'I'I 
I 11X,71'1''l.•K.7( S'UX,t('C'IIX,1('F'')AX.l('t') n:.'l'l 

18X,8(1''1,10X.Zf'S'l,ZX.Z('C'l.ll<,l( P'l •x.t(fl, II(, 
+ •!'I'll 

t&X.21' P'l ,IX.I('S' ),,X,7l'C'),ZX,f(. P'UX.t('2'1.' X.'l' I 
t 1IX ,2!' P'l,tX ,If s· ).5X,SI'C'I.3X,l( P'I,IX,I( Z'), IX,'I'I 1- B7X,I('I'JI 
WAITEIIW,2'0l 

70 FORMATI•(I),I,X,55r•·)IUX,'"' ,53X.'"'IUX.'' .IX,' ANAl VSIS', 

c 

1 'OF PRESTRESSED CONCRETE PA\IEMENTS'.5X,'"'/UX,'•',14X, 
Z 'CONSIOERIHG THE INELASTIC',14X,'''I13X,''',1X,'NATUR[', 
3 . OF' TH£ SLAB·IAI£ FRICTION FORCES',7X,'''IUX,'•· ,1Sl(. 
• '(VERSION Z. APRIL 1111l',l$)(,'•·11lX.'' .UX,''113X, 
! '''.IX,'CENTER FOR TRANSPORTATION IUSEARCH',IQX,'0 '11JX. 
I '''.1QX,'THE UNIY(RSITV OF TEXAS AT AUSTIN',10X,'''tt,X, 
7 .•.• UX,'''113X.H('•'l) 
RETURN 
END 
SUBROUTINE FRES TIKI<.P,D,SFINAL,PRFINAL,LAPSI 
IMPLICIT DOUBLE f'AECI$1014 IA•H 0 !:'.J\·Zl 

c 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccc.cccccccccccc 
c 
c 
c 
c 
c 
c 
e 

SUBROUTINE FIIIEST DITERMINU THE PROFILES OF FRICTIC»> RESTRAINT 
STRESSES ANO PIIIESTRISS, ACCUMULATED I.ONGITUDINAL MOVEMENTS AND 
CURUHC STIIIUIES AND OIIIUCTIONS. FOR AU. TIWIINCIIIEWINTS OF 
THE PERIOD OF ANALYSIS CONSIOIIIIEO. THE IIIIIICTION SUIMOoti.S FOR 
THE INTERVALS OF CONTIV.CTIONIEXPANSION AND THE MOVEMENT REVERSAL 
INTERVALS. ARE INTEGRATED IN THIS SUIROUTINE. 

c 
cccccccccccccceeccccccccccccecccccecccccccccccccccccccccceccccccececcc 
c 
c 
C VARIABLES: 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

X(f) • COORDINATE ALONG SLAII..ENGTH OF POINT I (FT) 
FX(I) • AVERAGE STRESS IN ELIMENT I (PSI) 

STF1(1) • STRAIN THAT EI..EMEHT I TENDS TO 01\'EI.OP AT TIM( 
INCREMENT CONSIOEIIIED (INfiN) 

ZANTUI • INITIAl. CONDITION FOR MOVEMENTS OF POINT I. FROM WHICH 
FURTHER MOVEMENTS OF THE POINT AR£ COMPUTED (IN! 

TIME • AGE SINCE SITTING HOUR IIOR THE TIME INCREMENT COHSIDEREO 
(HOURS) 

DEL.T • TEMPERATURE CHANGE FOR TIME INCREMENT CONSIDERED (OEG.Fl 
ZZ • STRAIN INCREMENT 011 SLAIILEWINTS DUE TO SHRINKAGE FOR TIME 

INCREMENT CONSIDEJUO CINIINI 
PP(I) • STRAIN INCIIIEMENT DUI TO II'RISTIIIUS APII'I.JCATION DURING TIME 

• 

• 

• 

• 

• 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

IHCII(Mf.NT COHSIOEREO Hl'tiiH) 
STF • TOTAL STRAIN INCREMENT OF SLAB Ei.£MENTS J'OR TIME INCREMENT 

COHSIOEREO (IHIINI 
N£l • INITIAL ELEMENT I'OR SEGMENT [XI'ERIENCING A REVERSA-l 0~ 

llOVEMENl ISECMEtH Z IN rRICliON !~ 1 0MOOEI. Zl 
Zll) • TOTAl. MOVEMEIH EXP(RI(NCEO BY f"OINT I AT TIME INCREMENT 

CONSIOEREO UNI 
RATIO • RAllO BETWEEN THE NORM or THE CHANG£ OF' MOVEMENTS 0~ THE 

SL.AB POINTS BETWEEN SUCCESSIVE IT£RATIONS, ANO THE NORM OF 
THE MOVEMENTS AT THE LAST ITERATION 

ZO • UNRESTRAIIo!EO MAXIMUM CURLitiG 
FOR TIM( INCREMENT CONSIDERED liN) 

SO • FULLY RESTRAINED CURLING STRESS FOR THE TIME INCREMENT 
CONSIDERED IPSII 

Ulll • AVERAGE FRICTION COEFFICIENT UNDER ELEMENT I 
ZX • FINAl MOVEMENT OF GIVEN SLAB POINT AT TIME INCREMENT 

CONSIDERED (IN) 
F • AVERAGE PRESTRESS PLUS FRICTION RESTRAINT STRESS roR GIVEN 

SL.AS ELEME..,T AT liME INCREMENT CONSIDERED II'SU 
ZFI • CURI.INC DEFLECTION OF GIVEN SLAB POINT AT TIME INCREMENT 

CONSIDERED IINI 
SV • TOTAL CURLING STRESS AT BOTTOM OF GIVEN St.AB I'OINT AT 

TIME INCREMENT CONSIDERED IPSII 
BLOCK \IAAIA8LES USED: COMMON IBLCKJIMI.ZUIZOI,UUIZOI 

COMMON18LCI<4/IA,FW,IE 
CC\MMON/8LCI<I1KI,CUATEMP,AGI100),AOTI100I,TOIFI100),PP(100).AVGOIF 

l100)lHOURIIOOI.AOTFIXI100I,CRUAAY.,AOTMAX.AOTMIIl 
CC\MMO"l 1BlCK6tC.COMI'F,ALTOT ,ZTOT,CREEI' rR.SK.SL 
COMMON/8lCK7 iOl.NILD.Nl EMC>, T Ol.NMAX ,OW 
COMMON/8LCICI1AL.EL.ZZ.SA,SS,PSitOI.AGEPI10),lAGG,AGGTVP.EM0021 
COMMON IILCI<IIM,ZIZOOI.UIHOI 
COMMON 18LCI<101Z11lOOI,XI200I,FXI200),STF1(ZOOI 
COMMON f8LCI<121TOAI10l 
COMMON IILCICU/CPF,CPM,ZZF,RElAX,FPV 
COMMONIILCIC14'YVERTIJ0,100, 101 
DIMENSION Z21200l,ZANTI2001.PI1001 

\IAIHABLES ORIGINATED: COMMONIBI.CI<SIPP(IOO) 
COMMONIBLCKIIZZ 
COMMON IBLCICIIM,ZilOOI,UilOOl 
COMMON 18LCIC10tZ11lOOI,XIlOOI.FXtZOO 
COMMONIILCIC1.C!VV(RTI30,100,101 
DIMENSION Z2(200l,ZANTilOOI,P(100) 

c 
cccccccccccccccccccccccccccccccccccccceccccccccccccccccccccecceccccceecccc 
c 
c 
c 

COMMON 18LCIC31M1,ZUI2DI,UUI2DI 
COMM01li&LCI(4'111.,FW,IE 
COMMON18LCIC511CI,CURTEMP,AC(100),ADT(100I,TDIF!100l,PPI100),AVGOIF 

1(100),1HOURI100I.ADTFIX(100I,CRLMAX,AOTMAX,ADTMIN 
COMMON IILCICI!C.COMPF .AL TOT ,ZTOT ,CREEP ,PR, $1(,$1. 
COMMON/BLCIC710\.,NILD,NTEMP,TOL,NMAX,OW 
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c 

COMMONIILCK.IAL.EL.ZZ, SA,SS PS(IOI,ACEPl 101 .IACC.ACG TYP.EM007' 
COMMON ISLCKI1M,ZWlO).U(200l 
COMMON tSLCK10'Z11:00l,XI200J.r>moo).S HlflOOl 
COMMON ISLCKUtTOA(IOI 
COMMON 1SLCK 13tCF'F ,CF'M,Zlr,IH: I.AX,FI'Y 
COMM0N18LCKU.''I'V[RH30 100.10) 
DIM£NSION Z2!200).ZANTii.'OO).r'( 1001 

C O[f.'INE LENGTH Of SLJ'B ELEMENTS AND INITIALIZE F'ARAMETERS 

c 
OX • OL/NILCl 
)(N •NIL012. 
IF((X~HFIX(XN)) EQ 0 )GO TO 100 
xm • ox12 
AM • NILOIZ. + 1.5 
M•AM 
1(1. 3 

co 10 110 
100 M • NIL012 + 1 

1(1•2 

110 CONTINUE 

c 
C INITIALIZE TO ZERO m£ VARIABLES FOR STRESS AND STRAIN 
C OF THE ELEMENTS IFX AND STF1) 
c 

00 120 I• 1,M2 
FXiii•O 
STF1111•0. 

120 CONTINUE 
FXIMl•O. 
Xltl• 0. 
Ulll•O. 

c 
C DEFINE COORDINATES OF NODES SOUNDING THE ELEMENTS 
c 

DO 130 I•KI,M 
XIII• XII· tl + OX 

130 CONTINUE 
c 
C INITIALIZE TO ZERO THE VARIABLES REPRESENTING NEW INITIAL CONDITION 
C FOR MOVEMENTS, DEFINED AT THE LAST REVERSAL OF MOVEMENTS (ZANT) 
c 

DO 132 12•1,M 
13Z ZNiT!I21•D. 
c 
c 
c 
c 
c 

INITIALIZE TO ZERO VARIABLE REPRESINTINC INCREMENT IN MOVEMENT OF 
END POINT OF SEGMENT 1 IZZI BETWEEN SUCCESSIVE ITEAATIOI~S AT 
MOVEMENT REVERSAL INTERVAL 

ZZ•O 
TEMPT • CUR TEMP 
INOU<•D 
INOPP•O 
NCZ4•, 

• 

• 

' 
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c 
C SOLVE FOR DEFORMATIONS AND STRUSES FOR ALL TEMPERATURES or 
C T~E ANALYSIS PERIOD CONSIDfA[D AT 7·H0Uk INT[AIIAlS 

c 

c 

00,60 I•,,NTEMr 
NEL•O 
INDCON •0 
ZY•ZZ 
TIME • ACUI 
DEL T •AOTUI 
TEMI"T • TEioiPT +DELl 

C OE'TERMINE ELASTIC MODULUS AND SHRINKAGE STRAIN OF CONCRE'TE 
C FOR l H[ TIME INTERVAL CONSIDERED 
c 

CALL TIDE\IARfTIME.D,IP, .01 
22• 22·2Y 
IFfi<K EO HCO TO l5 
IF II CT 1 AND I LE 12)22 • 0 

2~ CONTINUE 
c 
C DETERMINE STRAIN INCREMENT FOR SLAB ELEMEI\TS IN TIME INCREMENT 
C CONSIDERED 
c 

STF • AL"DELT·Z2·PP(I) 
c 
C O£TERMINE 1r: !-TRAIN INCRH•ENT LEADS TO A MCWEMENT RFVERML 
C AND OHII.JE STRAINS or ELHI[t:i S r0P. Af<AL VSIS 
c 

DO 14111•1,M2 
FPROM •IFXII1 + 1) + FXIl1liiZ 
IFfSTF.CE.D .. .AND.FPROM.LE.D.)CO TO 1~ 
IF(STF.LE.O .. .AND.FPROM CE.D.)CO TO 1AS 
F.AUX • STF·FPROMIEL 
IF(FPROM.GT.D.IGO TO 142 
IF(F.AUX.GT.D.IGO TO 141 
CO TO 144 

14Z CONTINUE 
IF(FAUX.L T .D.ICO TO 141 

c 
C SLAB IN A MOVEMENT·REVERSAL INTERVAL 
c 
,.,. CONTINUE 

IF'INEL.NE.OlCO TO US 
c 
C DEFINE INITIAL ELEMENT OF SEGMENT Z REVERSING MOVEMENT 
C IF IT HAS NOT BEEN DEFINED BEFORE 
c 

c 

NEL •11 
INEL•NEL +, 
IF(NEL.EO. 'IINEL •, 

C DEFINE N£W INITIAL CONDITION FOR ELEMENTS REVERSING MOVEMENT 
c 

Ill 
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U 1A.NT02• • Z1iiZI 
c 
C OE~!Nf STAAl,_, 0~ ELEMENTS REVERSING M0V£..,£NT 
c 
145 STF!U1) • ~AU!( 

INOIK• 1 

CO TO 141 
c 
C: OI!'F'IN£ STRAIN OF ElEMENTS IN CONlRACTION'El<PANSION INlERYAl 
C OR l~AT 00 NOT R[V£R!.e MOVEMEPIT IN MOVEMEill·R[V[ASAl triTEFIVAl 
c 
146 SH'1IUI•STFHI1l+SH 
141 CONTINUE 

IF(INOIK EO 1.AN0 N[li.UIGO lO ~ 
CO TO Z 

11 INOPP•O 
CONTINUE 

c 
C OEF'IN[ Nf'W ltlliiAl CONDITION FOR ALL ElEMENTS 
C IM0V[M[NT·A£VEASAliHTERVAl COMI"I.ET£0) 
c 

00 4 17•1,M 
• ZANTO:rl• z:wzl 

INOIK •0 
CONTINUE 
IFINIL I.E 11GO TO 1•0 

c 
C SOLVE' FOR SLAE Ill MOVEMEIH.t'UV(RSAllfiTEflVI\l 
c 

ZI•O. 
lUI. T • ZINEI.l 

150 SII•SI 
SUM1•0. 
SUMI•O. 

c 
C SOLVE FOR SEGMENT Z 
c 

c 

CALl. ITERIZI,NEI..M.INOCONI 
SU•FX(NEL) 

C SOlVE FOR SEGMENT 1 
c 

CALL. lTERIO 000, 1,N£L.INOCON) 
c: 
C COMPUTE RATIO FOR SUCCESSIVE ITERATIONS 
c 

DC' 110 11 • 2,t.l 
.ZM•Zil1) 
1FU1.GT.NEUGO TO 110 
Z(ll) • ZHI1) + ZANTI!ll 
GO TO 170 

160 lilt) • Z1111l + ZANTU11 + ll 
\10 SUM I • SUM1 + !ZM·ZII11r{ZM·ZII11l 
110 SUM2 • SUMZ + ZIIWZII1l 

• 

• 

• 

' 



c 

RATIO • S0"T(SUM11SUM11 
tr(A.A TIO L T TOLICO TO ZOO 
Zl• 0 10'1ZINELI·ZUL TJ • ~ W Zl 
NN•NN•I 
tr(NN LE NMAXIGO TO 1~0 

INOCON • 1 
GO TO ZOO 

C SLAB IN COIHRA.CTIONtfXP.ANSION IIITERVA.L 

c 
110 CONTIIIUE 

CALL ITER(O 000,1,M.INOCONI 
c 
C OEF"IN£ MOVEMENT OF NODES 
c 

00 195 11. 1,M 
1t5 Z(IIJ•ZI(11l•Z.ANT(III 
?CIO CONTINUE 

IF(NEL LE 1 IGO TO ZOZ 
IF(Pr(J) NE 0 IC:O TO Z01 
CO lO Zit 

?01 INOPP • 1 
202 CONTINUE 
c 
C PRH'..t.RE VARIABLES FOR COMPUTATION OF NEXT TIME INCREMENT 
c 

00 210 IZ• 1,M 
210 Z2(121• Z!t?l 
212 CONTif~LIE 

zz. zz. zv 
ITEMP•I 
IF(! LE. 12.ANO.KK.NE.I)GO TO 140 

c 
C PRINT HEAOINGS ANO RESULTS 
c 

IF(KKEO 1)GO TO 214 
ITE~IP •ITEMP·12 
II•KI• Z"I·H 
GO TO 211 

214 II• Kl + 2"1·2·1NC24·1)•24 
IF(IIEO 251GO TO 215 
GO TO 211 

215 HC%4 • HC24 • 1 
215 CONTINUE 

ITIM•II+5 
IF(IHOUR(I) .CiT .O)WRITEIIW,S3IIHOUR(I) 
IF(IHOUR(I).GT.OIGO TO 10 

53 FORMAT("1',10(/),23X,7HHOUR • ,12,':00 HRS '/) 
IF(ITIM.CT. 12)1TIM •ITIM·IZ 
IF(II.CT.7)Ci0 TO 10 
II"(II.LE.IIWRITE(IW,II)ITIM 

5 FORMAT(T,11(/),22X,7HHOUR • ,IS,' A.M.'/) 
IF(II.E0.71WRITEIIW,I)ITIM 

S FORMAT('1',1tlll,33X,7HHOUR • ,IS,' NOON'/) 
GO TO 50 
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10 IF(II ~[ li)WRIT[(IW))ITIM 
7 F0RMATI1H1,111t),))X.7HH0UR • .1~.· r M 'I) 

1r!ITIM cr t2JtTit.~ •tTIM·U 
IFfll EO II)WRIT£11W.I)ITIM 
FOAMAT('l',ll{ll,lOX)HHOliR • .1~. MIDNIGHT I) 
!rill CT IIIWRITEIIW 51! liM 

!O CONTINUE 
NC55•MI56+ 1 
00 310 11 •1.NC55 
1~(11 EO 1IGO TO 51 

1000 WRITf(IW,302) 
301 F0RMAT('1',ti1).12X,'OISTANCE MOVEMENT CO£FF OF rRST + FA.tCT CUR~ 

!INC BOT CURL'f12l<,'FROM MIO FRICTIOIO STRESS OErl 
UCTION STAESS'I12X.'SLAB1t\l (in) (psi) (psi) li 
3n) (pei)'l) 
CO TO )04 

5\ CONTINUE 
WRIT[!IW,,I•) 

314 rOFIMATI2(11.12X.'OISTANC[ MOVEMENT CO[FF OF PRST+ FRICT CURLING 
1 BC'IT CURL'/ 12Y.. FROM MIO FRICTIOI~ STRESS OErLECTI 
20N STRES$'112X,'SLABit\l lin) (psil htail ltnl 
, ,,..1)'1) 

304 NELE • 55 

c 

IFIII.EO N(;55)HELE • M·55.1NC55·1) 
DO 310 12 •1,NELE 
NCOUNT • 15"(11·11 + 12 

C COI.H'UTE CltALn~c:: STRESSES 
c 

XNC • X!NCOUNT) 
.AV(;OFT • AVCOIFIITEMP) 
TOF • .t.OTFUCIITEMP)·AOTFIXI1) 
T OIFI• .t.OTFIXfiTEMP)ICUIIlTIMP 

C IFUTEMP. E0.1Z)WiliTICil.J1171L.API,AOTFIXCITEMP).CUIIl TEMP. TOIFI 
C 307 FORMATf10X.'STUOY SET',IS,' AOT',F'5.1,' CURTEMP',FS. 1, 
C 1' TOIFI' ,Fl. 1) 

CALL CU"LITDF ,XNC.ZK. SICO,AVCOFi, TOIFI,Ol 
IFIPRFINAL..EO.O.ICOO TO Jill 
ZX • ZINCOUNT).SFINA.L •)(tNCOUNT)•tz. 
F • FXINCOUNT)-Iooo.•PRFINAL•SAIISS"OI 
GO TO 311 

301 Z)( • ZINCCUNTI 
F • FXINCOUNT)-1:>(1) 

311 IF(NCOUNT. EO 1)FPL.OT • F 
ZFI• Zt< 
SY • SKO 
OLITH•OLJS. 
OL3AO•Dl.l3. 
OLHALF • 01./Z.·. 1 
LP• LAc:tS 
lJI( •I 

IFILP .C T .tt)L.P • IS 
IF'Il.IK (;T.ZilUK• Zl 
IF(XINCOUNT).EO.OI.ITH)VVERTIUI(,LP,1) • Zl< 
IF( l<INCOUNT).EO.OLJROivvtR T(UI(,LP ,I) • Zl< 

• 

• 

• 

• 

• 

• 

• 

• 



tr(XINCQUfo;T, GE OLHA.LFIVVE"TIIJK l~>.11•ZI( 
4t0 CONTINUE 

310 WAIT[fiW.UOl)((NCOVNTI ZX UINCOUNTl F.ZFI.SV 
310 rORM-.t(12):.n Uf\0 5.r!D Ul~ HIC (. 

c 

IF'\INOCON EO llGO TO 330 
GO TO 140 

C PRINT MESSAGE ,AT [NO OF' IHRATIONS 

c 
330 WRIT[(IW,3SO) 
350 F'ORMAT(IIllfl<IX,'CONIIERGENC£ t;Ol AStl!EIIEO. ALGOR!TIH-4 I 

I UX.'STOPPEO FOR MA)(IMVM HO Of IT[RATIONS') 
140 WIUTEI07."1ZX.F'PLOT 

c 

RETURN 
EHO 
SUBROUTINE ITERI:Zt.NEI. MT,INOCOH) 
""~'LICIT DOUBLE PRECI$10N (,I..· H,O,r',A·Zl 

c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 
c 
c 
c 
c 

SUBROUTINE ITER HANDLES THE ll(RA.Ttvt PROCEDURES OF THE FRICTION 
SUBMOOELS FOR THE INUR\IALS OF' CONTRACTIONIElCPAHSION AND FOR THE 
MOVEMENT Rl'VERSAL INTtiiVALS INfOflMATION GENUA TEO IN THIS SUI• 
ROUTINE IS USED IN SUBROUTINE FREST TO DETERMINE THE FRICTION 
RESTRAINT PROFILES ANO P!I\O"ILES OF LONGITUOII4AL MOVEMENTS. 

c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 
C VARIABLES: 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

Z111) • RESTRAINED MOV!MENT OF POINT I AT TIME INCREMENT 
CONSIDERED UNI 

FPROM • AVERAGE RESTRAINT STRESS IN ELEMENT I AT TIME INCREMENT 
CONSIDERED !PSI) 

OMOV • IU:STRAINED STAAIN OF ELEMENT I AT TIME INCREMEN 
CONSIDERED (INIINI 

BLOCK VARIABLES USED: COMMON t8LCK31M 1 .ZUI20l,UUI20) 
COMMONIBLCICTINILD 
COMMONIILCKIIEL 
COMMON 1ILCKIIM,Zt:OOI,UI2001 
COMMON 1ILCI<,0'Z11200),XIZOO),F>:f200!.STFU200) 

VARIABLES ORIGINAT£0: COMMON tBLCKIIU(200l 
COMMON tiLCKt0tZ11200).XI:OOI.FXI200l.STF,I2001 

c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 

COMMON 18LC1<31M1,ZUI20I,UUI2tll 
COMMON IBLCKIIC,COMPF,AI. TOT ,ZTOT ,CREEP ,PR,SK.SL 
COMM0NI8LCK110L,NILO,HTIM,., TOI.,NMAlC,DW 
COMMONIBLCKI/AL.EL.ZZ. SA,SS,PSI 1 0) ,AGED( 101 ,IAGG,AGC TVP, EMODU 
COtAMON t8LCKIIM,ZI:OOI,UI2001 
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c 

COMMQfol t8LCK 101ZitiOOI.X1700) rx11001 S TrHZOOl 
COMMON 18LCK131CPr.CPM zzr."-[._.X rpv 

C OETERMI!<E UNRESTRAINED 1.'011'[~1ENT$ Of NC\0£5 

c 
Nli•O 

ZliNEU• Zl 
IN• 'fEL+ 1 
00101•1Nt.IT 
210) • Zlll·ll+ STFtll·tl•!x(lt XII·1JI'l2 

10 COIHINU£ 
20 SliMI•O 

SUM2•0 
c 
c DETE"-t.ltNE FRICTION COEFFICIENTS rC'IR UNRESTRAINED MOVEt.IENTS 
c OF NODES 
c 

CALL rRtCINEl.t.IT ,Z1) 
FXtt.IT)•O 

c 
c COMI'UTE AVERAGE FRICTION COEFrtCIENTS Af40 FRICTION 
c RESTRAINT STRUSE$ Ot ELEMENTS 
c 

00 30 I•IN.MT 
K• t.AT·I+ NEL 
Ull< + 1) • (UIK + 11 + UIKllt2. 
F'X(I() • F'X{I< + 1) + UIK • 11*C•fxiK + tl•li!K))11"" 

JO CONTII<UE 
c 
c DETERMINE RUTRAINEO MOVEMENTS OF NOOES ANO COMPUTE 
c RATIO FOR SUCCESSIVE ITERATIONS 
c 

00 ..0 I•IN,MT 
ZM • Z111) 
FPROM • !FXUI + FX!1·1111t. 
OMOV• STF111·1l+ FPROM!El 
Z11t) •0 n*IZ111·11 + 0MOV"'I)(IIH<II·1ll•1t.) + 0 "*Z1111 
SUM1 • SUM1 + 12M·Z1IIWIZM·Z1IIII 
SUMt • SUM2 + Z11Jl*Z1IIl 

.a CONTINUE 
RATIO • SORTISUM1/SUMtl 
IF(RA TIO LT. TOL)GO TO 10 
NN•NN+I 
I FINN LE NMA.XlGO TO 2G 
MM • NILO/t + 1 
IFINEL.E0.1.ANO.MT.EO.MM)GO TO •t 
CO TO 110 

•2 CONTINUE 
c 
c MAKE SWITCH VARIABLE INOCON •1 IF SLAI IS IN 
c CONTRACTIONI()(PANSION INTERVAL 
c 

INOCON•1 
50 CONTINUE 

RETURN 

f 

• 

• 

• 

• 

• 



c 

PIC 
SUBROUTINE TIO[VAR! TIM(,O.IPI,IHCICAI 
IMPLICiT DOUBLE PA[CIS!Oil IA·Ii.O.r.lll Zl 

c 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 
c 
c 
c 

SUBROUTINE TIO[IIAR OETER~•IN[S ESTIM6.TES OF CONCA£T£ ELJto.STIC 
._lOCULUS, R6.01US OF RELJto.TIIIE STIFFNESS OF THE SLAB. SHRINKAGE. 
CREEP At<C' IIELAXATION OF THE STEEL STRAilOS 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
C VARIABLES· 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

TIME • TIME OF EVALUATION SINCE CONCRETE SETTING IOAVSI 
COMSTR • CONCRETE COMPRESSIVE STRENGTH AT TIME 

OF EVALUATION {1"$1) 
EL • CONCRETE ELJto.STIC MODULUS AT TIME OF EVALUATION IPS!) 
SL • RADIUS 01' RELATIVE STIFFNESS IINI 
ZZ • SHRINKAGE STRAIN AT TIME OF EVALUATION UNIIN) 

CPF • CREEP STRAIN (FOR £VALUATION OF PRESTRESS LOSSES! 
BY THE TIME OF EVALUATION, SINCE APPLICATION OF 
LJto.ST PRESTRESS FORCE IINIINI 

CPM • TOTAL CREEP STRAIN BY THE TIME OF EVALUATION. SINCE 
APPLICATION OF FIRST PRESTR£SS FORCE IINIIN) 

RELAX • TOTAL STU'L RELAXATION BV THE TIME OF EVALUATION 
tr'ERCEtiTI 

zzr • SHRINKAGE STRAIN !FOR EVALUATIOII OF PRESTRESS LOSSES! 
BY THE TIME OF EVALUATION, SINCE APPLICATION OF 
LAST PRESTRESS FORCE IINIIN) 

BLOCK VARIA.BLES USED: COMMONIILCKIIG,COMPF,Al.fOT.ZTOT.CREEP,PA,SI<.SL 
COMMON18LCICI1Al.,EI..ZZ.SA.SS,PS(10I.AGEPI10).1AGG,AGGTYP.EMODtl 
COMMON18LCK13JCPF, CPM.ZZF ,RELAX ,FPV 

VARIAILES OAIGNATIO: DIMENSION CREEP(10, 10) 
COMMONIILCKIIIL 
COMMONIILCKitAI..EI..ZZ 
COMMON/8LCI<UICPF.CPM.ZZF,RELAX 

c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 

c 

DIMENSION CREP(10, 10) 
COMMONI8LCKI1G,COMPF,ALTOT,ZTOT,CREEP.PR,SI<.SL 
COMMON18LCICI1AL.£L.ZZ.IA,SS,IIISI10l,AGIPI111),1AGG,AGGTVP.EMODU 
COMMON18LCK1SICPF,CPM.ZZF,REI.AX,JI'PV 

C D:FINE CONCRETE PROPERTIES INDEPENDENT OF PRESTRESS FORCE 
c 

CALL COMPSTR(TIME,COMSTRl 
IF (IAGC.LT. 1.0R.IMODU.Ll.O.OIGO TO 10 
CALL PREDMD (S.,AGGTVP,TIME,EU 
EL • EL "EMODZI 
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GO TO 10 
SO COfoiTINU[ 

El•U 'IC''t ~I'SORTICOMSTFI\ 
10 CC•NTINUE 

s~ • HEL'D''3 tlli(U '(t.PR''l 01'SI<ll"'o l! 
I~(TI!IIE L T 1 13000 'GO TO 10 
AL•ALTOT 
CO TO tO 

70 Ai.•l1 •f '(1 12 ·TIM£) ... 2 )'.t..l T(IT 
80 SW~N • l6 '[XF'(O 36'01 

ZZ•ITtM(IISHIH,• TIM[)l'ZTOT 
IFUNOIC.t.. EO OJGO TO ZOO 

c 
C OEF'INE P.t..RAMETERS OEPENOLNT 01. AMOUNT OF PRESTRUS ronC£ 
c 

CPM•O 
F'ANT •0 
00 121111 • I,IPI 
()P • PSII11·PANT 
liMP • AGED(IIj 
CALL COMI'STRITIMP,COMI 
EP • !1!1 'IC ... I III"SORTICOMI 
S Tl• 1000 'OP'SAIISS'O'EPI 
CRA•O 
00 11$ 12•11.11>1 
IF liZ EO IP11GO TO 112 
TIM • AG[PII2 • 1l·At,CEPI11) 
COT011l 

112 liM • TIME·.t..GEPI!H 
1~3 COIHINUE 

CRAUlC • TIM''O.I 
CR •ICRAUlC'CI\£EP"STII1(10 • CRAUlC) 
CREI'IIZ.11l• CR.CRA 
CI'M • CPM + CREPIIZ,IH 
CRA•CR 

115 CONTINUE 
1%0 PANT • PS!tt) 

CPF•O. 
00 125 II •1,1P1 
CPF • CPF • CREI'tl1'1,11) 

US CONTINUE 
c 
C OEFINi: AMOUNTS OF SHIIIIN~GE AT THE TIME OF STRESSING 
C ANO STRAND RELAXATION 
c 

TIM • (TIM£•AGEP(II'1)J•z,. 
IU.U)( • P$(1P1)1FPY•O.S!I 
IF(IIt.t..UX.L T O.)AAUlC •0. 
REI.AX • ((AL.OC10(TIM)110.)'IItAUX)'PS(IP1) 
ZZJ: •IACEI'IIP1)1(SHRN + ACEPII1>11ll'2TOT 

200 CONTINUE 
RET UlliN 
ENO 
SUBROUTINE FFUC(NIL.MT,Z1l 
IMPLICIT DOUBLE PRECIS!~ IA•H,O,P,R·ZI 

• 

• 

• 

• 

• 



c 
c 
ccccccccccccccccccccc~ccccccccccrccccrccr.ccccccccccccrcccccccccc 

c 
c 
c 
c 
c 
c 

SUBROUTINE f'RIC COMPUTES rRtCTION COEHICIEtHS fROM TME 
MOVEMENTS or THE SLA.B NODES INfORMATION fROM HHS S\1(\· 

ROUTINE IS USED IN SUBROUTINE ITER TO OEHRMHl[ TME 
PROFilES Of' I'RICT!ON RESTRAINT STRESS[$ 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
C VAAIA.BlH 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

Ml • NO Of POINTS IN TilE SUI'f'LIEO FRICtiON COEFFICIENT 
V$ DISPLACEMeNT RELATIONSHIP MOREOVER. a-11 IS A CONTROL 
VARIABL~ INOICAliNG THE TYPE OF RELATIONSHIP 
II' Ml • 1 THE RELATIONSHIP 1$ A STRAIGTH LINE. 
II' t.41•%. THE RELATIONSHIP IS AN EXPONENTIAL RELATIONSHIP, 
IF' M1 :- ~. T H( RELATIONSHIP IS A MULTILINEAR CURVE 

ZA.UX • ABSOLUTE YA.UIE OF THE O!SPLACEa.1ENT ZHII OF POINT I IINI 
U(ll • F'RICTION COEFFICIEtH UNDER POINT I 

BLOCK VARIABLES USED C0t.4t.40N 18LCK:IIMI,ZUI20l.UU(2DI 
C0Mt.40N 18LCKIIM,ZitoOI,U1200l 

VARIABLU ORIGINATED COMMON 18LCKI1Z(lOOl.UttoOI 

c 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 

DIMENSION 2112001 
COMMON 18LCIOIM1.ZUI20l.UVI2DI 
COMMON 18LCKIIM.ZI200),UIZOOI 
IFIM1.EO 1)GO TO 10 
IFIM1.E0.2lGO TO 10 
IFIMI GT .llGO TO 20 

10 CONTINUE 
M2•2 
GO TO 30 

10 CONTINUE 
M2•M1 

:10 CONTINUE 
c 
C COMPUTE FRICTION COEFFICI£MTS FROM STRAIGTH LINE OR FROM MULTILINL'R 
C CURYE 
c 

00 4110 II• NEL..MT 
2AUX • A8$121(11)J 
00SOJ•2.M2 
J1•J 
IFIZA.UX.LT .ZUIJI)GO TO 10 

50 CONTINUE 
Ulll) • UUIM%) 
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GO TO 70 
10 SLOP( • (UUIJI!·UUIJ1·1)) 111U(J11·1UiJI·Hl 

U(ill • UU(JHl+ SLOI'E'IZAU)(·lUIJI 1)} 
70 CONTINUE 

IF(Zllill C T 0 }U{I1) • ·UIII) 
•O CONTINUE 

CO TO 110 
10 CONTINUE 
c 
C COMPUl E ~RICTIOU COEHICIENTS FROM EXI"OIIENTIAI. RELA.TIQNSHII" 

c 
00 IS 11•NEl.MT 
ZAUX • ABSIZWIII 
IF(ZAUX L T ZUI2)1GO TO 100 
UIJ1l• UU(2) 
CO TO to 

100 PAUX • IZAUXIZU(riJ••o 33U 
Uilll• F'AUY.'UUIZI 

tO IFIZ1!11) GT 0 )UIII)•·UIII) 
15 CONTINUE 
110 RETURN · 

c 

END 
SUBROUTINE COMPSTAITIME.COMSTR) 
IMPLICIT DOUBLE PRECISION IA·H.O,P,A·ZI 

c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 
c 

SUBROUTINE COMP COMPUTU COMI'RESSIVE STRENGTH OF CONCRETE 
AT SPECIFIED TIMES 

c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
C VARIABLES: 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

TIME • TIME OF EVALUATION SINCE S~8 SETTING IDAYS) 
COMPF • FINAL COMPRESSIVE STRENGTH (PSI) 

PERCOM • PERCENT OF TH( FINAL COMPRESSIVE STRENGTH 
COMSTR • COMPRESSIVE STRENGTH (VALUATED IPSII 

BLOCK VARIAILU USED: COMMONIBLCiafKIC.AGtUIZOJ.COMPI!OI 
COMMONtBLCKIIC,COMPF 
COMMONIBLCKI/AGEI'(,Ol 

VARIABLES ORIGINATED: PERCOM. COMSTR, SLOPE 

c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 

OlMU~SION PERCENTIII.AGEfl) 
COMMONIBLCI<Zfi<I<,AGEUIZO),COMPIZOI 
COMMONIBLCKIIG ,COMPF,ALTOT ,ZTOT .CAUP ,PR,SI(,SL 
COMM0Nf8LCI<IIAL,IL.ZZ.SA.SS.PS(t0),AGIP(10),1AGG.AGGTYP,EM0021 
OATA AGE/0.,1.,2.,1.,7 .. 14 ,zt .. %1./ 

, 

•• 

• 

• 

• 

• 

• 
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.. 

c 

DATA PERCENT !I) .15 .31 .53 SJ 12 t• 100' 

1r(1AC:G L T 11GO TO )() 

C COMPUTE COMPRESSIVE STRENGTI< IF 
C THERE IS NO USER·SlH>I"LI£0 R(I.J;TIONSHI~ 

c 
CALL PR£0~~0 16 ,AGGTVI".TIME.COMSTRI 
COMSTR • COMSTR'COMPF 
GO TO 10 

1~ I>ERCOM•II"ERCENTIJl·I"[RC£11TLJ.1)J!flt.CtiJI lt.G[I,11)1 
P[ACOM • PERC(NTIJ·11 + PERCO .. I'(TIM( ·lt.G£ 1,1·111 
COMSTR • P(RCOM'COMPrt100 
GO TO 10 

c 
C COMPUTE COMPR£55111[ STRENGTH II' 
C TH[RE IS A USE'R·SUPF'li[D RELJ;TIONSHIP 
c 
lO CONTINUE 

J•l 

li'(TIME LE ACEUIIIICO TO SO 
•O CONTINUE 

COMSTR•COMii>f' 
GO TO 10 

50 SLOPE •ICOt.tr'UI·COMP(J.1)11IACEUIJ)·ACEUIJ·TII 
COMSTR • COMP(J·t) + SLOrE"!TIM(·ACEUIJ·1ll 

10 CONTINUE 

c 

RCTURII 
wo 
SUBROUT I HE' CURL IT 01' ,X,ZI<, SI<O,AIIGOF'T. T 011'1 .01 
IMPLICIT DOUBLE PRECISION IA·H.O,I'.R·ZI 

c 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
C SUBROUTINE CURL COMPUTES CURLING ITRESSES AND 
C OEFLECTIOIIS 
c 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
C IIARIA8!.U: 
c 
C V • COORDINATE MEASURED FROM THE SLAB END, OF NCOE LOCATED 
C AT COORDINATE X FROM THE MID•SLAI UN) 
C Zl< • TOTAL CURL DEFLECTION FOR NODE LOCATED A DISTANCE X FROM 
C MID·SL.A8. 
C YGRA.O • DEFLECTION CAUSIO IV TOP·BOTTOM TEMPERATURE GR401ENT 
C YFRIC • DEFLECTION CAUSED BY FRICTION DURING CONTRACTION 
C SKD • CURLING STRESS FOR NODE LOCATED A DISTANCE X FROM MIO·SLAB. 
C ALONG THE LONGITUOINA.L AXIS OF THE SLJ;8 WITH FULL V RlS TltiC 
0~ T£0 MOVEMENT 
C CRLMA.X • MAXIMUM CURLING IN THE CVCI.E 
C TI\ANSM • VALUES FOR TRANSITION FLATTENING SLOPE. 
c 

121 

C BLOCK IIAAIAILES UIIO COMMOHIII.CKIIAOT(100I,TOIIf(100I,PP(1CIOI,IHOUIU100!,AOTAXI100l,CRLMAX,ADTMA.X,40TMIN 
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C CO!.AMQN 18lCKII·Al TOT Z!OT I'll SI':,Sl 
C COMM0N'8LCK110L NILO NHMP.TOL WoU,)( OW 
C ((lMI.A(lNtBlCKaiAL (l AG(1"!10U;&.GC ACCTvr El~00%1 

c 
C VARIABlES ORtGINAHO SKO. ]1<. 0\LMAX 

c 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c 

c 

COMMON 'BLCK51KI.Cl1RlEMI" .AG( IDOl AOT 11001 1 Otr!1001.1"1"! IOOI.AVC.O!r 
1!100J.IH0l'RI 100).A0Tr!Xf1001.CRLMA)(.J..Cl MAX A{)l MIN 
COMMON 18LCKSIG,FPC.AL10T.ZTOT.STRNMUU'R,St>: Sl 
COMM0NIBLCK7t0L.NILO.NTEMP, TOl NMA.X,OW 
COMMOI~IBLCKIIA.L. El.ZZ. Sl\, S S, PSI lO),ACE 1'110},11\CG ,.ACG T VI',£ M0018 

C COMr'UTATION OF CURLING OEFLECTI014 AND STRESS 

c 
WSLAB•C.1710 
$01Stl:>. rR•wsL.AO"I $"0L"1:)""l1(1~ 'El .. 2 "SKI 
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APPENDIX E. REGRESSION EQUATIONS FOR 
DATA SET OF NOVEMBER 5-6, 1988 

TABLE E.l. SUMMARY OF REGRESSION EQUATIONS FOR THE DATA SET FOR NOVEMBER S-6, 1988 

Slab Length (240 ft) Slab Length (440ft) 

Slab Regre~ion Regression 
Portion Equation Coefficient (R2) Equation Coefficient (R2) ---
Corner 

L/6 

L/3 

Corner 

L/6 

L/3 

0.12 

0.10 

0.08 

c 

y = 0.0377-0.0075 x + 0.00028 x2 0.849 
y = 0.0344- 0.0069 X + 0.00026 X 0.848 
y:: 0.0331-0.0062 X+ 0.00021 X 0.899 
y = 0.0298-0.0056 X+ 0.00019 X 0.861 
Average eccentricity = 0.00023 
y = 0.0217 0.0043 X+ 0.00016 X 0.879 
y = 0.0266 0.0041 X+ 0.00016 X 0.838 
Average eccentricity= 0.00016 
y = O.Q172- 0.0035 X+ 0.00014 X 0.892 
Average eccentricity 0.00014 
y 0.0733 - 0.0065 X 0.987 
y = 0.0782- 0.0036 X 0.988 
y = 0.0498 0.0060 X 0.986 
y = 0.0561 0.0054 X 0.987 
Average slope = -0.0054 
y = 0.0410-0.0035 X 0.992 
y 0.0432-0.0033 X 0.985 
Average slope = -0.0034 
y = 0.0320- 0.0028 X 0.983 
Average slope= -0.0028 

Regression Equation 
~-------- y = 3.7757e·2 -7.5104e-3x 

+ 2.8162e-4xA2 
0 R"2 = 0.849 

'\rill._.'------ y = 3.4426e-2- 6.8926e-3x 
+ 2.6759e-4x"2 

R"2 =0.848 • 
~-..------ y = 3.3180e-2 • 6.2709e-3x 

+ 2.1485e-4x"2 • 
R"2 = 0.899 c :..=.. 0.06 

~llr-- y = 2.9802e·2 • 5.6586e-3x 
• + 1.9108e-4x"2 
R"2 = 0.861 0.04 

Joint 
•9N 

0.02 c9s 
e10N (LVDT) 
oSS 

0 00 '----------'------.:..-&---' 
-1 0 0 10 

Top- Bottom Temperature Differential (0 f) 

Fig E.l. Regression curves for the corner of a 
240-foot slab collected on November S-6, 1988, 
for the curling portion of the curl-uncurl cycle. 
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-
~ 
(0 

y 0.0379-0.0074 x + 0.00027 x2 0.892 
y = 0.0262 0.0052 X+ 0.00019 X 0.908 
y = 0.0332- 0.0069 X + 0.00028 X 0.881 
y = 0.0452- 0.0060 X + 0.00002 X 0.967 
Average eccentricity= 0.00019 
y = 0.0165-0.0029 X+ 0.00009 X 0.901 
Average eccentricity= 0.00009 
y = 0.0122-0.0031 X+ 0.00017 X 0.843 
y = 0.0145 0.0031 X+ 0.00013 X 0.874 
Average eccentricity= 0.00015 
y = 0.0662- 0.0063 X 0.983 
y = 0.0400 0.0044 X 0.978 
y = 0.0585 - 0.0059 X 0.977 
y = 0.0516- 0.0043 X 0.966 
Average slope= -0.0052 
y = 0.0269 - 0.0028 X 0.989 
Average slope = -0.0028 
y = 0.0301 - 0.0022 X 0.954 
y = 0.0270- 0.0027 X 0.990 
Average slope = -0.0025 

0.08 

c Regression Equation 

~--------Y 2.1697e-2 • 4.3478e-3x 
+ 1.6563e-4x"2 

0.06 R"2 = 0.879 

..,,... ____ Y = 2.0664e-2 • 4.1531e-3x 

en o.o4 
en 

+ 1.5654e-4x"2 
R"2 = 0.838 

0.02 
Joint 

•10N/6 
095/6 

0.00 .__ _______ ...__ ___ _._..a.,-liil---....1 

-10 0 10 

Top- Bottom Temperature Differential (0 f) 

Fig E.2. Regression curves for the sixth point of a 
240-foot slab collected on November S-6, 1988, 
for the curling portion of the curl-uncurl cycle. 
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0.05 

• 
0.04 

Regression Equation 

~------Y = 1.7259e·2- 3.5285e-3x 
• 1.4113e-4x"2 

• R"2 = 0.892 

-.5 - 0.03 M 

2 
0 .... 

2 
::= 
-.:::: 
::J 
u 

0.02 
Joint 

•10N/3 

0.01 • 
0.00 ~...-___ .....__ ___ _._ _____ """'"!It---' 

·10 0 10 
Top- Bottom Temperature Differential (°F) 

Fig E.3. Regression curves for the third point of a 
240-foot slab coUected on November 5-6, 1988, 
for tbe curling portion of the curl-uncurl cycle. 
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• 1.9977e-4x"2 

R"2 = 0.908 
.... ~Pr-----y= 3.3204e-2 - 6.9286e-3x 

• 2.8685e-4x"2 
R"2 = 0.881 

'-"1!!.-e---y = 4.5218e·2- 6.0700e-3x 

Joint 
c 11/S 
•12N 
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•. • 1.8454e-5x"2 
... R"2 = 0.967 .... 

•• 

0.00 ~------~-----~-----·10 0 10 

Top- Bottom Temperature Differential (°F) 

Fig E.4. Regression curves for the corner of a 
440-foot slab coUected on November 5·6, 1988, 
for tbe curling portion of the curl-uncurl cycle. 
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Regression Equation 
~..._ ___ y = 1.6516e-2- 2.9624e-3x 

• 8 .7240e-5x"2 
R"2 = 0.901 

Joint 
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1:: 0.02 
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0.01 

0.00 .._ _______ .__ ____ ~---~ 

-10 0 10 
Top- Bottom Temperature Differential (°F) 

Fig E.5. Regression curves for the sixth point of a 
440-foot slab coUected on November 5-6, 1988, 
for the curling portion of the curl-uncurl cycle. 
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Fig E.6. Regression curves for the third point of a 
440-foot slab coUected on November 5-6, 1988, 
for the curling portion of the curl-uncurl cycle. 
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Regression Equation 

y = 7 .3372e-2- 6.4798e-3x 
R'2 0.987 

0.10 y = 7.8231e-2- 3.6358e-3x 
R'2 = 0.988 

0.08 y = 4.9813e-2- 6.0379e-3x 
R"2 = 0.986 

0.06 • y = 5.6116e-2 
• 5.4243e-3x 

R"2 =0.987 
0.04 

Joint 
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Fig E.7. Regression curves for the corner of a 
240-foot slab coUected on November 5-6, 1988, 

for the uncurling portion of the curl-uncurl cycle. 
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Regression Equation 
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Fig E.8. Regression curves for the sixth point of a 
240-foot slab collected on November S-6, 1988, for 

the uncurling portion of the curl-uncurl cycle. 
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Fig E.9. Regression curves for the third point of a 
240-foot slab coUected on November S-6, 1988, 

for the uncurling portion of the curl-uncurl cycle. 
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Fig E.10. Regression curves for the corner of a 
440-foot slab coUected on November S-6, 1988, 

for the uncurling portion of the curl-uncurl cycle. 
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0.05 
Regression Equation 

~ ... --y = 2.6910e-2- 2.8037e-3x 
0.04 RA2 = 0.989 
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Fig E.ll. Regression curves for the sixth point of a 
440-foot slab collected on November 5-6, 1988, 

for the uncurling portion of the curl-uncurl cycle. 
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Fig E.12. Regression curves for the third point of a 
440-foot slab coUected on November 5·6, 1988, for 

the uncurling portion of the curl-uncurl cycle. 
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Fig E.13. Curve for the average values collected on 
July 25-26, 1988, for the corner positions of a 

240-foot slab. 
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Fig E.14. Curve for the average values collected on 
July 25-26, 1988, for the corner positions of a 

440-foot slab. 
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Fig E. IS. Summary of average curling at different 
points along the edge of the slab. 
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