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ABSTRACT 

This report presents a statistical analysis of Dynaf1ect deflection 

and slab temperature data to investigate different test location variables 

and temperature parameters that affect Dynaf1ect deflections measured on 

rigid pavement. A procedure is developed for making Dynaf1ect deflection 

measurements and applying a suitable temperature correction to deflections 

measured near the pavement edge. A computer program is included that will 

facilitate the estimation of temperature in a concrete slab using local 

weather and climatological data. Improvements are suggested in the procedure 

of using elastic layered theory (static loading) based computer packages to 

back calculate Young's moduli from the measured Dynaflect deflection basin. 

The "spectral analysis of surface wavesll method and crossho1e testing used on 

the Columbus site are also presented and discussed. 

KEYWORDS: Dynaf1ect, deflection, continuously reinforced concrete pavement, 
temperature differential, elastic moduli, material 
characterization, spectrum analyzer, crosshole testing, dynamic 
moduli. 
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SUMMARY 

This report presents results of an investigation of (1) the effect of 

some environmental factors and location variables on measured Dynaflect 

deflections, and (2) material characterization using measured deflection 

basins. Additionally "spectral analysis of surface waves" and crosshole 

testing techniques are presented. All the experimental work described in this 

report was carried out during the fall and summer of 1981 on the Columbus 

bypass (CRC pavement) at SH7l. 

The experimental data, Dynaflect deflections and the top and bottom 

temperatures of the concrete slab, were analyzed using measured and 

dichotomous variables and multiple linear regression techniques. The findings 

of this study are combined into a procedure recommended for making Dynaflect 

measurements and applying suitable temperature correction to deflections 

measured near the pavement edge. A computer program to predict temperature in 

the concrete slab based on a theoretical model that uses daily weather 

information is also presented. 

The results of a parametric study to improve the procedure for back 

calculation of the elastic moduli of pavement layers from the measured 

deflection basins are also presented and discussed. The test procedures and 

the results of the "Spectr al-Analysis-of-Surface-Waves" method and crosshole 

tests are presented and discussed. The in-situ dynamic moduli obtained from 

these two methods based on the theory of wave propagation, are compared with 

the back-calculated static elastic moduli using multilayered linear elastic 

theory. 

ix 





IMPLEMENTATION STATEMENT 

Based on the analysis of Dynaflect deflection and temperature data, a 

procedure has been suggested for taking the Dynaflect deflection measurements 

and applying suitable corrections to remove the effect of temperature 

differential on the measured deflections near the pavement edge. A procedure 

is suggested to estimate the temperature of the concrete slab using local 

weather and climatological information, in order to apply any temperature 

correction on a routine basis. 

It is recommended that these proposed procedures be implemented as a 

part of any future structural evaluation of rigid pavements. 
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CHAPTER 1. INTRODUCTION 

GENERAL 

Nondestructive evaluation of existing pavements is carried out to 

assess their structural adequacy and rehabilitation needs. The Texas State 

Department of Highways and Public Transportation uses the Dynaflect, a steady 

state vibratory device, for nondestructive evaluation of asphalt and rigid 

pavements. The response of a pavement to an external test load is measured in 

terms of surface deflection, which is indicative of the load carrying 

capacity of the road pavement. The Dynaflect deflection data are used for 

in-situ characterization of pavement layers and subgrade as the basic step in 

the current overlay design procedures. 

In the case of rigid pavement, the distress manifestations indicate 

other deficiencies and problems, such as inadequate subgrade support 

conditions, existance of voids beneath concrete pavement, and insufficient 

load transfer across joints in a jointed concrete pavement. A major 

rehabilitation program in an existing rigid pavement will include 

rectification of the above deficiencies plus an overlay for the structural 

strengthening required for the design axle load applications in the future. 

The Dynaflect deflection data can also be used to provide diagnostic 

information related to the rigid pavement which can be used to detect 

voids beneath the concrete slab and to determine the load transfer efficiency 

at transverse joints. 

1 
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The Spectrum Analyzer is another form of nondestructive test equipment 

which can be used to ascertain the in-situ dynamic moduli based on elastic 

waves analysis. 

OBJECTIVES AND SCOPE OF STUDY 

There are several factors that influence any deflection measurement 

made on a slab of specific thickness. Two of these are temperature and load 

position. In the case of a rigid pavement effects are very prominent. The 

temperature gradient through the thickness of the slab induces thermal 

stresses and subsequently results in curling. The deflection measurements 

may therefore be affected by temperature, particularly at the edge of the 

slab. The principal objectives of this study are 

(1) to identify temperature effects and other factors related to load 
position across the test section that may influence the Dynaf1ect 
deflections in rigid pavements, 

(2) to investigate the significance and extent of the influence of 
these factors on measured Dynaf1ect deflections, 

(3) to develop a procedure for correcting the measured deflections 1n 
order to correct the effects of temperature if necessary, and 

(4) to recommend the most suitable position of the Dynaflect for making 
deflection measurements for material characterization or for 
detection of voids beneath concrete pavement. 

The experimental program carried out on a continuously reinforced 

concrete pavement and the summary data are described in Chapter 2. The 

concrete slab was 10 inches in thickness. The Dynaflect deflection and 

temperature data generated during the testing phase were later subjected to 

a comprehensive statistical analysis. A multiple regression technique is used 

to delineate significant factors affecting the measured deflections. The 
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procedures and results of the statistical analyses are discussed in Chapter 

3. The guide lines for temperature correction procedures are developed in 

Chapter 4, which includes recommendations for a modified and calibrated 

model to predict temperature at any depth of a concrete pavement using 

climatological data from daily weather reports. 

This report is devoted to the study of Dynaflect deflections measured 

on rigid pavement and the findings are limited to a continuously reinforced 

concrete pavement. 

In addition, procedures for in-situ material characterization using 

methods based on layered elastic theory and wave propagation theory are also 

applied at the same site and results are to be compared. 





CHAPTER 2. EFFECTS OF ENVIRONMENTAL FACTORS AND DYNAFLECT 
POSITION ON MEASURED DEFLECTIONS 

INTRODUCTION 

This chapter includes (1) a discussion of factors influencing the 

deflection behavior of rigid pavements, and (2) a brief review of some 

previous research on environmental effects and other factors related to load 

position, describes the testing program, and presents a summary of 

Dynaflect deflections and temperatures for the concrete slab measured during 

summer and fall 1981 at three sections selected on a newly built continuously 

reinforced concrete pavement. 

Temperature changes in the concrete slab and moisture changes in the 

unbound and subgrade layers are the two environmental factors showing a 

major influence on the measured deflections. In the wet season, deflections 

will be larger due to an increase in moisture content of unbound layers and 

softening of the subgrade. A dry summer, on the other hand, will result in 

relatively lower deflections. The seasonal effects on the Dynaflect 

deflections are thoroughly discussed in Ref 1. The temperature gradient 

occurring in the concrete slab during a normal day will cause the slab to 

curl upwards if the concrete surface is hotter than the bottom (i.e., in the 

case of a positive temperature gradient). This will cause the deflection 

measured near the edge to be different from the deflection measured in the 

center of the slab. Studies on continuously reinforced concrete pavement (Ref 

5 
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2) indicated that edge deflections measured in the mid span position were in 

general inversely related to the temperature differential (Le., the 

algebraic difference between temperatures of the top and the bottom of the 

concrete slab). Dynaflect deflection data were therefore collec ted in the 

present study to investigate the effects of temperature parameters in 

relation to the position of the Dynaflect on the measured deflections. The 

collected Dynaflect deflection data were analyzed using statistical 

procedures to determine the significant explanatory variables and their 

effects on the deflection parameters. 

LITERATURE REVIEW 

Environmental Variables 

Temperature Effects. The temperature of a concrete slab shows two types 

of variation in the average temperature: (1) daily and (2) yearly. Arndt (Ref 

3) reported, in 1943, the results of five years of continuous study of 

temperature changes in an experimental concrete pavement in Arkansas. The air 

temperature and the temperature of the top of the slab for the year 1940, as 

reported in Ref 3, are reproduced in Fig 2.1. Some interesting points can be 

inferred from this figure: 

(1) generally, over a year, the temperature of the concrete slab 
follows very closely, the pattern of the air temperature variation; 

(2) the greatest variation in the daily range of the pavement 
temperature is observed to occur in the months of May through 
September; and 

(3) for anyone day the range of the temperatures of the bottom of the 
slab was about 15°F less than the range of the temperatures of the 
top. 
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The data from Bates Road Test (1922) used by Barber (Ref 4) are 

plotted in Fig 2.2. They also show that the maximum temperature of the 

pavement at the surface is in general higher than the corresponding air 

temperatures. The seasonal variations in temperatures cause the concrete 

pavement to adjust to these uniform temperature changes by contraction or 

expansion over a considerable period of time. The major effects of the 

seasonal variations in temperature will be the development of frictional 

forces between the concrete slab and the underlying layer and closing and 

opening of cracks and joints. 

The daily variations of temperature within the concrete slab are of 

much more importance because (1) there is a large deviation in temperature 

on the concrete surface in a daily cycle and (2) a temperature gradient 

exists between the top and bottom of the concrete slab that will vary 

considerably, and in different directions, during a 24-hour cycle. The 

temperature gradient through a concrete slab causes its surface to warp (Ref 

5). For example, if the top of the slab is hotter than the bottom, as at 

noon on a normal day, the corners will tend to curl downwards. Upward 

curling will occur when the top surface is cooler than the bottom, such as 

late at night. Figure 2.3 shows a conceptual presentation of curling behavior 

of a concrete slab during a typical 24-hour cycle on a normal day. A 

parameter commonly used to study the effect of temperature gradient is 

temperature differential. As defined earlier, temperature differential is the 

algebraic difference between the temperatures of the top and the bottom of 

the concrete slab. Temperature differential is assigned the notation DT in 

this report. Temperature differential is taken as a positive value if the 

temperature of the top of the slab is higher than the temperature of the 

bottom. A negative temperature differential indicates that the bottom of the 
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slab is warmer than the surface. The temperature differential is caused by 

the time required for heat to transfer through the thickness of the concrete 

slab because of the slow conduction of heat in concrete. Temperature 

differential in a concrete pavement is therefore a function of the thermal 

properties of concrete and the thickness of the concrete slab. Maximum 

temperature differentials occur during the day in the spring and summer (Ref 

5). During the present study the maximum temperature differential, 24.6°F, 

was observed in August 1981, for the lO-inch concrete slab. Twenty-four-

hour studies on curling of panel corners due to fluctuating air temperature 

and the resulting temperature differential were made in the ~~SHO Road Test 

(Ref 6). The studies showed that the deflection of panel corners under the 

vehicles travelling near the pavement edge at times increased several fold 

during the period from afternoon to early morning (Ref 6). This may be 

explained by upward curling of corners due to a negative temperature 

differential. Figure 2.4 shows the time, temperature, and displacement data 

from a corner movement study of a rigid pavement section. In Fig 2.4 tl 

and t2 correspond to the start and the end of upward movement of any panel 

corner. In the same figure, t3 and t4 are respectively the earliest and 

latest times at the beginning and at the end of downward movement of any 

panel corner (Ref6). 

The deflection study on continuously reinforced concrete pavements 

reported by McCullough and Treybig (1965) showed an inverse relationship 

between temperature differential and the edge deflection (Benkelman Beam) 

measured at the crack position, as shown in Fig 2.5 (Ref 7). Figure 2.6 

shows the effect of crack width on deflection. In the same study, crack width 

and deflection were found to be dependent on mid-depth temperature (the 
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average of the temperatures of the top and the bottom of the concrete slab). 

These relationships are shown in Figs 2.7 and 2.8. 

Seasonal Effects. Taute et al (Ref 1) discussed the seasonal effects on 

deflections in eRe pavements. Following their discussion on effects of 

moisture changes, they concluded that wet, cold and winter weather will 

result in an increase in maximum deflection (at sensor 1 of the Dynaf1ect), 

due to the wet, soft subgrade and due to the low effective modulus of the 

surface layer caused by shrinkage and the resulting relatively wide 

transverse cracks. A dry summer will result in a decrease in this deflection 

due to the dry stiff subgrade and the high effective subgrade modulus caused 

by expansion and the resulting narrowing of the transverse cracks in the eRe 

pavement. 

Metwali (1981) presented the results of an experimental study on 

seasonal variations in pavement deflections (Ref 8). The Dynaflect deflection 

data were collected on asphalt overlaid, jointed reinforced concrete and 

continuously reinforced concrete pavements. The analysis of variance 

technique was used to analyze these deflection data. In the Gase of asphalt 

overlaid and jointed reinforced concrete pavements, the maximum deflection 

(sensor 1) and the sensor 5 deflections were found to be significantly higher 

in spring than in fall. Metwali found that eRe pavements showed no 

significant changes in deflections due to seasonal variations (Ref 8). These 

findings are very interesting and somewhat in conflict with the current data 

and belief. 

Location Variables 

The type of shoulder support at the pavement edge and the Dynaflect 

position with respect to the pavement edge and the locations of cracks or 
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joints are also important factors that influence the deflection behavior of 

rigid pavement. These factors are discussed below. 

Effect of Pavement Edge. In the AASHO Road Test (Ref 6), pumping of the 

subbase material was found to be a major factor in the majority of the 

failures of sections of rigid pavement. Another observation at the AASHO Road 

Test was that the amount of material pumped through joints and cracks was 

negligible when compared with the amount ejected along the edge. Pumping 

eventually results in creation of voids under pavement edge. Voids may also 

result from any movement in the subgrade or natural material, such as 

swelling or differential settlement. The presence of voids beneath pavement 

will result in relatively higher deflections. Birkhoff and McCullough (Ref 9) 

recommended a deflection survey along a pavement section to detect voids 

under the pavement edge. Figure 2.9 shows a typical deflection profile that 

can be used to detect void areas. An important assumption in the pavement 

design that there is uniform ground support, is violated in the presence of 

voids. The voids will result in higher load stresses and eventually lead to 

deterioration of the pavement. A rehabilitation program therefore should 

include a deflection survey to identify void areas. Figure 2.10 presents 

results of a theoretical study (Ref 10) to investigate the effect of void 

size and the distance of the Dynaflect from the pavement edge on computed 

deflection. 

Edge Support Condition. The type of edge support will have a marked 

influence on the deflection behavior near pavement edge. It is known from 

Westergaard's solutions that for the same load, stresses at the pavement edge 

are much higher than those in the interior. And since deflection is 

proportional to load stress, a larger deflection occurs at the pavement edge. 

When there is a concrete shoulder deflection can be expected to be less than 
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when there is a gravel shoulder. Another possible effect of a shoulder is 

the restraint offered to any lateral movement of the concrete slab by the 

edge support. 

Effect of Cracks. Transverse cracks in CRC pavement are usually very 

tightly held but the load transfer of less than 100 percent will result in 

deflections larger than those measured between cracks (mid-span position). 

Deflection at a crack will increase as the crack width increases and the 

crack width was found to be a function of mid-depth temperature (Ref 7). 

These relationships are shown in Fig 2.6. For material characterization, the 

mid-span deflection (interior condition) is preferred. However, measuring the 

deflection at a crack position will give valuable information about load 

transfer efficiency and an indication of any excessive distress. The result 

of a theoretical study supplemented by a condition survey record indicates 

that, once load transfer has been reduced to such an extent that the 

deflections at the cracks exceed the uncracked pavement deflections by more 

than 50 percent, punchouts may occur in areas with crack spacing of 

approximately one foot (Ref 1). 

DESCRIPTION OF SET UP FOR DYNAFLECT AND TEMPERATURE MEASUREMENTS 

In this section a brief description of the Dynaflect system and the 

testing programs for Dynaflect deflection and temperature measurements are 

presented. 

The Dlnaflect and the Procedure for Deflection Measurements 

Dlnaflect Operating Characteristics. The Dynaflect system is used 

extensively by the Texas State Department of Highways and Public 

Transportation for nondestructive evaluation of flexible and rigid pavements. 
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A detailed comparison of the Dynaflect with other nondestructive deflection 

measuring equipment has been made in an earlier report (Ref 11). Information 

on the development of the Dynaflect system is contained in Ref 12. The 

Dynaflect is marketed as a small two wheel trailer housing a dynamic force 

generator and deflection measuring system. The Dynaflect is towed by a light 

vehicle and travels on the two pneumatic tired wheels at normal highway 

speed to the test section and between test sections. The dynamic force is 

transmitted to the pavement by lowering two 4-inch-wide, (16-inch-outside 

diameter) rubber coated steel wheels. The operations control unit and a meter 

unit calibrated to read deflection are carried in the towing vehicle and the 

driver of the towing vehicle can also operate the Dynaflect. The operations 

control unit is hooked up to the power source of the towing vehicle. 

The dynamic force generator employs two counter-rotating eccentric 

masses to generate steady state vibrations that are a sinusoidal function of 

time. The Dynaflect is operated at a fixed frequency of 8 Hz, which results 

in a 1,OOO-pound peak-to-peak magnitude of the vibratory force (Fig 2.11). 

Bush (Ref 13) reported results of a comparative study on four nondestructive 

vibratory devices. The findings related to the Dynaflect are (1) the measured 

frequency was within 3 percent of the indicated frequency of 8 Hz and (2) the 

peak-to-peak dynamic force of the Dynaflect was 4 percent below the measured 

force for the rigid pavement. These findings show that the frequency and 

amplitude of the sinusoidal loading force of the Dynaflect are reasonably 

reliable. 

Deflection Measuring System. Five equally spaced geophones are used to 

measure deflection response of the pavement. Figure 2.12 shows the load 

configuration and the arrangement of the geophones. The steady state 

vibratory force of the Dynaflect predominantly generates Rayleigh waves. The 
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geophones are velocity transducers, which employ an inertial reference and 

give an output signal in volts. The peak to peak dynamic deflection is 

proportional to the output voltage of the geophone. Prior to testing, each 

geophone is calibrated at the driving frequency of 8 Hz so that, during the 

test, deflection can be recorded directly from the readout meter. Additional 

information about the characteristics of geophones can be found in Ref 14. 

The arrangement of five geophones in the Dynaf1ect provides (1) maximum 

deflection under sensor 1 and (2) half of the so called deflection basin if 

the measured deflections under all sensors are plotted and joined by drawing 

a smooth curve. For material characterization, the measured Dynaf1ect 

deflection basin is often used to back-calculate Young's moduli using 

computer programs based on multilayer linear elastic theory. The major 

assumption in using this approach is that the dynamic force amplitude is a 

static load. Texas Transportation Institute (TTl) (Ref 15) investigated the 

effect of assuming static load by measuring deflection basins while operating 

the Dynaf1ect at frequencies varying between 4 and 12 Hz at the same 

amplitude of dynamic force. The results showed that the vertical deflections 

measured at the surface are independent of the frequency in the range of 6 to 

10 Hz. 

The Dynaf1ect deflections measured at the same location on two 

consecutive days have been found to repeat within close limits (Ref 12). 

Potter (Ref 16) reported investigations made on the repeatability of the 

Dynaf1ect deflections. The first phase of these investigations was the 

recording of the deflection at a test point following the standard procedure 

and then, without moving from the test point, raising the geophones, lowering 

them again, and recording the deflection values. The results are presented in 

Fig 2.13. It indicates that the variation in measured deflections due to the 
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device itself and placement of the geophones is negligible. In the second 

phase, all locations were tested on one day with the Dynaflect and then the 

sites were retested. Figure 2.14 shows these results indicating the error 

involved due to placement of the Dynaflect in the repeat measurements. 

Test Procedure. The calibration of all five geophones is carried out 

every day prior to taking the Dynaflect to the test location. Geophones are 

placed in the calibrator unit, which provides a repetitive vertical motion of 

0.005 inch at an operating frequency of 8 Hz. The calibrator unit is 

connected to the control unit. The sensor selector switch in the control unit 

is then switched to the position corresponding to geophone no. 1 and the 

respective sensitivity control is adjusted to obtain the correct deflection 

reading. The calibration procedure is repeated for each of the other 

geophones. The calibrator is disconnected from the control unit after all 

geophones are calibrated. The geophones are then refixed on their bases and 

connected to the draw-bar of the Dynaflect. The draw-bar is raised and the 

towing vehicle tows the Dynaflect on its pneumatic tired wheels to the marked 

test location. The sequence of operations for routine digital Dynaflect 

measurements is as follows: 

(1) The Dynaflect is positioned so that geophone no. 1 (in the center 
of the two solid steel wheels) rests over the marked location. 

(2) The Dynaflect trailer is raised onto its solid wheels. 

(3) The dynamic force generator is switched on and frequency is 
adjusted to 8 Hz. 

(4) The geophone-bar is lowered to the surface of the pavement. 

(5) The voltage output of each geophone is read on the digital readout 
meter directly in milli-inches of vertical deflection at the 
pavement surface and recorded by the operator. (The procedure for 
the analog type unit will be slightly differentJ 
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(6) The geophone bar is raised and the dynamic force generator is 
switched off and the Dynaflect is towed on its solid wheels to the 
next location in the same test section. 

Scheme for Collection of Dynaflect Deflection Data 

The test site, selected sections, test locations on each section, and 

other details of the two sets of deflection measurements are described in the 

following sections. 

Site Descrigtion. A testing scheme was designed for making Dynaflect 

deflection and temperature measurements to investigate the effects of 

temperature and the Dynaflect position. A newly constructed continuously 

reinforced concrete pavement on the Columbus bypass of SH-71 was selected as 

the test site. Columbus, Texas, is located about 90 miles southeast of Austin 

and 70 miles west of Houston. Three test sections were selected in late July 

1981. Figure 2.15 shows the locations of the site and the test sections. The 

first measurements were made on August 6 and 7,1981, and at that time the 

bypass was still not opened to traffic. Figure 2.16 illustrates the typical 

cross section of CRC pavement at this site. The pavement consists of a 10-

inch concrete surface layer, a 4-inch asphalt base, and a 6-inch lime-

treated subgrade overlying the natural subgrade. 

Design of Testing Program. The three test sections were selected with 

the objective of obtaining locations with transverse crack spacing of 8 feet 

or more in each section. This would facilitate deflection measurements with 

the Dynaflect (1) close to the transverse crack and (2) positioned between 

the two adjacent cracks (mid-span position). The set-up of the Dynaflect with 

respect to the transverse cracks are shown in Fig 2.17. Test locations near 

the transverse cracks were designated with odd numbers. The locations 

corresponding to mid-span position (between cracks) were given even numbers. 

Another factor considered in the selection of locations near the edge was the 
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inclusion of different types of lateral support, 1n other words, an asphalt 

shoulder versuS a concrete shoulder. Locations were selected near the edge 

as well as in the wheel path in the passing lane, in the travel lane, and on 

the concrete shoulder. Figure 2.18 shows the layout plan of selected test 

locations used in each of the three test sections. A continuous record of top 

and bottom temperatures was obtained using a 9.5-inch concrete block which 

was successfully used in a previous study. A total of 552 sets of Dynaflect 

half-deflection bowls were measured during this study. Table 2.1 presents 

description of each test designation illustrated in Fig 2.18. 

Summer Measurement. Fourteen locations in each section were used for ... , . 
Dynaflect deflection measurements during the summer of 1981. Each test 

represents deflection measurements from the five geophones. The summer 

testing was carried out on August 6 and 7, 1982. Four complete cycles of 

deflection measurements were made, resu1 ting in a total of 168 data sets. 

Figure 2.18 illustrates the test locations used for each of the three sections 

in the summer of 1981. Table 2.2 presents the distribution of the Dynaflect 

deflection data sets with respect to the Dynaflect position. Data related to 

the average crack spacing are presented in Table 2.3. 

Fall Measurements. The second set of Dynaf1ect deflection data and the 

slab temperatures were obtained on November 30 and December 1, 1981. The 

pavement had been opened to traffic in October 1981. Due to muddy conditions 

of the soil beyond the concrete shoulder, Dynaflect deflection data could 

not be acquired on locations 13L and 14L in all three sections. The 

deflection measurements were made very smoothly, resulting in eight complete 

cycles with a total of 384 data points. Another problem faced on the site 

was that transverse cracks developed in sections 1 and 2 between the two 
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TABLE 2.1. DESCRIPTION OF TEST DESIGNATIONS USED IN SECTIONS 1, 2, AND 3 AT 
COLUMBUS BYPASS, SH-7l DURING SUMMER AND FALL, 19B1 

Test 
Designation 

lL 

2L 

3L 

4L 

5L 

6L 

7L 

BL 

9L 

lOL 

llL 

l2L 

13L 

l4L 

Lane 

Passing 

Passing 

Passing 

Passing 

Travel 

Travel 

Travel 

Travel 

Travel 

Travel 

P. C. C. 
Shoulder 

P. C. C. 
Shoulder 

P. C. C. 
Shoulder 

P. C. C. 
Shoulder 

Type of 
Edge Support 

A. C. 
Shoulder 

A. C. 
Shoulder 

A.C. 
Shoulder 

A. C. 
Shoulder 

P.C. 
Concrete 

P.C. 
Concrete 

P.C. 
Concrete 

P.C. 
Concrete 

P.C. 
Concrete 

P.C. 
Concrete 

Gravel 
Shoulder 

Gravel 
Shoulder 

Gravel 
Shoulder 

Gravel 
Shoulder 

Location* 

Edge 

Edge 

Wheelpath 

Wheelpath 

Center 

Center 

Wheelpath 

Wheelpath 

Edge 

Edge 

Wheelpath 

Wheelpath 

Edge 

Edge 

Dynaflect 
Position 

At Crack 

Mid-Span 

At Crack 

Mid-Span 

At Crack 

Mid-Span 

At Crack 

Mid-Span 

At Crack 

Mid-Span 

At Crack 

Mid-Span 

At Crack 

Mid-Span 

*All edge, wheelpath, and center locations are 1, 3, and 6 feet, 
respectively, from the edge support. 



TABLE 2.2. DISTRIBUTION OF MEASURED DYNAFLECT DEFLECTION BASINS 

Summer 1981 

Test Section Section 
Dynaf1ect Designation 1 

1L 4 
3L 4 
5L 4 

At Crack 7L 4 
9L 4 

IlL 4 
13L 4 

2 4 

4 4 

6 4 

In Midspan 8 4 

10 4 

12 4 

14 4 

*A11 tests correspond to designation "L" 
IIA11 tests correspond to designation "N" 

IltlA11 tests correspond to designation "A" 

2 

4 
4 
4 
4 
4 
4 
4 

4 

4 

4 

4 

4 

4 

4 

Fall 1981 

Section Section Section 
3 1 2 

4 8 8 
4 8 8 
4 8 8 
4 8 8 
4 8 8 
4 8 8 
4 8 8 

4 *8 *8 
118 l1li8 

4 *8 *8 
118 11118 

4 *8 *8 
118 11118 

4 *8 *8 
tl8 1111 8 

4 *8 *8 
118 11118 

4 *8 *8 
118 11118 

4 

\.oJ 
0'\ 

Section 
3 --
8 
8 
8 
8 
8 
8 
8 

*8 

*8 

*8 

*8 

*8 

*8 
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TABLE 2.3. AVERAGE CRACK SPACING BETWEEN TRANSVERSE CRACKS (IN FEET) 

Section Section Section 
Lane Season 1 2 3 

Summer 11. 9 14.6 11.5 
Passing 

Fall 6.8 8.5 6.0 
7.8+ 7.8* 

Summer 10.8 16.8 10.3 
Travel 

Fall 7.5 8.0 10.3 
7.8+ 7.8 * 

P.C.C. Sunnner 11. 2 11. 2 8.5 

Shoulder 7.8 7.8 8.5 Fall 
13.0+ 7.8 * 

+ Locations N (see Fig 2.19) 
* Locations A (see Fig 2.20) 
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transverse cracks marked earlier during summer testing. Therefore in addition 

to the existing locations, five more locations were selected in sections 1 

and 2 so that the mid-span (between cracks) deflection data could be 

obtained. The layout plans of sections 1 and 2 are illustrated in Figs 2.19 

and 2.20, respectively. Locations in section 3 are shown in Fig 2.21. 

Temeerature Measurement for Surface Concrete Layer 

An instrumental concrete block was used to estimate the temperature of 

the surface concrete layer of the CRCP on test site. The concrete block was 

12 in. by 16 in. by 9.5 in. deep and instrumented with two Honeywell High 

Speed Resistance Thermometer Bulbs (Model No.fl92l A3). The thermometers are 

6 in. long and contained in stainless steel tube. To obtain the 

representative estimate of the temperature of the concrete pavement slab, the 

concrete (temperature) block was buried in the ground near a source of an 

electrical power with the exposed top surface flush with the ground. The 

location was near the Resident Engineer's office of District 13 and carefully 

selected so that the exposed surface of the concrete block would receive the 

same amount of sunlight and solar radiation as the three selected CRCP test 

sections. The temperatures were recorded for both top and bottom of the 

block. Leads from the top and bottom thermometers were connected to a 

Honeywell Universal Electronic 15 Multipoint Recorder. It has a 12 point 

recording capability and facilitated a continuous record of the temperature 

data for the top and bottom of the slab. The concrete block and recorder was 

acquired from the Texas State Department of Highways and Public 

Transportation. Before the summer measurements, the concrete block was 

checked for temperature calibration in the laboratory and found satisfactory. 

The movement of the chart in the recorder was also checked to make sure that 

the speed of the chart corresponded to the hour marks on the chart. 
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PRESENTATION AND PRELIMINARY ANALYSIS OF FIELD DATA 

In this section, summaries of the Dynaflect deflection data and 

estimated temperature data for the concrete slab are presented. Results of a 

preliminary analysis to study the effect of temperature differential on 

measured deflection are also included. 

Summary of the Dynaflect Data 

Deflection Parameters. The measured deflections from the five geophones 

of the Dynaflect are used to define the half position of a deflection basin. 

A typical deflection basin is illustrated in Fig 2.22. The five geophones of 

the Dynaflect are normally sufficient to define a deflection basin in most 

pavements. The deflection basin has been characterized by different 

researchers using various parameters, such as maximum deflection, SCI, BCI, 

and spreadability (Refs 17 and 18). These parameters are defined in Fig 2.22. 

These parameters are related to the stiffness of one or more of the pavement 

layers in varying degrees. SCI, or the difference between sensor 1 and sensor 

2 deflections, was found to be an indicator of the structural integrity of 

the pavement surface layer (Ref 17). Taute et al (Ref 1) studied thick 

concrete pavements (8-inch concrete surface layers). It is shown that, for a 

thick rigid pavement, a typical deflection basin is relatively very flat and 

has a large radius of curvature, resulting in a very small value of SCI and 

subject to a large variation. Taute et al (Ref 1) correlated "basin slope", 

i.e., the difference between sensor 1 and sensor 5 deflections, to the upper 

layer stiffness rather than SCI. Sensor 1 deflection is the maximum 

deflection under the Dynaflect loading which is affected by the stiffness of 

all pavement layers. Sensor 1 deflection will also be affected by 

environmental factors. In CRC pavements, the transverse cracks are very 
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tightly held but a drop in temperature can cause the cracks to open. This 

will cause an increase in the sensor 1 deflection (Ref 1). On the other hand 

the sensor 5 deflection will be least sensitive to temperature effects, as it 

is indicative of the subgrade stiffness and subgrade will not be generally 

affected by temperature, with the exception of freezing conditions. The 

deflection parameters considered in this study are (1) maximum (sensor 1) 

deflection, WI ' (2) sensor 5 deflection, Ws ' and (3) basin slope 

(lv
l 

- Ws) 

~ummary of the Dynaflect Data. The Dynaflect deflection data collected 

during summer and fall of 1981 are presented in Appendix A. They include 

section, location, time of measurement, and deflection measured at each 

sensor (notations used in the Appendix are WI ' W 2 ' W3 ' W 4 ' and W S ' 

respectively, for deflections corresponding to geophones no. I, no. 2, no. 3, 

no. 4, and no. 5). The deflection measured at each sensor represents peak-to­

peak deflection at the surface of the pavement due to the steady state 

vibratory force of the Dynaflect. The temperature data were read from the 

record corresponding to the time of the Dynaflect deflection readings and 

included in the Appendix A. A summary of maximum deflection (WI ) for summer 

and fall is presented in Table 2.4. Each cell shows mean value and 

coefficient of variation of the sensor 1 deflections (W I ) measured in all 

cycles at a particular location and corresponding to one section in summer or 

fall. As discussed earlier, WI should be indicative of any temperature 

effect on the deflection behavior of CRC pavement. In summer four cycles of 

deflection measurements were made at each location and in every section. In 

other words each cell in Table 2.4 corresponds to four repeat deflection 

measurements at anyone test location in summer. Similarly, fall deflection 

data correspond to eight repeat deflection measurements at any of the test 



TABLE 2.4. SUMMARY DATA OF MAXIMUM DYNAFLECT DEFLECTION, WI (AT SENSOR 1) .j::--
Q\ 

Section 1 Section 2 Section 3 

Mean Coefficient Mean Coefficient Mean Coefficient 
Test Deflection, of Deflection, of Deflection of 

Dynaflect Season Designation mils Variation, % mils Variation, % mils Variation,% 

lL 0.360 23.0 0.365 20.8 0.305 17.0 
3L 0.265 9.0 0.295 10.2 0.252 5.0 

Summer 5L 0.237 7.2 0.357 7.7 0.230 5.0 
1981 7L 0.252 8.2 0.355 6.7 0.232 2.2 

9L 0.278 18.7 0.342 8.0 0.247 3.9 
IlL 0.255 14.5 0.402 33.0 0.342 32.8 

At 13L 0.335 18.0 0.562 37.0 0.497 46.2 

Crack lL 0.333 6.0 0.352 7.B 0.335 8.6 
3L 0.261 3.2 0.286 2.6 0.261 3.2 

Fall 5L 0.232 6.4 0.345 7.4 0.236 3.9 
1981 7L 0.247 4.2 0.371 3.6 0.245 3.1 

9L 0.246 6.5 0.343 8.9 0.262 4.9 
llL 0.241 5.2 0.370 n.5 0.340 8.0 
13L 

2L 0.305 8.7 0.342 16.B 0.292 6.5 
4L 0.258 8.6 0.267 5.6 0.245 9.7 
6L 0.227 4.2 0.300 14.1 0.227 7.5 Summer BL 0.235 2.5 0.317 18.1 0.232 5.4 1981 10L 0.252 3.8 0.317 18.1 0.240 9.0 

12L 0.225 7.7 0.357 11. 7 0.307 15.7 

At 14L 0.290 14.1 0.505 21. 7 0.422 25.4 

Midspan 2L 0.352 2.5 0.312 4.8 0.295 3.6 
4L 0.299 2.B 0.270 2.B 0.246 3.0 

Fall 6L 0.235 3.9 0.311 2.1 0.227 7.3 
1981 8L 0.241 5.6 0.304 2.4 0.234 4.5 

10L 0.252 5.1 0.294 2.5 0.241 5.3 
12L 0.224 2.3 0.362 10.0 0.290 2.6 
14L 
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locations no. 1 to 12. The Dynaflect is reportedly very reliabie for its 

repeatability of measured deflections (Refs 12, 13, and 16 and Fig 2.14). 

Any large variation in the repeat deflections may indicate a possible 

temperature effect on the measured deflections. The mean WI deflections and 

coefficient of variations for all data from the three sections in summer and 

fall as observed in Table 2.4 indicate 

(1) At crack deflection is larger than the mid-span or between cracks 
deflection for all locations in the wheel path and at the edge. 

(2) For the at crack and mid-span positions, the mean deflections in 
the passing lane are relatively larger as compared to the 
corresponding deflections in the travel lane, for the locations in 
the wheel path and at the edge. This behavior can be explained by 
considering the condition of the edge support. The edge support 
for the passing lane is an asphalt concrete shoulder, which will 
provide less lateral restraint in comparison to that offered to the 
travel lane by the concrete shoulder. 

(3) In the passing lane, the mean deflections at any edge location are 
in general larger than the corresponding wheel path deflections for 
both at-crack and mid-span positions. 

(4) The coefficients of variation associated with the edge and wheel 
path deflections in the passing lane are greater in summer than the 
corresponding coefficient of variation associated with the fall 
measurements, which indicates that in this case there is possibly 
some temperature effect on the measured deflections because, in 
summer, larger temperature differentials were observed. 

(5) It is also observed that, in summer, the coefficients of variation 
associated with the measured WI deflections at the edge location 
in the passing lane (17 to 23 percent) are considerably larger than 
the corresponding coefficients of variation associated with the 
wheel path deflections (5 to 10.2 percent). This is important for 
the CRC pavements with asphalt concrete shoulders. If the analysis 
of the deflection data shows that a temperature parameter (such as 
temperature differential or mid-depth temperature) is a major 
explanatory variable for the variations in edge deflection, then a 
temperature correction will be required to obtain the edge 
deflections under some standard temperature condition. 

Temperature Data 

The temperature block was placed in the preselected position several 

days before making the Dynaflect deflection measurements in both summer and 
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fall so that the temperature of the concrete block could stabil ize and be 

representative of the temperature conditions similar to the CRC pavement. 

During summer measurements, the recorder was turned on at 11:10 AM on August 

6 and turned off at 3:00 PM on August 7. Figure 2.23 shows the temperature 

records for the top and the bottom of the concrete block. The corresponding 

temperature records in fall (from 11:05 AM on November 30 to 3:00 PM on 

December 1 1981) are presented in Fig 2.24. These plots indicate that the 

temperatures in the concrete slab vary as a sinusoidal function of time with 

the temperature of the bottom lagging behind the temperature of the top of 

the slab. This time lag occurs due to the low thermal conductivity of 

concrete. 

As discussed earlier, the two temperature parameters to be investigated 

~n this study in relation to the measured Dynaflect deflections are (1) 

temperature differential and (2) mid-depth temperature. These are defined as 

DT = T - T 
T B (2.1) 

where 

DT = temperature differential, OF; 

= temperature of the top of the concrete slab, OF, and 

= temperature of the bottom of the slab, OF. 

The mid-depth temperature is calculated as below, assuming a linear 

temperature gradient through the concrete slab: 
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where 
TMID = mid-depth temperature, of. 

The temperature differential versus time plots for the summer and the fall 

measurements are presented in Figs 2.25 and 2.26, respectively. A zero 

temperature differential indicates that the temperatures of the top and the 

bottom of the concrete slab are equal. This condition occurs twice in a 24-

hour cycle. Table 2.5 shows the times of occurrence of zero temperature 

differential conditions and the corresponding slab temperatures for the 

summer and the fall measurements. The maximum positive and the maximum 

negative temperature differential conditions are summarized in Table 2.6. The 

maximum positive temperature differentials occur in the afternoon hours. The 

variations of mid-depth temperature with time are presented in Figs 2.27 and 

2.28 for the summer and fall measurements, respectively. 

Preliminary Analysis of Field Data 

In this section the results of a preliminary analysis on the measured 

Dynaflect deflections and temperature data are described. 

Seasonal and Temperature Effects. The seasonal effects on the Dynaflect 

deflections have been discussed earlier in this chapter. In the present 

study, only limited data on the Dynaflect deflections and temperature were 

obtained. In the preliminary analysis the summer and fall data were combined. 

The seasonal effects are reflected in (1) moisture change in the subgrade 

layer and unbound layers and (2) the average temperature of the concrete 

slab. To get an idea of the moisture changes in the subgrade, the daily 
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TABLE 2.5. ZERO TEMPERATURE DIFFERENTIAL CONDITIONS IN A 
24-HOUR DAILY CYCLE 

Zero Temperature Differential Condition 

Time, Temperature of 
Test Period Hours Day Concrete Slab, of 

Summer 19:15 06 August 105.8 

1981 10:30 07 August 89.7 

Fall 17:00 30 November 67.5 

1981 09:15 01 December 57.0 

TABLE 2.6. MAXIMUM TEMPERATURE DIFFERENTIAL (DT) CONDITIONS 
IN A 24-HOUR DAILY CYCLE 

Positive Negative 
DT, Time, DT, Time, 

Test Period ° F Hours Day o 1<' Hours Day 

Summer + 24.6 14:07 06 August 

1981 - 5.2 07:30 07 August 
+ 14.5 14:43 07 August 

Fall + 9.0 13:45 30 November 
- 7.5 06:45 01 December 

1981 + 11.0 13:45 01 December 
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precipitation data for Columbus (Ref 19) were reviewed. The monthly 

precipitation data recorded at Columbus are presented in Fig 2.29. The 

record indicates that there was no rain during the first week of August 

1981, but a total precipitation of 3.99 inches is recorded for the month of 

July 1981. It rained during the night of November 30/December 1. However, the 

deflection data collected during the fall do not indicate any apparent trend 

l.n terms of larger deflections (see Table 2.3). 

The maximum temperature differential l.n summer was much higher than the 

maX1.mum temperature differential in fall. Also the maximum mid-depth 

temperature in the summer was higher as compared to the maximum TMID in fall. 

As discussed earlier, the effect of temperature differential on the Dynaflect 

deflection will be much more pronounced than the effect of mid-depth 

temperature. As observed in Figs 2.25 and 2.26, the temperature differential 

is zero around 9:00 AM and then increases steadily until around 2:00 to 3:00 

PM, when a maximum positive temperature differential occurs. During this 

time the concrete slab curls down (Fig 2.3). Deflections measured at the 

edges will be less than the true deflection at zero temperature differential. 

Location lL corresponds to the edge of the concrete slab with an asphalt 

concrete shoulder as the edge support. This is a typical and common example 

of CRC pavements in Texas. Figure 2.30 shows the plots of the maximum 

deflection (WI) versus temperature differential for the three sections. The 

slopes of the best fit lines are negative. The same finding is reported in 

Ref 7. This indicates that the Dynaflect deflections measured near the edge 

(especially at transverse cracks) at the time of high positive temperature 

differential will be less than the corresponding "true" deflections. The 

"true" deflection is related to the condition of zero temperature 

differential when the temperatures of the top and the bottom of the slab are 
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the same. The best fit lines for Ws vs DT plots are illustrated in Fig 2.31 

for location 1L in all three sections. These indicate the same trend as that 

found for 2 DT plots. In Fig 2.31, the R value related to deflections 

in section 3 is appreciably different from the R 2 values corresponding to 

section 1 and 2. This indicates that section 3 behaves differently when 

compared to sections 1 and 2. This difference may possibly be due to the 

subsoil characteristics and moisture variations. It should be noted that 

section 1 and 2 are within 300 feet of each other while section 3 is some 

1,000 feet away (see Fig 2.1S). Figure 2.32 illustrates the measured 

deflection basins at location 1L in section 3 on August 7, 1981, at 

different temperature differentials. 

The Dynaflect deflection measurements are commonly made in the wheel 

path or near the center of the concrete slab for the purpose of material 

characterization of the pavement layers, e.g., locations 6L and 8L in Fig 

2.18. These positions will represent the interior condition. In the case of 

high positive temperature differential, the top of the slab is warmer than 

the bottom. The downward curling in this case is illustrated in Fig 2.3. At 

the center of the slab (mid-span position; i.e., between the transverse 

cracks), there will be some loss of support. This is the physical explanation 

for measuring larger deflections (at high positive temperature 

differentials) as compared to the corresponding "true" deflections at zero 

temperature differential. For illustration, the measured deflection basins at 

loc~tion 6L in section 1 are plotted in Fig 2.33. It indicates that the best 

fit line for the WI vs DT plot will have a positive slope, However, it may 

be noted that this effect is not as pronounced as the opposite effect of DT 

found on the edge deflections. The deflection parameter, such as WI or 

Ws ' was used as a dependent variable and regressed on the independent 
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(explanatory) variable, DT. This simple linear regression analysis was 

carried out for the summer and fall data. Each data set of 12 observations 

corresponds to every location (lL to 12L) in each section. The simple linear 

regression analysis gives the estimate of the coefficients (intercept and 

slope) of the regression equation for the best fit line corresponding to each 

data set. The statistic used to measure the explanatory power of a regression 

line is the coefficient of determination, R2 • An R2 of zero means that WI 

2 or Ws is not dependent on DT. An R of one indicates that DT explains all 

the variation in the dependent variable WI or Ws ' or, in other words, there 

is perfect correlation between the observed deflection and the deflection 

predicted by the regression equation. It is impossible to obtain an R2 

2 
equal to one, but an R of around 0.90 is desirable in order to say, for 

example, that in our case DT is the only explanatory variable. Simple 

regression analyses were made with DT as the explanatory variable and WI' 

and SLOP as the response variable, respectively. The 

statistic in all the cases was generally low with considerable 

scatter. The temperature effects and deflection behavior are influenced by 

the position of the Dynaf1ect relative to the edge and the type of edge 

support, etc. These effects are discussed in the next section. 

Effect o~ the .Dynaf~ect Position. The preceding discussions indicate 

that the effect of temperature differential on the Dynaf1ect deflection is 

influenced by the position of the Dynaf1ect relative to the CRC pavement 

edge. Other position variables that can affect the Dynaf1ect deflections are 

(1) position relative to transverse cracks, and (2) type of edge support. 

The measured deflections when the Dynaf1ect is positioned close to a 

transverse crack are obviously expected to be relatively larger than the 

mid-span deflections when the Dynaf1ect is positioned between two transverse 
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cracks and the geophone-bar is oriented in the longitudinal direction. The 

difference in the at-crack and mid-span deflections is larger at a zero or 

negative temperature differential (see Fig 2.34). However, this will depend on 

the distance of the Dynaflect from the edge of the concrete. To illustrate 

these observations, in Fig 2.35, the best fit lines for WI vs DT plots at 

location 2L are drawn for sections 1, 2, and 3, respectively. The deflection 

basins presented in Fig 2.34 indicate: 

(1) At a zero or negative temperature differential, WI (Dynaflect near 
edge) is much larger at-crack as compared to the mid-span 
deflection. It can be expected as the crack width in this condition 
will be more than in the condition when the top of the concrete 
slab is warmer than the bottom, i.e., at a high positive 
temperature differential. 

(2) Ws deflections remain practically the same when the Dynaf1ect is 
positioned near the transverse crack or in mid-span. 

Type of edge support has great influence on the magnitude of the 

Dynaflect deflections (see Table 2.3). The behavior of the Dynaflect 

deflections is also influenced by the distance of the Dynaf1ect from the 

pavement edge. The deflection data in the wheel path are expected to be 

different from the deflection measurements near the edge. A complete analysis 

of the measured deflection and temperature data requires consideration of all 

these factors. The next chapter is devoted to this end. 

SUMMARY 

In this chapter, some environmental factors and other factors related to 

the position of the Dynaf1ect were discussed. The previous investigations to 

study the effects of these factors on the Dynaf1ect deflections were 

reviewed. The review and discussions were confined to rigid pavements, with 
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special attention to continuously reinforced concrete pavements. The set-up 

for the Dynaflect deflection and temperature measurements on a recently 

constructed CRC pavement near Col umbus, Texas, and the results of a 

preliminary analysis are also described in this chapter. The discussions made 

in the preceding sections lead to the following factors that can influence 

the Dynaflect deflections on CRC pavement: 

(1) temperature differential, 

(2) type of edge support, 

(3) Dynaflect position relative to the transverse cracks, and 

(4) distance of the Dynaflect from the edge. 

A conclusive finding can not be inferred from the results of this 

preliminary analysis. More rigorous analysis of the multifactor data of the 

Dynaflect deflections is presented in the next chapter. 





CHAPTER 3. STATISTICAL ANALYSIS OF THE DYNAFLECT DEFLECTION 
AND TEMPERATURE DATA 

UNIVARIATE MULTIPLE REGRESSION ANALYSIS 

Multiple regression analysis is a powerful statistical tool for 

identifying relationships among variables. The relationship is formed through 

an equation relating a dependent or response variable to more than one 

independent or explanatory variable. As a result of the preliminary analysis 

in the preceding chapter many factors influencing the Dynaflect deflections 

were identified. These factors can be used as independent variables and one 

of the measured deflection parameters can be used as the response variable. 

The procedure of regression analysis, brief descriptions of statistical 

terms, the data setup, and the resulting regression equations are presented 

and discussed in the following sections. 

Multiple Linear Regression Technique 

Model and Parameter Estimation. The general univariate regression model 

can be written in the following form: 

(3.1) 

where 

y is an (n x 1) vector of observations, 

X is an (n x p) design matrix, 

1? is a (p x 1) vector of parameters, and 

E: is an (n x 1) vector of errors associated with y 
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The elements of ~ are assumed random. We desire to minimize the error sum 

of squares in the selection of the parameters ~ • The least squares estimate 

of ~ is b • The elements of E. are linear functions of the observations 

Y2' ... , Y • These parameters are also called regression coefficients. 
n 

In the multiple linear regression model, "linear" refers to linearity in the 

parameters. For detailed treatment of linear regression methods, reference 

is made to any good text book, such as Ref 20. 

The estimates of the regression coefficients are based on the sampled 

values of Y (dependent or response variable) and independent variables Xl ' 

X2 ' ••• , X 
P 

The independent variables are also called explanatory 

variables. The estimated regression equation is written as 

where 

y (3.2) 

Y is the estimated value of response variable, 

b 
o 

is a constant term or intercept; it takes care of the scaling 
effects due to different units of measurements used with Xl ' 
X2 ' ... , Xp 

are the regression coefficients associated with the 
independent or explanatory variables Xl' X2 ' X3 ' ••• 
Xp , respectively. 

The interpretation of the estimated regression equation and the associated 

statistics are explained in a later section. 

S~epwise Regression Procedure. In many regression situations, such as 

those in this study, the researcher has collected data of many explanatory 

variables in which he has interest corresponding to the sampled observations 

of the dependent variable. The researcher does not know the order of 
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importance of these independent variables. The stepwise regression procedure 

is as follows: 

(1) criteria are assigned by the researcher for entering independent 
variables and a rule for removing variables, 

(2) only one independent variable is entered in the first step which is 
most highly correlated with the criterion, and 

(3) then the program searches for the variable to find which 
explanatory variable, in combination with the one already in the 
equation, will yield the highest R2 (coefficient of 
determination), 

In this study the forward stepwise regression procedure of the SPSS 

computer package was employed in all multiple linear regression analyses. 

SPSS is the abbreviation for "Statistical Package for Social Sciences"), 

Reference 21 is the main source for a detailed explanation of the multiple 

regression method used in this study. 

Definition and Int~~eretation of Statistical Terms 

In this section, interpretation of coefficients of the estimated 

equation, analysis of variance tables in SPSS regression outputs, and 

definitions of different statistics and criteria are explained. For more 

rigorous discussions, Refs 20, 21, and 22 can be consulted. 

Analysis of Variance Table. The least squares fitting of the observed 

values of the dependent variable is the method used to estimate regression 

coefficients; it is also a basis for many other interpretations. The sum of 

squared deviations from the mean value of observed Y values (total SS) is a 

measure of how much the dependent variable varies from its mean. The total SS 

can be partitioned in the following form: 
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Total SS = Explained SS + Unexplained SS (3.3) 

or, in other words, 

Sum of Squares = SS due to + SS about (3.4) 
about mean regression regression 

In the SPSS regression output, the partitioned sums of squares(SS), their 

degr~es of freedom(df), and the resulting mean squares(MS) are summarized in 

what is called an analysis of variance table. "Degrees of freedom" refers to 

the number of independent pieces of information involving the dependent 

variable Y needed to compile the sums of squares (Ref 22). A mean square is 

obtained by dividing a sum of squares by the corresponding degrees of 

freedom. The SPSS output provides additional information based on the 

analysis of variance table. 

Standard Error of Estimate (SE). The standard error of estimate is 

calculated by taking the square root of the mean square about regression, 

also called mean square due to error (MSE). The statistic MSE is also an 

estimator for 2 
0. , the population variance. The standard error of estimate 

when divided by the mean value and expressed as a percentage is referred to 

as the coefficient of variability, 

F-test. MS (due to regression) divided by MS (about regression) is a 

very useful statistic which has F distribution with \)1 and \)2 degrees 

of freedom, (where \)1 is equal to degrees of freedom associated with S8 due 

to regression and corresponds to df associated with S8 about 

regression.) The above statistic is used to make a test of significance that 

the fitted relationship is not due to chance. 



The test of significance ~s 

Null hypothesis H 
o 

The alternative hypothesis is 

~\ = 0 

HI Not all 13L (i > 0) equals to zero. 
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The critical value of F is computed and published in tables at or any 

desired level of significance. If a calculated value for F = 

MS due to regression 
MS about regression is greater than the critical F value, the null 

hypothesis is rejected. In other words, it can be confidently said that the 

regression slope's (coefficient's) being different from zero is not purely by 

chance. 

Coefficient of ~u1tip1e Determination. The Coefficient of Multiple 

Determination is the ratio of the SS (explained) to the SS (total) and is 

given the symbol R 2. Obviously R2 can approach two extreme values, 0 and 

2 
R can approach one only in the case of perfect fit of the linear 1. 

. . 2. f 1 f regress~on equat~on. R ~s there ore a measure of the exp anatory power 0 

the regression (Ref 22). R 2 is also closely related to F. 

InterEr~tation of .~e&ression Coeff~cients. The student t-test of 

significance is made to guard against including a variable in the regression 

equation that is not important. The SPSS output also gives standard error of 

regression coefficients, 95 percent confidence interval estimates, and 

calculated t values. 

BETA Coefficients. The estimated regression coefficients can not be used 

to compare the order of importance of the independent variables in the 
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regression equation, because these estimated values are influenced by the 

units of measurements. To compare and rank the effectiveness of each of the 

explanatory variables Xl X2 ' "" x , the standardized regression 
p 

coefficients, BETA, printed in the output can be used. BETA coefficients are 

used in this study to rank the explanatory variables in the regression 

equation. 

Elasticity. The elasticity is also printed in the SPSS output, along 

with BETA. The elasticity is roughly a measure of the percent change in Y 

caused by a one percent change in Xj • 

Criteria for Adding and Dele~ing Indeeendent Variables 

Certain criteria are used in the stepwise regression procedure for 

adding and deleting an independent variable in the regression equation at 

each step. These are briefly described below. 

Partial F-test. A partial F-test is used to test the hypothesis 

H : 13. 
o J 

= 0 o for some variable Xj • This 

statistic is used to test similar hypotheses regarding a number of parameters 

simultaneously. It is a test of whether a variable in the regression has 

contributed significantly to reducing the unexplained variation in Y or, if 

the variable is not yet included in the regression, whether it would 

contribute significantly to reducing the unexplained variation of Y. In the 

stepwise regression procedure of SPSS, a critical value of F = 1.0 was 

specified in the analyses discussed in a later section. In this procedure 

the variables already in the equation are reevaluated at each stage. Because 

of the intercorrelation, a variable that was important at an earlier step may 

not be important at the later one (Ref 22). The stepwise regression procedure 

is summarized in Fig 3.1. 
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Start: 
No variables in 
the regression 

Enter the 
corresponding 
variable 

Are there now one Or 
more variables in the 

No Yes regreuion? 

Yes 

Among the varoab:es out 01 
Among the variables 

~ the regression < 

in the regression: No is the hIghest partl.1 F 1> F.~ 7 is the lowest partial -'" 
(If there are no vanaoles out F'; F QUI? 
01 the regresslon then h'ghest 

Yes F = 0) 

No 
Delete the 
corresponding 
variable 

Terminate 

Fig 3.1. The stepwise regression procedure (Ref 22). 
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Tqlerance. The tolerance parameter is used in the SPSS stepwise 

regression procedure card. The tolerance of an independent variable being 

considered for inclusion is the proportion of the variance of that variable 

not explained by the independent variable already in the equation (Ref 21). 

It is a way of avoiding the multicollinearity problem with the independent 

variables. The tolerance is a number between 0 and 1. A tolerance of zero 

indicates that the variable is a perfect linear combination of other 

variables already in the equation. A tolerance of one indicates that the 

variable is uncorrelated with the other variables already in the equation. In 

this study, a tolerance of 0.1 was specified which means that 10 percent of 

the variance of a potential independent variable is unexplained by the 

independent variables already entered in the equation. 

Coefficients of Partial Determination and Correlation. The coefficient 
" "Il • n 

of partial determination (R 
2 

Hs that proportion of the unexplained sum of 

squares in Y that is removed by adding an independent variable. It is a 

number between 0 and 1 similar to coefficient of determination. The square 

root of the coefficient of partial determination is called the partial 

correlation coefficient (printed as partial in SPSS regression output). The 

2 
multiple correlation coefficient (R) and R are calculated for Y and for 

independent variables at each step. 

Dichotomqus Variables in Multiele ,Regression Analysis. Introduction in 

the preliminary analysis it was concluded that some "qualitative" variables, 

such as the type of edge support and the Dynaflect position with respect to 

edge, wheelpath, and transverse cracks, could influence the deflections 

measured on eRC pavements. The influence of the qualitative variables on the 

Dynaflect deflections can in reality be greater than the effect of a 

continuous variable such as temperature differential. In addition it has also 
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been observed that the Dynaf1ect deflections can also be categorized in 

relation to the test section number (as indicated in Fig 2.30). These 

qualitative and categorical variables can be used as "dichotomous" or "dummy" 

variables in the multiple linear regression analysis. When the dummy 

variables are used as independent variables, the mUltiple regression analysis 

technique becomes a powerful analytic tool in forming a relationships between 

the response variable and predictor variables. 

Rules. The dichotomous variable is that variable which is assigned only 

two values, i.e., zero or one. These two values signify that the observation 

belongs to one category or the other. It is important to realize that the 

numerical values of a dichotomous variable, more commonly known as a dummy 

variable do not reflect any quantitative ranking of the categories. The other 

important rule is that a categorical variable with p categories will be 

represented by ( p - 1 ) dummy variables (Ref 22). For example, in the 

present investigations the Dynaflect data were collected from three 

different sections. If section (symbol SEC) is to be used as an explanatory 

variable it can be represented by (3-1) or 2 dichotomous (dummy) variables in 

the following form: 

SECl. 
J 

and 

SEC2. = 
J 

1 if the .th 
J 

o otherwise 

if the .th 
J 

otherwise 

response (say Wl) belongs to section 1 

response (say Wl ) belongs to section 2 

The effect of section 3 will be included ~n the intercept or constant term 

of the final regression equation. If only temperature differential, DT ~s 
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used as an explanatory variable to pred ic t W 1 (maximum deflec tion). with 

SEC1 and SEC2 as dummy variables and other factors having fixed values, 

then the final regression equation will be of this form 

= b
o 

+ b
l 

(DT) + d
l 

(SECl) + d
2 

(SEC2) (3.5) 

where b
o 

• b l ' dl ' and d2 are estimated regression coefficients. This 

equation in essence represents three different straight lines with the same 

slope, b
l

, but different intercepts. Appendix B presents an illustrative 

example showing the difference between the regression analysis using dummy 

variables and the separate regression analyses made on each of the three 

categories. 

Categorical Interaction. The mUltiple linear regression technique allows 

one to investigate interaction between continuous and dummy variables being 

used as explanatory variables. References 20, 21, and 22 provide a good 

source of detailed discussions on other applications of dummy variables in 

solving practical problems. 

PRESENTATION OF RESULTS AND DISCUSSIONS 

The application of multiple linear regression analyses to the Columbus 

Dynaflect deflection and temperature data is described in this section. The 

continuous and dichotomous explanatory variables of interest and response 

variables used in the stepwise regression procedure are also defined. In 

order to arrive at some meaningful relationship with preferably high R2 

(multiple coefficient of determination), different subsets of the collected 

data are analyzed and the results are presented generally in tabular form. 
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Application ~f Steewise Regression Procedure 

DescriEtion of Variables. The Dynaflect deflections measured on CRC 

pavement during summer and fall of 1981 and the associated deflection basin 

parameters are candidates for representing the response (dependent) 

variables. In this investigation maximum deflection (WI ) and sensor 5 

deflection (W 5) are primarily used as major response variables due to the 

reasons discussed in the preceding chapter. Estimated regression equations 

were developed for each response variable separately. In the final regression 

analysis, the basin slope, SLOP (W I - W 5)) is also used as another response 

variable. The explanatory variables (Table 3.1) considered in this study are 

(1) continuous variables and (2) dichotomous variables. The continuous 

variables are temperature differential (DT), the mid-depth temperature 

(TMID), spacing of the adjacent transverse cracks (CS), and the distance from 

the appropriate edge support (DE). The dichotomous or dummy variables are 

used to represent the following qualitative variables: 

(1) Season (S): summer, fall; 

(2) Section (SEC); section 1, 2, and 3; 

(3) the Dynaflect position with respect to the transverse cracks (B): 
close to transverse crack (odd location numbers), corresponding to 
mid-span position (even location numbers, tested in summer and 
fall) and the new mid-span positions tested only in the fall. 

(4) Type of the edge support (X): asphal t shoulder (for locations in 
the passing lanes), concrete shoulder (for locations in the travel 
lanes), and unsurfaced shoulder (for locations on the concrete 
shoulder). 

~ata Se~uE for Regression Analxses. The main purpose of the multiple 

regression analysis was to identify the important explanatory variables that 

influence the Dynaflect deflections. The combined data set is comprised of 

552 data points. First the regression equation was developed for the combined 
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TABLE 3.1. THE EXPLANATORY VARIABLES CONSIDERED IN THE 
STEPWISE REGRESSION ANALYSES 

Continuous Or Quantitative Variables: 

DT Temperature differential of the slab. of 
TMID Mid-depth temperature of the concrete slab, of 
CS Spacing between adjacent transverse cracks, ft 
DE Distance from the appropriate edge. ft 

Dichotomous or Dummy Variables: 

Sl 

SECI 

SEC2 

Bl 

Xl 

X2 

= [~ 

- [ : 
[ : 

= [ : 

Summer, 1981 

Otherwise 

Section 1 

Otherwise 

Section 2 

Otherwise 

The Dynaflect is close to transverse crack 

Otherwise 

Edge Support is asphalt shoulder (the Dynaflect is 
in the passing lane) 

Otherwise 

Edge support is concrete shoulder (the Dynaflect is 
in the travelling lane) 

Otherwise 
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data. The combined data set was then subdivided into subsets so that some of 

the explanatory variables could be controlled by fixing them on a constant 

value. Regression equations developed for each data set were assessed 

according to the value of the corresponding R2 statistic. Table 3.2 

describes various data sets used in the regression analyses. 

Estimated Regression Equations and Statistics , 

The results of the regression analyses on different data sets are 

summarized in this section. 

Combined Data. The estimated parameters and summary of statistics of the 

final regression equations for the response variables (W i and W 5) are 

presented in Table C.I (Appendix C). The explanatory variables are presented 

in the order of decreasing importance as determined by the appropriate BETA 

coefficients. The coefficients of multiple determinations are respectively 

0.46 and 0.57. The temperature effects are significant in the case of WI • 

Both TMID and DT are in the regression equation estimated for WI' However, 

R2 for WI and Ws is low. Therefore, combining all deflection data is not 

appropriate. 

Summer/Fall. The results of regression analyses for WI and Ws are 

summarized in Table C.2 (Appendix C) for summer data (data set 2-8). Results 

on the fall data (data set 2-F) are presented in Table C.3. The values of 

R2 statistic indicate that, for the fall data, better estimated regression 

equations are developed. The next data sets subjected to the regression 

analyses correspond to the Dynaflect positions with respect to the transverse 

cracks. 

At C:r;ack/Mid-sean. Tables C.4 and C.S, lon Appendix C, present, 

respectively, the summary of regression equations for at-crack and mid-span 

2 
measurements. The values of R statistics do not show any appreciable 
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TABLE 3.2. DATA SETS ANALYZED BY MULTIPLE REGRESSION TECHNIQUE 

Independent 
Data Data Set Data Variables 

Category Designation Points Description (fixed values) 

Combined data of all 
1 I-All 552 sections measured in Summer 

and Fall 1981 

2 2-S 168 Summer data of all sections S 
2-F 384 Fall data of all sections 

Summer and Fall data of all 

3-CR 216 sections at crack position 

3 B 
Summer and Fall data of 

3-MS 216 all sections at mid-span 
(between transverse cracks 
locations) 

Summer and Fall data of 
all Sections: 

4-Pl 72 Passing Lane; Edge locations 
4-P2 72 Passing Lane; Wheel path 

locations 

4-Tl 72 Travel lane; Center locations 
4 4-T2 72 Travel lane; Wheel path DE. X 

locations 

4-T3 72 Travel lane; Edge locations 
4-Cl 72 Concrete shoulder; wheel path 

locations 

(continued) 
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TABLE 3.2. (continued) 

Independent 
Data Data Set Data Variables 

Category Designation Points Description (fixed values) 

Sections: 1 2 3 

Summer: lL lL lL 
5-1 52 Fall: IN lA lL 

lL lL 

36 
Summer: 2L 2L 2L 

5-2 Fall: 2N 2A 2L 

58 
Summer: 3L 3L 3L 

5-3 Fall: 3N 3A 3L 
3L 3L 

30 
Summer: 4L 4L 4L 

5-4 Fall: 4N 4A 4L 

5-5 52 
Summer: 5L 5L 5L 
Fall: 5N 5A 5L 

5L 5L 

36 
Summer: 6L 6L 6L 

5-6 Fall: 6N 6A 6L 

Summer: 7L 7L 7L 
5 5-7 52 Fall: 7N 7A 7L DE, X 

7L 7L 

Summer: 8L 8L 8L 
5-8 36 Fall: 8N 8A 8L 

Summer: 9L 9L 9L 
5-9 52 Fall: 9N 9A 9L 

9L 9L 

Summer: lOL lOL lOL 
5-10 36 Fall: ION lOA lOL 

lOL lOL 
Summer: llL llL llL 

5-11 52 Fall: llN llA llL 
llL IlL 

Summer: l2L l2L l2L 
5-12 36 Fall: l2N l2A l2L 

Summer: 13L 13L 13L 
5-13 12 No Fall Data 

5-14 12 Summer: l4L l4L l4L 
No Fall Data 
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change as compared to the preceding analyses. The results show Xl and X
2 

as 

important explanatory variables. In the next analyses were fixed 

values. 

P~ssing Lane/Travel Lane/Concrete Shoulder. The results of the 

regression analyses are presented in Tables C.6 to C.S, in Appendix C. The 

results indicate a marked increase in the values of R2 statistics. DT and 

TMID both are important explanatory variables. All the analyses until now 

indicate that by keeping the dummy variables (representing edge support) at 

fixed values, a substantial increase in R 2 was achieved. In the next 

analyses, regression equations were developed for the data corresponding to 

each location. A summary of the results carried out so far appears in Table 

3.3. 

Data Correseqnding to Each Test Location. In this case, Xl' X
2 

(dummy 

variables for edge support), BI ' B2 (dummy variables for the Dynaflect 

position with respect to transverse cracks) and DE (representing the 

Dynaflect position in the wheel path, center of the slab, or near the 

pavement edge) becomes controlled variables at fixed values. The fall 

deflection data at even number locations in sections 1 and 2 were included 

with the appropriate at-crack deflection data. The deflection data in the new 

mid-span locations selected in the fall were treated with the summer data at 

the appropriate even number test locations. The data were analyzed by 

stepwise regression in three ways: 

(1) Analysis I - With some interaction terms included as the possible 
independent variables. 

(2) Analysis II - Without interaction terms. 

(3) Ana1lsis III - Without DT and TMID in the list of independent 
variables. 



TABLE 3.3. SUMMARY OF MULTIPLE REGRESSION ANALYSES (DATA SETS 1 to 4) 

Data Sets 

Variable I-All 2-S 2-F 3-CR 3-MS 4-P1 4-P2 4-T1 4-T2 
---

SEC2 SEC2 SEC2 SEC2 X2 DT SEC2 SEC2 SEC2 
X2 X2 X2 DT SEC2 CS SEC1 B1 B1 
Xl Xl TMID X2 Xl SEC1 B2 DT B2 
TMID DT DT TMID DE SEC2 Constant Constant SEC1 

* DT CS B1 Xl Sl B1 DT 
Independent DE DE DE DE Constant TMID Sl 

Bl B1 Xl CS Constant Constant 
CS SEC1 SECI B1 
SECI Constant CS SEC1 
B2 B2 Constant 

Constant Constant 

R2 0.46 0.496 0.54 0.45 0.50 0.628 0.35 0.856 0.866 

Mean, WI 0.289 0.308 0.281 0.299 0.274 0.33 0.268 0.264 0.273 
(mils) 

C. V., % 23.5 32.14 16.57 24.21 21. 03 12.29 7.98 18.94 19.0 

*In order of effectiveness. 
Dependent Variable (WI) 

4-T3 

TMID 
Sl 
SEC2 
DT 
B1 
CS 
SEC1 

Constant 

0.72 

0.275 

15.74 

4-C1 

SEC1 
DT 
SEC2 
Sl 
B2 
B1 

Constant 

0.80 

0.308 

23.86 

\0 
W 
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The corresponding results from these analyses at each test location are 

presented in Table 3.4. In general, Analysis II gives the best regression 

equations. 

Effect of Temperature Variables on the Dyna~lect D~f1ections. To find 

the influence of DT and TMID on the deflection and R 2 of the resul ting 

regression equation, Analysis III was performed. Table 3.5 presents a 

comparison of 2 R values for Analyses II and III (W 1 as the responsible 

variable). The results indicate that (1) for the deflection data 

corresponding to edge locations, R2 (Analysis II) is much higher than the 

R 2 (Analysis III); and (2) in the wheel path and center locations 
2 

R 

values do not change appreciably. Table 3.6 shows similar results from the 

regression analyses when Ws is used as the response variable. 

Tables C.9 to C.22 present the estimated regression equations from 

Analysis II for WI ' Ws and SLOP as the response variables, for each 

location. The results so far indicate that DT is a much more important 

explanatory variable than TMID for most locations. In these tables, 

elasticity indicates approximate percentage change in the response variable 

due to one percent change in an explanatory variable. 

Similar analyses were performed using Ws and SLOP as response 

variables. The corresponding regression equations are not included in 

Appendix C, to avoid repetition. The most significant temperature parameter 

is again temperature differential. The R 2 statistics ranged between 0.56 

and 0.90 with the majority of these being above 0.80. 

Errors Due to Temperature Differential. When the Dynaflect is positioned 

near the edge of a CRC pavement with an asphalt shoulder, the measured 

deflections are influenced significantly by DT as observed by the negative 

regression coefficients for locations 1 and 2 (Tables C.9 and C.lO, in 
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TABLE 3.4. SUMMARY OF MULTIPLE REGRESSION ANALYSES 

(DATA SETS 5-1 to 5-14) 

Analysis I Analysis II Analysis III 

Data Independent 
R2 

Independent 
R2 

Independent 
R2 Set Variables Ranking* S. E. Variables Rankins* S.L Variables Rank.ing* S. E. 

DT DT BI 
CS CS SECI 

5-1 SECI 0.66 0.025 SECI 0.65 0.025 SEC2 0.18 0.037 
TMID"SI SEC2 

BI BI 
SEC2 

SEC2 SEC2 SEC2 
5-2 DT 0.68 0.018 DT 0.68 0.018 CS 0.40 0.024 

CS CS 

SEC2 SEC2 
SECI SECI SEC2 

5-3 TMID*DT 0.45 0.016 DT 0.41 0.0166 SECI 0.34 0.017 
CS 

TMlD"SI 

5-4 SEC2 0.49 0.015 SEC2 0.49 0.015 SEC2 0.40 0.016 
DT DT 

SEC2 I SEC2 SEC2 
B1 6 Bl BI 

5-5 CS 5 0.93 0.015 CS 0.93 O. DIS CS 0.89 O. f)] 8 
SECI 7 SECI 

TMID*SI 2 51 
TMID 3 TIll 0 

DT 4 DT 

SEC2 SEC2 SEC2 
5-6 DT 0.71 0.019 DT 0.71 0.019 SECI 0.61 0.022 

SECI SECI 

SEC2 SEC2 SEC2 
HI Bl BI 

5-j SECI U.90 0.016 SeC! 0.91 0.017 SECI 0.90 0.018 
SI 51 Sl 

THID*CS TIll 0 
DT 
Co 

St:C2 SEC2 
TMID*CS DT SEC2 

5-8 SI 0.85 0.014 CS 0.79 0.017 CS 0.65 0.021 
!MID SECI 
SECI Sl 

5-9 SEC2 0.67 0.025 SEC2 0.67 0.025 SEC2 0.67 0.025 
BI BI BI 

SEC2 SEC2 SEC2 
TMID*C5 CS CS 

5-10 Sl 0.78 0.017 DT 0·71 0.019 SECI 0.61 0.022 
THID SECI 
SECI Sl 

DT 

SECl SECI SECI 
DT DT SEC2 

5-11 CS 0.82 0.036 CS 0.82 0.036 CS 0.62 0.051 
SEC2 SEC2 

BI BI 

SeC 1 SECI 
SEC2 SEC2 SECI 

5-12 DT 0.90 0.0212 DT 0.90 0.0212 SEC2 0.82 0.0269 
TMID*Sl Sl 

B2 B2 

5-13 DT 0.65 0.125 DT 0.65 0.125 SEC2 0.25 0.176 
SECI SEC2 

SECI SECI 
5-14 !MID"SI 0.84 0.059 !MID 0.83 0.06 SECI 0.55 0.09 

TKID*CS cs 

Ranking* indicates the order of effectiveness based on Beta values. 
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TABLE 3.5. EFFECT OF REMOVING TEMPERATURE VARIABLES ON R2 OF THE 
RESULTING REGRESSON EQUATIONS FOR Wl AS RESPONSE 
VARIABLES 

Dependent Variable, W
l 

1 2 
Analyses II Analyses III .. Reduction in 

Data Data Temperature 
R2 R2 R2 Set Points Variables 

5-1 58 DT 0.65 0.18 72.3 % 

5-2 30 DT 0.68 0.40 41.2 % 

5-3 58 DT 0.41 0.34 17.1 % 

5-4 30 DT 0.49 0.40 18.4 % 

5-5 52 TMID, DT 0.93 0.89 4.3 % 

5-6 36 DT 0.71 0.61 14.1 % 

5-7 52 TMID, DT 0.91 0.90 1.1 % 

5-8 36 DT 0.79 0.65 17.7 % 

5-9 52 0.67 0.67 0.0 % 

5-10 36 DT 0.71 0.61 14.1 % 

5-11 52 DT 0.82 0.62 24.4 % 

5-12 36 DT 0.90 0.82 8.9 % 

5-13 12 DT 0.65 0.25 61.5 % 

5-14 12 DT 0.83 0.55 33.7 % 

lAll independent variables were considered in regression. 

2Temperature variables were removed from the independent variables list 
prior to applying stepwise regression. 

3Reduction in R2 values of the resulting regression equations from 
Analyses III as compared to the R2 values of Analyses II. 

"See Table 3.2 for locations. 
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TABLE 3.6. 

Data It Data 
Set Points 

5-1 58 

5-2 30 

5-3 58 

5-4 30 

5-5 52 

5-6 36 

5-7 52 

5-8 36 

5-9 52 

5-10 36 

5-11 52 

5-12 36 

5-13 12 

5-14 12 

1 

EFFECT OF REMOVING TEMPERATURE VARIABLES ON R2 OF THE 
RESULTING REGRESSION EQUATIONS FOR W5 AS RESPONSE 
VARIABLES 

Dependent Variable, W 
5 

1 2 
Analyses II Analyses III Reduction 

Temperature 
R2 R2 R2 Variables --

DT 0.88 0.74 15.9 % 

DT 0.86 0.70 18.6 % 

DT 0.85 0.85 0.0 % 

TMID 0.81 0.65 19.7 % 

DT 0.90 0.88 2.2 % 

DT 0.83 0.76 8.4 % 

DT 0.88 0.84 4.5 % 

DT 0.82 0.73 11.0 % 

DT, TMID 0.86 0.82 4.7 % 

DT 0.85 0.78 8.2 % 

DT 0.90 0.85 5.5 % 

DT 0.90 0.85 5.5 % 

TMID 0.79 0.56 29.1 % 

TMID 0.83 0.59 28.9 % 

All independent variables were considered in regression. 
2 

3 
in 

Temperature variables were removed from the independent variables list 
prior to applying stepwise regression. 

3Reduction in R2 values of the resulting regression equations from 
Analyses III as compared to the R2 values of Analyses II. 

4See Table 3.2 for locations. 
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Appendix C). The measured deflection will be less than the true deflection 

at a high positive temperature differential. For the worst condition, the 

errors in WI due to four different levels of DT are presented in Table 3.7. 

The inherent variations in the measured Dynaflect deflections are also 

presented ~n the table. It can be observed that it is desirable to apply a 

correction to WI deflection under these conditions if a positive temperature 

differential exists during the measurement. This is an important finding, as 

the edge deflections are measured to detect voids under CRC pavements as a 

part of pavement evaluation. 

Dlnafl~ct in Wheel Path or Center of Slab. The Dynaflect deflection 

measurements are routinely made in the mid-span position (between two 

adjacent transverse cracks) in the wheel path. The measured deflection basins 

are used for material characterization. In this investigation, locations 4 

and 8 correspond to wheel paths in passing and travel lanes, respectively, 

and location 6 represents the center of the concrete slab. These locations 

may be assumed to represent the "interior" cond i tion. It is noted from the 

appropriate tables in Appendix C that DT has a positive regression 

coefficient and is relatively smaller in absolute value than the one 

estimated in the regression equation for an edge deflection case. A positive 

coefficient of DT indicates that the measured deflection will be higher than 

the true deflection at the time of a high positive temperature differential 

existing in the concrete pavement. Table 3.8 presents the influence of three 

different levels of DT on WI deflection along with the random variation in 

measured Dynaflect deflections observed during repeat measurements. These 

results indicate that the errors in the measured deflection due to a positive 

DT are relatively negligible. For the Dynaflect deflections measured in an 

interior condition, the influence of a positive temperature differential on 



TABLE 3.7. ERROR DUE TO POSITIVE TEMPERATURE DIFFERENTIAL ON DYNAFLECT 
DEFLECTION (Wl ) NEAR PAVEMENT EDGE IN TEST LOCATIONS 1 AND 2 

Edge Support (Asphaltic Concrete Shoulder) 

* 
Percent Decrease in C. V. of Measured 

DT Measured Deflection Deflection Values, % 

+ 10° F - 10.4 

+ 13° F - 13.5 
10 - 12 

+ 17° F - 17.7 

+ 25° F - 26.0 

* Largest estimated regression coefficient of the temperature 
differential, DT -0.00468 (Tables C.l and C.2) 
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TABLE 3.8. ERROR DUE TO POSITIVE TEMPERATURE DIFFERENTIAL ON DYNAFLECT 
DEFLECTION (WI) CORRESPONDING TO LOCATIONS 4, 6, AND 8 USED 
FOR MATERIAL CHARACTERIZATION 

Edge Support 
(Asphaltic Concrete or P. C. Concrete Shoulder) 

* 
Percent Increase in 

DT Measured Deflection 
C. V. of Measured 

Deflection Values, % 

+ 13<> F + 6.9 

+ 17° F + 8.9 

+ 25° F + 13.2 

* Largest estimated regression 
temperature differential, DT 
(Tables C.4, C.6, and C.8) 

8 - 14 

coefficient of the 
= + 0.00185 
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the back-calculated pavement moduli was also investigated in this study. 

Figure 3.2 shows a typical deflection basin measured at a 2.5°F temperature 

differential and the corresponding basin at a DT of 25°F, assuming the worst 

condition (largest regression coefficients). The effect of the errors due to 

the calculated deflection basin at 250r DT on the back-calculated moduli is 

illustrated in Table 3.9. It is concluded that the influence of a positive 

temperature differential on the Dynaflect deflection basins measured in the 

interior condition is practically negligible. It should be realized that the 

test data were limited to a new pavement and all seasons were not considered. 

SUMMARY 

The Dynaflect deflection and the concrete pavement temperature 

parameters measured at the CRC pavement have been analyzed using stepwise 

linear regression analyses. The season (S), section (SEC), type of edge 

support (X), and the Dynaflect position with respect to the transverse crack 

(B) were presented by dichotomous variables for consideration as explanatory 

variables. The best regression equations as assessed by 
2 

R were estimated 

in Analysis II. Dummy variables Xl' X2 ' Bl ' and B2 were not considered in 

Analysis II as these were controlled at fixed values for each data set. The 

findings from these investigations are summarized below. 

(1) These Dynaflect deflections were appreciably affected by 

(a) the position of the Dynaf1ect with respect to the pavement 
edge and 

(b) the temperature differential in the concrete slab. 

(2) For the purpose of void detection, the Dynaflect deflections (near 
the pavement edge) are appreciably influenced by the temperature 
differential, DT. In the estimated regression equations for the 
deflection data investigated in this study, DT is found to be an 
important explanatory variable, with a negative regression 
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Fig 3.2. Effect of increase in positive temperature differential on the 
Dynaflect deflection basin and the back-calculated Young's 
moduli. 



TABLE 3.9. ERROR DUE TO POSITIVE TEMPERATURE DIFFERENTIAL ON YOUNG'S MODULI OF THE 
PAVEMENT LAYERS BACK CALCULATED FROM DYNAFLECT DEFLECTION MEASURED AT 
SECTION 2, LOCATION 6L 

Deflection Basin 

DT + 2.5 0 F DT + 25.0 0 F 
1 1 

Geophone Young's Moduli 2 Young's Moduli 
No. Measured Calculated (psi) Corrected Calculated (psi) 

WI (mils) 0.31 0.31 El = 4,000,000 0.356 0.36 

W
2 

(mils) 0.28 0.29 E2 300,000 0.326 0.34 

W3 (mils) 0.25 0.25 E3 = 150,000 0.296 0.30 

W 4 (mils) 0.20 0.21 E4 = 31,000 0.246 0.25 

W5 (mils) 0.18 0.18 0.226 0.21 

1 
Backcalculated moduli from the measured deflection basin as outlined in Chapter 5. 

2 

El 

E2 

E3 

E4 

The measured deflections corrected using a regression coefficient of + 0.00185 for DT. 

= 

= 

= 

Note: Error in Young's moduli due to an increase of DT of +25.0° F is about 19.3% reduction 
in the Young's modulus of natural subgrade. El , E2, E3 , and E4 correspond to the 
pavement layers as shown in Fig 2.16. 

4,000,000 

300,000 

150,000 

25,000 

...... 
o w 
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coefficient. Deflections measured during the daytime (at a high 
positive DT) need to be corrected to the true deflections (measured 
in a morning hour, at the zero temperature differential). 

(3) For the eRe pavement investigated in this study, the influence of 
DT is practically negligible on the Dynaflect deflections measured 
in interior conditions. The regression coefficient of DT is 
positive but errors due to even very high positive temperature 
differential (+ 25°F) are insignificant on the back-calculated 
moduli of the pavement layer. 

However, it should be realized that the regression coefficients 

(intercept and slopes) estimated for the best fit regression equations will 

be dependent on the concrete layer thickness and the geometry of the eRe 

pavement structure. 



INTRODUCTION 

CHAPTER 4. PROCEDURE FOR TEMPERATURE CORRECTION 
TO MEASURE DYNAFLECT DEFLECTIONS 

The major finding from the statistical analyses of the Dynaflect 

deflection and pavement temperature data is that the temperature differential 

in the concrete slab of a CRC pavement can influence the Dynaflect 

deflections. The temperature differential was found to be an important 

explanatory variable in the estimated regression equation to fit the repeat 

deflections (particularly in the case of WI as the response variable) 

measured at an edge location as well as in an interior condition. It is also 

established that, in the case of the Dynaflect positioned at an interior 

location, the error involved in the Dynaflect deflections measured at any 

positive temperature differential, as experienced in Columbus, Texas, is 

practically insignificant. On the other hand, the edge deflections (measured 

for the purpose of voids detection and the subsequent rehabilitation needs) 

are greatly influenced by a positive temperature differential. A 10-inch 

thick CRe pavement at a positive temperature differential of 25°F can cause a 

measured maXl.mum deflection near the pavement edge (with asphalt surfaced 

shoulder) to be as much as 30 percent lower than the corresponding "true" 

deflection. The "true" deflection is referred to as the value of the 

Dynaflect deflection measured at the condition of zero temperature 

differential. This condition in a normal day occurs in the morning hours 

around 9:00 AM. This example was for a worst condition but it indicates that 
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the measurements made at noon time 1n summer days will be much lower than the 

true deflections. Therefore the measured deflections should be corrected to 

correspond to the standard condition such as zero temperature differential. 

For the reasons discussed above, there is a strong need to record the 

temperature of the top and the bottom of the concrete slab while the 

Dynaflect deflection survey is being undertaken for the evaluation of a rigid 

pavement. The temperature record can be used to calculate the variations of 

the temperature differential in the rigid pavement for structural evaluation. 

However, for various practical reasons it is not feasible to make a 

continuous record of the temperature of the top and the bottom of the 

concrete slab on a routine basis. To overcome this problem, a predictive 

procedure is therefore desirable for estimating the temperature in a 

concrete slab using the readily available daily data. The appropriate 

predictive model should be capable of estimating the concrete temperature at 

any time of day and at any depth of the concrete slab. 

USE OF CLIMATOLOGICAL DATA TO PREDICT PAVEMENT TEMPERATURE 

The obvious advantage of utilizing the climatological data to predict 

slab temperature is that these data are continuously recorded allover the U. 

S. and regularly published by the National Oceanic and Atmospheric 

Administration (NOAA), Asheville, North Carolina (Ref 19). All major cities 

have local offices that can also provide the pertinent climatological 

information. 

Factors Affecting Pavement Temperature 

In this section, various climatic factors and material properties that 

affect the temperature in a concrete pavement are discussed. 
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Ambient Air Temperature. The daily a~r temperature variation is an 

important factor because it influences the surface temperature of a concrete 

pavement. The air temperature shows a cyclic behavior. The amplitudes and 

periods of the daily cycles of air temperature are affected by cloud cover, 

presence of rain or snow, and seasonal changes. Figure 4.1 shows typical 

hourly distributions of air temperature in Austin, Texas (Ref 23). The daily 

weather reports include only maximum and minimum a~r temperature. In SOme 

localities only this record is available. For example at Columbus, Texas, 

the local weather station does not have the facilities to maintain a 

continuous 24-hour record of air temperature. The seasonal variation of the 

max~mum and minimum air temperature in 1981 reported for Columbus, Texas, 

(Ref 19) is illustrated in Fig 4.2. The highest range, in air temperature of 

61 of, was observed in February. 

Solar Radiation. Solar radiation ~s a major contributor to the 

temperature changes in the concrete pavement. The solar radiation is partly 

absorbed by the concrete causing the surface to be heated rapidly while the 

interior is heated slowly, due to the poor conduction of heat in concrete 

resul ting in a temperature gradient through the thickness of the concrete 

slab. Solar radiation can be greatly influenced by cloud cover. Daily solar 

radiation also varies with season and latitude. Variations of daily solar 

radiation intensity on horizontal surface are approximated by a sine 

function. Figure 4.3 shows hourly distribution of solar radiation intensity 

for a clear day (Ref 23). The weather stations normally report the total 

solar radiation received ~n a day in Langleys per day. The monthly solar 

radiation data (averaged over many years) for Columbus, Texas, are presented 

in Table 4.1. These data were obtained through personal contact with the 

weather station of Austin Municipal Airport. 
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TABLE 4.1. AVERAGE SOLAR RADIATION DATA, COLUMBUS, TEXAS 

Average 
Solar Radiation 

Month (Langleys per day) 

January 255 

February 320 

March 420 

April 445 

May 550 

June 620 

July 620 

August 575 

September 490 

October 400 

November 295 

December 255 
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Wind speed. Wind influences the surface temperature of a concrete 

pavement. On a sunny day, strong wind will tend to decrease the surface 

temperature. 

Thermal ProEerties of Concrete. The amount of heat induced on the 

surface and heat transfer through the concrete slab depend on climatological 

factors, absorbtivity, and other thermal properties of concrete. Table 4.2 

presents the pertinent thermal properties of the pavement-quality concrete. 

For comparison, the typical thermal properties of an asphalt concrete surface 

are also included in Table 4.2. Thermal conductivity of concrete in a wet 

condition is relatively higher than in a dry state (Ref 23). 

Selection of a TemEerature Prediction M~de1 

General. Different predictive models for temperatures in pavements and 

concrete structures have been reported in literature by various researchers 

such as Tomlinson (Ref 24), Barber (Ref 4), and Thepchatri et a1 (Ref 23). 

The mathematical model presented by Barber is a general model and can be used 

for both asphalt and concrete pavements. The input required in this model is 

directly available from local weather records. The model is based on the 

theory of conduction of heat through a semi-infinite, homogeneous and 

isotropic mass. The mathematical model can be used to predict maximum 

temperature. Barber's model was modified by Shahin and McCullough (Ref 25) to 

simulate both maximum and minimum temperatures of asphalt pavements. The 

computerized version of Shahin and McCullough's model was easily accessible 

and required little additional effort to extend its application to concrete 

pavement. Therefore it was selected to estimate the temperature differential 

in a concrete slab of any thickness. 



1. 

2. 

3. 

TABLE 4.2. THERMAL PROPERTIES OF PAVEMENT MATERIALS 

Properties 

Absorptivity of surface 
to solar radiation 

Thermal conductivity 
(BTU/ft 2/hr, OF) 

Aggregates: 

Gravel 

Igneous 

Dolomite/limestone 

Specific Heat 
(BTU/lb, OF) 

* (Ref 35) 
** (Ref 4) 

Pavement Quality Asphaltic 
P. C. Concrete Concrete 

0.65 - 0.80 
0.95** (Ref 23) 

0.7 ** 

0.9 ** 

0.83 * 

2.13 * 

0.20 - 0.28* 0.22 ** 
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Model Adoption for Concrete Pavement 

The theory and concepts used by Barber in the basic model for 

calculation of maximum pavement temperatures are available in Ref 4. The 

final form of the modified model as developed by Shahin and McCullough (Ref 

25) is described below: 

T(X,t) 
H. Exp (-XC) 

= T + T 
m v ~(H + C)2 + C2 

i == 1, 2, 3 

where 

S1 = 6.81768 (.0576t - .075Xc - .288) 

for t = 2 to 9 (7:00 AM to 2:00 PM) 

32 14.7534 (.02057t - .075Xc - .288) 

for t = 10 to 14 (3:00 PM to 7:00 PM) 

33 = -6.94274 (.02057t - .12Xc - .288) 

TV 

TM 

TV 

TM 

for t = 15 to 25 (8:00 PM to 6:00 AM) 

0.5 TR + 3R 

= TA + R 

Z TR 

TA + B R 

if Sin (S.) > 0; 
1. 

if Sin (S.) < 0 
1. 

(4.1) 

Various notations and terms in Eq 4.1 and the above expressions are 

explained as follows: 

T(X. t) .. temperature of seminfinite mass, OF; 



TM = 

TV = 

t = 

X = 

H = 

h = 

k = 

C = 

c = 

c = 

s = 

w = 

B = 

z = 

= 

= 
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mean effective a~r temperature, of; 

max~mum variation in temperature from the effective mean, 
of; 

time from beginning of cycle (one cycle = 24 hours), 
hours; 

depth below surface, feet; 

h/R; 

surface coefficient, BTU per square foot per hour, of; 

thermal conductivity, BTU per square foot per hour, of 
per foot; 

~O.131 per C 

diffusivity, square foot per hour; 

k 
sw 

specific heat, BTU per pound, of; 

density, lbs. per cubic foot; 

constant that is determined by trial and error to be 1.0 
in the present study; and 

0.4 determined by trial and error; 

daily air temperature range, of; 

mean air temperature, of; and 

R is the term related to the effects of solar radiation and 
wind. 

The following relationships are used to include the effects of solar 

radiation and wind speed: 

h 
3/4 1.3 to .62 (V) (4.2) 



116 

where 

and 

where 

v = wind speed, mph 

R 

b 

2 
3 

= 

1 
x b x solar radiation x h 

surface absorptivity to the solar radiation. 

Or Eq 4.2 can be rewritten as 

where 

or 

R = 

L 

( 1 ) x b x ( 3.69 XL) 
3 24 x 

1 
h 

= solar radiation in Langleys per day 

R = 0.1025· 
b x L 

h 

(4.3) 

(4.4) 

Figures 4.4, 4.5, and 4.6 i 11 ustrate, respective ly, (1) sur face 

temperature without radiation and wind effects, (2) distribution of 

insulation, and (3) effective air temperature. The other major assumptions 
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Fig 4.5. Distribution of incoming solar radiation (Ref 4). 



Mean Effective 

Temperature 

..... , 
\ 
\ 
\ 

Approximate 
Effective 

Temperature 

\ 
\ 
\ 
\ 

\ / 
\ I 
\ I 
\,..,./ 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

Fig 4.6. Comparison between effective temperature and 
air temperature (Ref 4). 

119 



120 

are that there is a clear c loud less sky and there is no trace of rain or 

snow. 

The original computer program of Shahin and McCullough is revised to 

meet the needs of present study and is included in Appendix D. 

Model Prediction vs Measured Temperature 

The temperature predictive model was used to calculate temperature at 

the surface and at the bottom of the concrete slab. The data for thermal 

properties and unit weight of concrete are presented in Table 4.3. The 

climatological data of Columbus, Texas are presented in Table 4.4. The 

predicted temperatures and the measured temperatures are plotted in Figs 4.7 

to 4.10, for both summer and fall testing days. 

The temperature differential and mid-depth temperature were calculated 

from the temperatures predicted for the top and the bottom of the slab. The 

calculated DT and TMID plots are presented in Figs 4.11 and 4.12 together 

with the measured values. These plots indicate that the model performs well. 

A comprehensive sensitivity analysis for asphalt pavements was carried 

out by Shahin and McCullough on their model and the findings are included in 

Ref 25. 

TEMPERATURE CORRECTION TO MEASURED DYNAFLECT DEFLECTION 

Dynaflect Locations ~or Material Characterization 

The analysis of the Dynaflect data (Chapter 3) has shown that in the 

wheel path Or in the center, if Dynaflect deflections are measured in the 

mid-span position (between transverse cracks), then practically no correction 

is necessary with respect to any variation of temperature differential in 

the concrete slab. 
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TABLE 4.3. P. C. CONCRETE PROPERTIES USED FOR TEMPERATURE PREDICTION 

Material Properties Values 

1. Unit weight, 1b/c. ft 150.0 

2. Absorptivity of surface to 0.75 
solar radiation 

3. Thermal conductivity, 0.90 
BTU/ft 2/hr, ° F 

4. Specific heat, BTU/1b, of 0.24 

TABLE 4.4. WEATHER DATA, COLUMBUS, TEXAS 

Summer, 1981 Fall, 1981 

Weather August August November December 
Information 06 07 30 01 

1. Mean Air Temperature, of 85.5 85.5 70.5 60.0 

2. Air Temperature Range, of 25.0 24.0 9.0 32.0 

3. Average Wind Velocity, mph 8.3 7.5 10.6 10.8 

4. Solar radian 575 575 255 255 
Lang1eys per day 



122 

IJ.. 
(/) 
CD 
CD 
II... 
CJ) 
CD 
"C .. 
CD 
II... 
:::J -CJ 
II... 
CD 
Cl. 
E 

{!!. 

IJ.. 
(/) 
CD 
CD 
II... 
CJ) 
CD 
"C .. 
CD 
II... 
:::J -CJ 
II... 
CD 
Cl. 
E 

{!!. 

Predicted Temperature 
Measured Temperature ------

130 
-, 

112 
, , , , 

'- ... 

94 
... ... 

--
76 

58 

40 

130 Predicted Temperature 
Measured Temperature -----

112 
,,--- ..... " ..... 

'" ..... -94 --- -
76 

58 

40 
7 II 15 19 0 3 7 II 

6 Aug. 7 Aug. 
Time, hours 

Fig 4.7. Variation in temperature of concrete slab on 
6-7 Aug. 1981, Columbus Bypass, SH-7l. 

15 



I.L 
en 
Q) 
Q) .... 
Cl 
Q) 
"'0 .. 
Q) .... 
:::J -C .... 
Q) 

c. 
E 
{!!. 

I.L 
en 
Q) 

e 
Cl 
Q) 

"'0 .. 
Q) .... 
:::J -c .... 
Q) 
c. 
E 
{!!. 

Predicted Temperature 
Measured Temperature - - - - -

130 

112 

94 

76 

58 

40 

130 Predicted Temperature 
Measured Temperature -----

112 

94 ,; --"""" 
76 

58 

40~--~--~----~----~~----~--~--~ 
7 II 15 19 o 3 7 II 

7 Aug. 8 Aug. 
Time, hours 

Fig 4.B. Variation in temperature of concrete slab 
on 7-B Aug. 19B1, Columbus Bypass, SH-71. 

15 

123 



124 

130 

LL 112 
f/) 
CD 
CD ... 
Cl 
~ 94 

.. 
CD ... 
~ 76 c t-_ ... 
CD 
Q. 

E 58 
{!? 

Predicted Temperature 
Measured Temperature -----

40 ~--~--~----~----~~----~--~--~ 

130 Predicted Temperature 

LL Measured Temperature -~---
f/) 112 CD 
CD ... 
Cl 
CD 
"'0 94 

... 
CD ... 
::J ..... 76 c ... 
CD 
Q. ----...... E --- ...... ------{!? 58 

40 
7 II 15 19 0 3 7 II 15 

30 Nov. I Dec. 

Time, hours 

Fig 4.9. Variation in temperature of concrete slab on 30 Nov. - 1 Dec. 
1981, Columbus Bypass, SH-7l. 



I.L. 

ti 
~ 

0-
Q) 

~ 

.. 
e 
:::J -C 
~ 
Q) 
Q. 
E 
~ 

I.L. 

~ 
Q) 
~ 

0-
Q) 

~ .. 
Q) 
~ 

:::J -c 
~ 

Q) 
Q. 
E 
~ 

130 

112 

94 

76 

58 

40 

130 

112 

94 

76 

Predicted Temperature 

Measured Temperature 

Predicted Temperature 

Measured Temperature 

------

------

58 --fill'" 

40 
7 II 15 19 0 3 7 

I Dec. 2 Dec. 

Time. hours 

125 

II 15 

Fig 4.10. Variation in temperatures of concrete slab on 1, 2 Dec. 1981, 
Columbus Bypass, SH-7l. 



126 

35 

30 

25 

20 

IJ.. 
U) 15 
CD 
CD 
"-
t7' 
CD 
"C 10 .. 
CD 
"-
::J - 5 0 
"-
CD 
0-
E 
{!!. 0 

-5 

Predicted Temperature 
Measured Temperature 

, , 
\ , , \ , , , , 

\ 
\ 
\ 
\ 
\ 
\ 
\ ... -
\" .... -.... -., ...... , .... '-

-10 '--_-'--_--'-_---'-__ --"'-_""'--_--'-_---'-_--1 

7 
SAug. 

I I 15 19 o 7 II 
7 Aug. 

Time, hours 

Fig 4 .1l(a). Variation in temperature differenthd b~.sed on 
Summer 1981 data, Columbus Bypass, SH-71. 

15 



LL 
tn 
CD 
CD 
~ 

0 
CD 

"'C .. 
CD ... 
::s -a ... 
CD 
Q. 
E 
~ 

30 

25 

20 

15 

10 

5 

0 

-5 

Predicted Temperature 
Measured Temperature 

-10 L.....-_-'-_---'-__ ..I..-__ ...i..-----I __ ....I...._---I...._----l 

7 II 15 19 o 3 7 II 
30 Nov. I Dec. 

Time t hours 

Fig 4.ll(b). Variation in temperature differential based on 
Fall 1981 data, Columbus Bypass, SH-7l. 

15 

127 



128 

166 

148 

I.L. 
(/)130 
Q) 
Q) ... 
! 112 

... 
Q) ... 

.;:? 94 ""'-­e 
Q) 
0-

E 76 
~ 

58 

Predicted Temperature 
Measured Temperature 

, ...... _, 
--- "" 

........ ... 

40----~--~----~----~~----~--~--~ 
7 I I 15 19 o 3 7 II 

6 Aug. 7Aug. 

Time, hours 

Fig 4.12(a). Variation in mid-depth temperature based on 
Summer 1981 data, Columbus Bypass, SH-71. 

15 



166 Predicted Temperature 

148 

La.. 130 
UJ 
Q) 
Q) ... 
0» 
Q) 112 -c .. 
Q) ... 
~ 94 c ... 
Q) 
~ 

Measured Temperature 

E 76 
(Eo ..... -- ----.,/ ........ 

........ ----58 ----" 
40 ~--~--~----~----~~~--~--~--~ 

7 II 15 19 o 3 7 II 
30 Nov. I Dec. 

Time, hours 

Fig 4.12(b). Variation in mid-depth temperature based on 
Fall 1981 data, Columbus Bypass, SH-71. 

15 

129 



130 

Dynaf1ect Locations Near the Pavement Edge 

The Dynaf1ect deflections measured near the pavement edge in the passing 

lane need to be corrected for the effect of varying temperature differential. 

The procedure to calculate the true deflection (at sensor 1) corresponding to 

zero temperature differential from the measured deflection at some positive 

temperature differential is outlined in Appendix E. Figure 4.13 illustrates 

the corrected maximum deflections at location lL after applying temperature 

correction to the measured deflections. The best fit linear regression lines 

are also plotted in the same figure, showing 2 
R = 0.00 , wh ich indicates 

that the influence of the temperature differential is completely removed 

from the measured deflections. Coefficients of variation of the corrected 

deflections range between 5 and 7 percent. This scatter is within the 

acceptable range of variability in the deflection measurements. 

Recommended Procedure 

Dynaf1ect deflections are measured in the interior condition for the 

purpose of material characterization and at the edge locations for void 

detection. For routine pavement evaluation, the following procedure should 

be adopted for CRe or other rigid pavements. 

(1) For the Dynaf1ect deflection measurements, select locations at the 
edge and the corner as well as interior condition. The corrections 
are to be applied to deflections measured near edge and corner 
locations. 

(2) Start deflection measurements in the morning hours (2 hours after 
sunrise) so that the first deflections should correspond to zero 
temperature differential. 

(3) Repeat deflection measurements every hour or two hours on the first 
locations. It is necessary because the range of regression 
coefficients of the estimated regression equations are for 10-inch 
slab, and for any other pavement structure and aggregate type these 
regression coefficients may vary. 
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Fig 4.13. Corrected deflections at location IL after applying the temperature 
correction to the measured sensor 1 deflections, (Summer and 
Fall 1981 data). 



132 

(4) Record weather condition, cloud cover, condition of the pavement 
surface. The effects of these factors were discussed earlier as 
related to temperature prediction. 

(5) Collect information from NOAA (Ref 19) or local weather stations 
regarding 

(a) wind speeds, 
(b) maximum and minimum air temperatures, and 
(c) average solar radiations per day. 

(6) Using weather and solar radiation data and best estimate of the 
thermal properties of concrete, predict temperatures at the surface 
and at some depth below the surface (equal to the thickness of the 
concrete slab) for a one-day cycle. 

0) Calculate temperature differentials and develop the linear 
regression equation with repeated deflection (WI) as the response 
variable and DT as the predictor variable. The resulting regression 
coefficient of DT can be used to convert the measured deflections 
to the standard zero temperature differential condition, or follow 
the procedure outlined in Appendix E. 

(8) The resul ts from repeated deflection measurements should be saved 
to examine the effect of thickness or type of rigid pavement on the 
regression coefficients (slopes) of DT. 

SUMMARY 

A predictive model to estimate the temperature of a concrete pavement at 

any depth is described and used in this section for comparison with the 

measured pavement temperature. The results are acceptable. An example of the 

correction of a measured Dynaflect deflection to the standard zero 

temperature differential condition is illustrated. Finally guidelines are 

presented for a tentative procedure to collect the Dynaflect deflection data 

and to correct these .to the zero temperature differential. 



INTRODUCTION 

CHAPTER 5. BACK CALCULATION OF ELASTIC MODULI FROM 
MEASURED DEFLECTION BASINS 

The principles of pavement evaluation by non-destructive procedures, 

such as the Dynaflect, Falling Weight Deflectometer, and Road Rater, are 

based on measuring the pavement response by means of geophones placed at 

varying distances from the source. One of the obvious advantages of using the 

above methods is their capability of defining the shape of the deflection 

basin in addition to recording the maximum deflection (in the Dynaflect 

system the deflection basin is measured at five equally spaced points, and in 

general the measured deflection basin shows the points of inflection 

occurring before the position of the farthest sensor). If the pavement 

structure is modelled as a multilayer linearly elastic system with 

homogeneous and isotropic material within each layer, the material of each 

layer can be characterized by its Modulus of Elastici ty (E) and Poisson IS 

ratio (v). The in-situ moduli are determined from a theoretical analysis of 

a measured deflection basin. These moduli are used to determine stress or 

strain, i.e., the basic input to the predictive equations, to determine the 

remaining fatigue life of the existing pavement structure. The present 

study as described herein is focussed on the estimation of the in-situ 

elastic moduli from the deflection basins measured with the Dynaflect. It is 

an iterative procedure involving the following steps: 

133 
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(1) Determine the thickness of each layer and the applied load assumed 
to be known. 

(2) Assign reasonable values of elastic modulus and Poisson's ratio to 
each layer. 

(3) Input the thickness, modulus, and Poisson's ratio of each layer and 
the applied load into such computer programs Chevron's LAYER; 
Shell's BISAR or ELSYMS (all based on linear elastic theory with 
static loading condition). The only output required from these 
programs is an array of computed surface deflections on the 
relative positions of the five sensors. 

(4) Compare the computed deflections with the measured values; a new 
value is assigned to the modulus and the deflections are 
recomputed. This iterative procedure is continued until a "best" 
fit to the measured deflection basin is achieved. 

(5) Assume the final combination of the elastic moduli (giving the best 
fitted deflection basin) to represent the in-situ elastic moduli. 

There are two main problems inherent with such an analysis: 

Problem 1: If the pavement structure is composed of three or more layers of 
different materials, it may require a large number of iterations 
in order to achieve the best fit for the measured deflection 
basin. 

Problem 2: If, in addition to load, thickness and the Poisson's ratio of each 
layer, the elastic moduli are known, the computer program (based 
on elastic layer theory) will give only one set of fixed surface 
deflections. However, the reverse is not true. In other words if 
the moduli are initially guessed, the iterative procedure as 
described above will not give a unique solution for the in-situ 
moduli that give the same best fit basin. 

LITERATURE REVIEW 

There are basically three distinct approaches (based on the concepts as 

discussed earlier) to back calculate the elastic moduli from the measured 

surface deflection basin. 

(1) Develoement ~ emeirical ~quations!2 eredict ~avement deflections, 
such as reported by Scn~vner et al (1971) ~n Ref 27. Later a 
graphical technique was developed for a two-layer system (Ref 28) 
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by Swift (1972). These methods can be applied to a limited number 
of pavement structures. 

(2) Formulation ~ various deflection ~asin curvature Earameters ~ 
relatina ~ with ill modular ratios. Graphical solutions 
developed in this approach are generally limited to structures of 
two or a maximum of three layers (the last layer considered as 
semi-infinite in all these cases). Majedzadeh (Ref 17) used the 
following parameters to provide interpretation of the deflection 
basin. 

(a) Surface Curvature Index (SCI) is defined as the difference 
between the deflections recorded by sensors 1 and 2. 

(b) Base Curvature Index (BCI) is defined as the difference 
between the deflections recorded by sensors 4 and 5 (for a 
Dynaflect) • 

(c) Dynaflect Maximum Deflection (DMD), recorded at sensor 1. 

Vaswani in 1971 (Ref 18) used spreadibility (average deflection as 
a percent of the maximum deflection) to characterize the deflection 
basin. Vaswani presented a nomograph using the spreadibility and 
maximum deflection for evaluation of the moduli. Maj edzadeh (Ref 
17) also developed graphs, relating the deflection basin parameters 
to the modulus ratio for estimation of the individual layer's 
modulus of elasticity, Visser (1978) described The Shell procedure 
(Ref 29) using the BISAR program. The deflection basin is 
characterized by the maximum deflection and the deflection ratio 
(i.e., deflection at distance r /maximum deflection). Hoffman and 
Thompson (1980 used the "AREA" of the basin and shape factors to 
interpret the deflection basin (Ref 30). Taute et al (1981) studied 
the rigid pavement structure (Ref 1). Their main findings are that 
(1) the subgrade modulus can be predicted from the sensor 5 
deflection with fair accuracy and (2) the deflection basin slope 
(difference of deflections measured by sensors 1 and 5) can be used 
to estimate the surface and base moduli using an iterative 
procedure. Nomographs have been prepared using the above concepts 
by Taute et al. 

(3) £!! ~ comeuter Erograms (based ~ multilayered linear elastic 
theory) ~ reverse qrq~r (trial ~ error iterative Erocedure5. 
This approach has been used and recommended by many researchers, 
e.g., Irwin 1977,1982 (Refs 31 and 32); Wang and Anani (Ref 33), 
and Taute et al in 1981 (Ref O. Wang and Anani (Ref 33) and Irwin 
(Ref 32) describe their self iterative computer programs. 
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FEATURES OF THE PRESENT STUDY 

Objectives 

In the summer of 1981, Dynaflect deflection data were collected to 

evaluate the effects on the data of the temperature differential in the 

concrete slab and of the test location with respect to the discontinuities, 

edge and interior loading conditions. The testing site was the CRC pavement 

of the SH-7l bypass at Columbus, Texas. The data were collected before and 

after the pavement was opened to traffic. A few sets of deflection data were 

selected from the accumulated data sets where the effect of temperature 

differential was thought to be less significant. The selected deflection 

basins were used to characterize the in-situ moduli. 

Figure 4.1 shows a measured deflection basin and the pavement structure. 

This particular deflection basin was analyzed for back calculation of layer 

moduli using the available computer packages of ELSYMS and LAYERS (based on 

Chevron's n-layer program). The same basin was further used 0) to 

investigate the effect of changing the elastic moduli on the deflection basin 

and (2) to see the effect of a rigid foundation at some finite depth below 

the subgr ade 1 ayer • 

Additional analyses were made to see the general shape of the measured 

deflection basin for different pavement structures. An existing interactive 

program (that used LAYER8) was used extensively. This package, BASFIT, 

facilitated considerable reduction of computer time in view of the iterations 

made during the course of the study. BASFIT (Version 3.0) gave deflection 

results which compare reasonably with the results of ELSYM5. A few plots 

showing comparisons of the calculated deflection basins using ELSYM5 and the 

version 3.0 of BASFIT are included in Appendix F (Figs F.l and F.2). 
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Assumptions and Procedures 

Conventionally, the majority of investigators consider the subgrade 

layer as semi-infinite while back calculating the elastic moduli from the 

measured deflection basin. The basic iterative procedure was outlined in the 

introduction. For the particular pavement structure (Fig 5.1), the depths of 

the first three layers and their Poisson's ratios were kept fixed. The depths 

in inches of the concrete surface layer, asphalt concrete base course, and 

lime-treated subbase are 10, 4, and 6, respectively, and the subgrade extends 

to infinity. However, in the case of a rigid foundation, the depth of the 

subgrade is finite and variable. Poisson's ratios of the concrete surface 

layer, asphalt concrete base course, lime-treated subgrade, and natural 

subgrade are assumed to be 0.15, 0.35, 0.35, and 0.45, respectively. It 

should be noted that the calculated deflection basins by elastic theory are 

not appreciably affected by slight changes in the Poisson's ratio of the 

layers underlying the concrete layer (Ref 32). Keeping in view the typical 

configuration of the Dynaflect load the geophones (sensors), the principle of 

superposition is applied in BASFIT to calculate the total surface deflection 

at each sensor's location. 

PAVEMENT STRUCTURE WITH INFINITE SUBGRADE 

Back Calculation of Moduli of Layers 

Figure 5.2 shows various calculated deflection basins that match very 

closely the measured basin. The calculated basins are based on different 

combinations of the elastic moduli of the four layers. The following findings 

are based on these results. 

(1) There is no unique combination of the elastic moduli which can g1ve 
the desired deflection basin. 
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(2) Some acceptable tolerance should be assigned to the deflection 
value of each sensor in order to converge the iteration process. 

(3) Selection of the optimum combination of elastic moduli can be based 
on 

(a) the elastic modulus of each layer, to be within reasonably 
practical and established limits for the material of the 
particular layer, or 

(b) the shape of the calculated deflection basin, to be similar to 
that of the measured basin. 

Effect of Rate of Change of the Elastic Moduli on Calculated Deflections 

A well-defined strategy is needed for an efficient iteration process 

that begins from a set of assumed elastic moduli. Keeping this objective in 

mind, a parametric study was performed to see the effects of the rate of 

change of the elastic moduli on the calculated deflection basin. For the 

measured deflection basin of Fig 5.1, the optimum combination of elastic 

moduli giving the best fit is shown in Fig 5.3. Therefore, these elastic 

moduli (El ' E2 ' E3 ' and E4 ) were used in the parametric study. 

For the same pavement structure (the same thicknesses and Poisson's 

ratios); E 1 was doubled (E 2 ' E3 ' E 4 were unchanged), and the new 

deflections were calculated as plotted in Fig 5.4. Next E 1 was reduced to 

half of the original value and deflections were recalculated (also plotted in 

Fig 5.4). Similarly the effects of rates of change in E2 (El ' E 3 ' E4 

were unchanged) were studied by applying factors of 2 and 1/2 successively 

to the original E 2 value. The two newly calculated deflection basins are 

plotted in Fig 5.5). Similarly Figs 5.6 and 5.7 show the corresponding 

deflection basins calculated after changing the values of ~ and E4 

respectively, as done earlier for El and E2 • This study gave a reasonably 

clear understanding of how to formulate a strategy for the iteration process 

of changing the elastic moduli. This strategy will facilitate the attainment 
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of a better match of the calculated and measured deflection basins. Figures 

5.4, 5.5, 5.6 and 5.7 indicate: 

(1) An increase in the previous value of the elastic modulus of any 
layer is accompanied by a decrease in the calculated deflections of 
all sensors. Also, a decrease in the original value of the elastic 
modulus of any layer is associated with a corresponding increase in 
the deflections of all sensors. 

(2) Any increase or decrease in any of the elastic moduli, El , E2 , 
and E3 shows a corresponding but opposite change in the calculated 
deflections. However any change in E 4 is accompanied by a 
relatively higher percent decrease or increase in the calculated 
deflections. 

(3) In all cases the relative change in the calculated deflections (due 
to a change in an elastic modulus) is not the same for all sensors. 
In general sensors 1 and 2 exhibit the largest change and sensor 5 
exhibits the least change. 

(4) The calculated deflection basins corresponding to changing 1n 
elastic modulus of each layer, reveal that; 

(a) If E 4 is increased by 100 percent (an increase of 32,100 psi 
in Fig 5.7) the deflection at sensor 5 is reduced by 46 
percent and sensor 1 deflection decreased by 37 percent of the 
original value. It is found effective to start from an 
initial set of assumed moduli and iterate until the calculated 
deflection at sensor 5 matches closely the measured 
deflection. 

(b) For this pavement structure (with a 10-inch surface concrete 
layer and intermediate layers of 4 and 6-inch); a change in 
El affects the deflection at sensor 1 more than that at 
sensor 5. For example, if E 1 is decreased by 50 percent (a 
decrease of 3,000,000 psi), the calculated deflections at 
sensors 1 and 2 are increased by 14 and 10 percent 
respectively, whereas the deflection at sensor 5 is increased 
by only 4 percent. Therefore El can be effectively used for 
matching sensors 1 and 2 deflections. 

(c) The deflection basin is the least sensitive to changes in E2 
and E3 • Any change in E shows relatively more effect on 
sensors 1 and 1 as compared to the effect of an equal change 
in E 2' These observations are limited to the pavement 
structure discussed in this study in that the thicknesses of 
the layers certainly play a role in the measured or calculated 
deflections. 
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Based on the above discussions, the most effective strategy to optimize 

the iteration process can be summarized as below: 

(1) In the initial estimate, assume reasonable values for Ez and E3 • 
Assume an average value of the elastic modulus (El ) of the 
concrete surface layer. Assume an initial higher value of E4 • 

(2) Iterate with E4 (elastic modulus of subgrade) until the calculated 
deflection at sensor 5 approaches the measured deflection. 

(3) Iterate with El until the calculated deflections match closely the 
measured basin, with special attention to sensor 1. 

(4) Iterate with E 2 and E 3 for very small changes in the calculated 
deflections and to improve the shape of the calculated basin. If 
necessary make more iterations with small changes in E4 and El to 
achieve the best fit. 

The above guidelines were followed in the later analyses of measured 

deflection basins and found very useful and effective in reducing the number 

of iterations. 

CONSIDERATION OF RIGID FOUNDATION 

Theoretically the subgrade layer is often assumed to extend to infinity. 

This assumption is not realistic for many cases. The strains become 

practically negligible at some depth from the top surface (1) as the result 

of non linear behavior of subsoil strata or (2) due to the existance of a 

rigid foundation, e.g., bed rock. This condition can be simulated for the 

application in multilayer linear elastic theory based program by assuming a 

large elastic modulus at the bottom of a subgrade layer of finite depth. 

Selection of the Dee~h of Rigid Bottom 

In the case where bed rock is not present at some unknown depth, the 

depth to the rigid bottom must be selected. There is very little published 

work on this topic. Generally, this depth is arbitrarily selected. Wiseman et 
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al (Ref 34) suggest relating the depth of the subgrade layer to the lateral 

extent of the measured deflection. 

~riteria for Determination of an 02timum De2th to the Rigid Bott~ 

Three different approaches were employed, as discussed below: 

(1) The optimum solution obtained for the elastic moduli in the case of 
an infinite subgrade layer was the basic step in the first 
approach. Different depths to the rigid bottom were assigned. In 
other words, the pavement structure now consists of 5 layers. 

The fourth layer is the subgrade layer of varying thickness 
(ranging from 5 feet to 300 feet). The fifth layer is the rigid 
foundation with an assigned elastic modul us of 1 x 10 99 psi. The 
deflection basin was recalculated for each case. The basins are 
plotted in Fig 5.8. It is found that, at some depth, the 
recalculated deflection basin matches very closely the measured 
basin. In this example, the optimum depth to the rigid bottom was 
found to be 300 feet. 

(2) The second approach was to examine the deflection basin 
corresponding to each assumed value of the depth of the subgrade 
layer to the rigid bottom, as calculated in (1). It is noted that 
the shapes of the deflection bowls are different. It is observed 
that at 19 or 20 feet, the shape of the bowl is very similar to 
that of the measured bowl. At the selected depth of 19 feet, 
iterations were made with gradual reduction in the subgrade 
modulus, until the deflection basin matched the. measured basin. A 
reduction of 36 percent in the subgrade modulus is obtained in this 
way (see Fig 5.9). Taute e.t al (Ref 1) discussed this finding. 

(3) The third approach is based on wave propagation characteristics. 
The Dynaflect generates Rayleigh waves at a fixed frequency of 8 
Hz. The velocity of Rayleigh waves can be determined by the 
relation 

f • frequency; wave length). 

The velocity to a first approximation corresponds to that of the 
material at a depth of ~/2. In the case of pavements this 
analysis is complicated because of the layers of different moduli. 
However, this approach presents a method of considering a rigid 
bottom at the depth of LR • Based on field experience, Rayleigh 
wave velocities (V R ) of most natural soils range from 
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approximately 400 to 1000 fps. The Dynaflect is operated at a 
fixed frequency (f) or 8 Hz per second. Therefore the wavelength 
generated during the steady state vibrations of the Dynaflect 
ranges from 50 and 125 feet. Assuming no rock formation occurs 
the rigid bottom can be considered to range between 50 to 125 feet. 
The optimum combination of elastic moduli and the calculated 
deflection basins for this case (rigid bottom at 125 feet) are 
shown in Fig 5.10. This approach is very realistic. It also 
indicates that it is not necessary to reduce the modulus of 
subgrade (as discussed in the second approach) to obtain a good fit 
of the deflection basin in the case of a rigid bottom. 

Effect 2! ~ 2! Chan~e 2! ~ Elastic Mod~l~ ~ qalculated ~~~~e~t~on 

The optimum combination of the elastic moduli considering a rigid bottom 

of some finite depth was used in a parametric study. The parametric study to 

investigate the effects of rate of change of the elastic moduli on deflection 

basins was very similar to the one described in the case of infinite subgrade 

layer. The results are presented in Figs 5.11 to 5.14. The major findings are 

similar to those discussed in the infinite case. 

ANALYSIS OF ADDITIONAL DEFLECTION BASINS 

The strategy developed for the back calculation of elastic moduli in the 

previous sections was successfully used in the analysis of some additional 

measured deflection basins. The deflection basins were measured on different 

pavement structures. The number of iterations were considerably less in each 

case. Typical resul ts are presented in Appendix F in Figs F.3 to F .11. Each 

figure shows the measured and calculated deflection basins, and the 

corresponding elastic moduli of each layer for the pavement structure with 

infinite subgrade. The back calculation of elastic moduli for three-layer 

pavements was accomplished with a relatively fewer number of iterations. 



152 

z 
E:) 

U'l 
o 
o 

o -. 
o 

U'l -. 
o 

DEFLECTI~N BRSIN-C~LUMBUS 
SUMMER 1981 SECTION:3(LOCATION:6Ll 
MEASURED DYNAFLECT DEFLECTIONS:+---+ 
CALCULATED DEFLECTIONS: 0 

Rigid Bottom at 0=125 ft 

-U'l 
r- N 
U • 
lLJ 0 

....l 
LL 
lJ..J 
00 

Poisson's Rat io 

(I) 

o 

U'l 
(I) 

o 

o .. 

lO" 

+ 
4 11 

+ 
6

11 

+ 
0= 150011 

E I =6)000,000 psi Concrete 

E2= 700,000 psi A.C.Base 

E3= 280,000 psi L.T. Subgrade 

Subgrade 

E5= 1099 psi 
id Ri Bottom . +-----~~----_T~~~~~----r-----~ 

~.oo 1.00 2.00 3.00 4.00 5.00 
o I STANCE FROM SENSOR NO.1 (FT. ) 

0.15 

0.35 

0.35 

0.45 

0.15 

Fig 5.10. The back calculated Young's moduli (case of rigid bottom 
under 125 ft. of natural subgrade). 



z 
o 

III 
o 
o 

o ..... 
o 

III 

--
o 

DEFLECTI~N BRSIN-C~LUMBUS 
SUMMER 1981 SECTION:3(LOCATION:6L) 
MEASURED OYNAFLECT DEFLECTIONS:+---+ 
CALCULATED DEFLECTION BASINS: 
E 1 CPS I) : 6000000. 12000000. 3000000 . 

o /::,. IJ 

,----+ 
I!J 

...... 1Il ..&. 
I-N ____ Cl 

U • 
LlJO 

.....J 
IJ.. 
LIJ 
00 

(Y) . 
Q 

III 
(Y) 

o 

::T-
I!JIOII 
+ 
411 

* 6" 
4 
500'! 

J 

EI Cone rete 

E2=700,000 psi A.C. 80se 

E3 = 280,000 psi L.T. Subgrade 

""E 4 = 32,100 psi ... :I" Sub grade 

o. E5= 10
99 

psi Rigid Bottom 
:J i , iii 

/A/ /// '/ " ,,/ , 

u.OO 1.00. 2.00 3.00 4.00 5.00 
DISTANCE FROM SENSl'lR NO.1 (FT.) 

Fig 5.11. Effect of change of El on calculated basin 
(case of rigid bottom). 

153 



154 

III 
o 
· o 

c:::i -
o 

III -· o 

tn 
....Jo 
_001 

~d 

Z 
I!J 
-1.1} 

1- 001 

W' 
W O 

....J 
LL 
W 
00 

(I"l 

· o 

III 
(T} 

· C'l 

DEFLECTION BRSIN-COLUMBUS 
SUMMER 1981 SECTIeJN:3lLeJCATIeJN:6LJ 
MEASURED DYNAFLECT DEFLECTleJNS:+ + 
CALCULATED DEFLECTleJN BASINS: 
E2 (PS I) : 700000. 1400000. 350000. 

o A c 

I 

.----+ ./ 
./ 

-----~ -r 
10" EI =6s000,000 psi Cone rete 

-+-
4" E2 A.C. 

-'f.-
Base 

6" E3 = 280,000 psi L.T.S 
~ 

ubgrode 

1500" p.- E4 = 32,100 psi ",iPSubg i .. rode 

", " I' 99 
~ E5= 10 psi Rigid Bottom 
~ • l I , iii 
9:1. 00 1.00 2. 00 3. 00 4. 00 5. 00 

DISTANCE FReJM SENS~R NO.1 (FT. ) 

Fig 5.12. Effect of change of E2 on calculated basin (case of rigid bottom), 



LIl 
o 
· o 

o -
o 

LIl -· o 

en 
.....10 
...... N 

~d 

z 
I!:) 
...... LIl 
I--N 
U • 
W O 

.....I 
1L 
W 
00 

(rl 

o 

LIl 
(rl 

· .0 

DEFLECTI~N BRSIN-C~LUMBUS 
SUMMER 1981 SECTION:3ILOCATION:6L) 
MEASURED DYNAFLECT DEFLECTIONS:+---+ 
CALCULATED DEFLECTION BASINS: 
E3 (PS I ) : 280000. 560000. 140000. 

o t;,. 0 

lO" E 1=6,000,000 psi Concrete 

-+-
4" E 2= 700,000 psi A.C. Bose 

-t-
6

11 

E3 
-+-

L.T. Subgr ode 

0" E4= 
J 

150 30,100 psi Subgrode 
//' '/ ' 

:..1 ,E 5 - ,lOPS I , R: 9 I d BOtt,O m 
u. 00 1. 00 2. 00 3. 00 4. 00 5. 00 

~'/ /'/ 9f!.'/. /'/. 

DISTANCE FR(jM SENSelR NeI.l [FT. ) 

ISS 

Fig 5.13, Effect of change of E3 on calculated basins (case of rigid bottom). 



156 

o 
o . 
9 

an 
o 
ci 

o .... 
ci 

an -

z 
o 
.... an 
t-N 
U' 
lLJo 
...J 
\.I... 
lLJ 
0 0 

tn 

ci 

o 

DEFLECTION BRSIN-C~LUMBUS 
SUMMER 1981 SECTI~N:3(L~CA1I~N:6L) 
MEASURED DTNAFLECT DEFLECTIONS:+---+ 
CALCULATED DEFLECTl~N BASINS: 
E4(PSI1: 32100. 64200. 16050. 

o A 0 

• 

• 

I!I 

r-
IO" E I = 6,000,000 

I!I +-
4" E2= 700,000 

+-m 
6" E3= 280,000 

.. I!I -+-
ci 

ISOO" E4 

psi 

psi 

psi 

an .. ES= 10~si Rigid 

~~.-Q-Q----~1.-Q-O----~2.~D-O-----3~.o-a-----.r.Q-O-----'S.DO 
DISTRNCE FROM SENSOR NO.1 (FT. J 

Concrete 

A.C. Base 

L.T. Subgrade 

Subgrade 

Bottom 

Fig 5.14. Effect of change of E4 on calculated basin (case of rigid bottom). 



157 

SUMMARY 

The pavement structural evaluation is commonly carried out by deflection 

surveys using nondestructive vibratory testing methods. The pavement response 

in terms of measured deflection basin provides a feasible source for in-situ 

material characterization of each pavement layer. This study was done to 

improve the understanding and ability of back calculation of elastic moduli 

from the measured deflection basin. The principal findings are stated below: 

(1) The deflection basin is sensitive to any change in the elastic 
modulus of any of the pavement layers. Any changes in the moduli of 
subgrade and surface layers show marked effects on the deflection 
basin. The deflection basin is less sensitive to changes in the 
moduli of intermediate layers. 

(2) Assumption of a rigid bottom at some finite thickness is realistic 
consideration. Three different approaches for selection of a finite 
thickness of the subgrade are presented and discussed. A rigid 
bottom at finite thickness influences the shape of the deflection 
basin that is more pronounced for thinner subgrades. 

(3) Assumption of a rigid bottom at some finite thickness affects the 
final estimation of the subgrade elastic modulus. Considerable 
reduction in the subgrade modulus can be expected as the rigid 
bottom is moved toward the surface. 

(4) Concepts from wave propagation theory 
rational approach to select the depth 
the necessity to reduce the subgrade 
fit of the measured deflection basin. 

in elastic media provide a 
of the rigid bottom without 
modulus to obtain the best 

All the structures used in this study were rigid pavements. More 

deflection basins need to be analyzed to examine the shape of the measured 

deflection basins and to apply and expand the findings of this study. 

Furthermore, the present study should be extended to include the analysis of 

the deflection basins measured on flexible pavements. 





CHAPTER 6. IN-SITU DETERMINATION OF DYNAMIC MODULI 

INTRODUCTION 

Many different methods have been proposed for evaluating the elastic 

properties of pavement systems. In-depth reviews of these methods, including 

their advantages and disadvantages, have been made by Lytton et al (Ref 14) 

and Nazarian and Stokoe (Ref 36). In this chapter the Spectral-Analysis-of 

surface-Waves (SASW) method for determining moduli and thicknesses of 

pavement systems is briefly presented, and the results of tests performed on 

SH-7l, near Columbus, Texas, are presented. Despite the complicated theory 

behind this method, the testing procedure is simple, and a unique solution to 

the problem is obtained. The nondestructive nature of the SASW method and 

the minimal amount of time necessary to conduct this test are significant. 

The fact that it is possible to automate fully the method by means of 

microprocessors makes it even more promising. 

Use of the SASW method in pavement systems was originated by Heisey et 

al (Ref 37) and now is under continuous development at The University of 

Texas at Austin. This chapter presents a summary of new refinements ~n 

collecting and analyzing the data and of three case histories. The moduli 

and layer thicknesses determined with the SASW method are shown to compare 

closely with results from borings and with seismic velocities determined by 

the crosshole seismic test. This is the first time that the SASW method has 

been used on a concrete pavement. 

159 
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EVALUATION OF ELASTIC PROPERTIES FROM SEISMIC WAVES 

Wave motion created by a disturbance within an infinite, homogeneous, 

isotropic, elastic half-space can be described by two kinds of seismic waves, 

body and surface (Ref 38). Body waves consist of shear (S) and compression 

(p) waves. Derivations of the mathematical relationships for obtaining 

elastic properties from P-wave velocity (Vp ) and shear wave velocity (Vs) 

are presented in Ref 36. The most important relationships involve shear wave 

velocity and shear modulus (G) which are related by 

c p V"-
8 

and, Young's modulus (E) which can be written as 

E = 2(1 + v) V
2 
s 

(6. I ) 

(6. 2) 

where p and v are mass density and Poisson's ratio, respectively. From 

Eqs 6.1 and 6.2, Young's modulus and/or shear modulus of the medium can be 

easily evaluated once the body wave velocity of the medium have been 

determined. For an isotropic material, P- and S-wave velocities are 

interrelated by Poisson's ratio by 

(6.3) 

The second kind of seismic wave is a surface wave, which is also called 

a Rayleigh wave (Ref 39). Rayleigh (R) wave velocity is constant in a 

homogeneous half-space and is independent of frequency. Each frequency has a 

corresponding wavelength according to 



where 

= 

= 

= 

• L 
R 

Rayleigh wave velocity, 

frequency of excitation, and 

wavelength of R-wave. 
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(6.4) 

Rayleigh wave velocity and shear wave velocity are related by Poisson's 

ratio. Although the ratio of R-wave to S-wave velocities increases as 

Poisson's ratio increases, the change in this ratio is not significant, and 

it can be assumed that the ratio is approximately equal to 0.90 without 

introducing an error larger than 5 percent. 

SPECTRAL-ANALYSIS-OF-SURFACE-WAVES METHOD 

The Spectral-Analysis-of-Surface-Waves (SASW) method is an economical 

and powerful method for evaluating elastic properties of pavement systems as 

well as natural soil deposits. The SASW method is a nondestructive test 

method in which both the source and receivers are placed on the pavement 

surface, and Rayleigh waves at low-strain levels are generated and detected 

(Ref 36). 

Investigation of each site with the SASW method consists of the 

following three phases: 

(1) field testing, 

(2) determination of the R-wave dispersion curve, and 

(3) inversion of the R-wave dispersion curve. 
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Brief discussions of these phases are presented in the following paragraphs. 

Field Testing 

A simplified illustration of the test procedure is shown in Fig 6.1. 

Two or more vertical geophones (velocity transducers) are located on the 

surface at the site. A transient signal is generated by an appropriate 

source. The generated wave front is detected by the geophones as it 

propagates past them and is recorded on the appropriate device. 

In the SASW method, the area between the two receivers is important, and 

the properties of the materials between the source and the near geophone have 

little effect on the experiment. The two receivers are moved away from the 

imaginary centerline at an equal pace, and the source is moved such that the 

distance between the source and the near geophone is equal to the distance 

between the two receivers. This geometry of source and receivers is called 

the Common Receivers Mideoint (CRMP) geometry. Nazarian and Stokoe (Ref 36) 

have shown that use of the CRMP geometry in different tests reduces scatter 

at pavement sites. 

Determination of R-wave Diseersion Curve 

The variation of wave velocity with frequency (wavelength) is known as 

dispersion and a plot of velocity versus wavelength is called a dispersion 

curve. To determine a dispersion curve, SASW testing is performed at several 

geophone spacings. Since the distance between geophones at each spacing, x, 

is a known parameter, R-wave velocity (v R) can be calculated from the travel 

time t(f) for a given frequency (f) from the crosspower spectrum (see Ref 36 

for mathematical details). The relationship between VR ' X and t(f) is: 



Sampli no 
Depth 
~ 1.0 LR 

Geophone 
I 

Geophone 
2 

'" + ~I" ~ x/2 x/2 x 

I 
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Fig 6.1. Schematic of Spectra1-Ana1ysis-of-Surface-Waves (SASW) Method. 
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= X/t(f) (6.5) 

Wavelength of the R-wave at each frequency is then simply calculated from Eq 

6.4. By repeating this procedure over the frequency range of interest, a 

dispersion curve is determined. 

Inversion of R-wave Diseersion Curve 

R-wave velocities determined by this method are not actual velocities of 

the separate layers but are the apparent R-wave velocities. Existance of a 

layer with very high or very low velocity at the surface of the medium 

affects measurement of the velocities of the underlying layers. The 

procedure of evaluating actual R-wave velocities from apparent R-wave 

velocities is termed inversion. The inversion process used in the present 

investigation is based upon Haskell's matrix (Ref 40) and is discussed in 

detail by Nazarian and Stokoe in Ref 36. 

EXPERIMENT NEAR COLUMBUS, TEXAS 

The SASW method was used on three sections with different layerings near 

Columbus, Texas. The selected site was located on SH-7l at station 1279 + 

75, about half a mile south of the SH-7l overpass on US-90. The highway 

consists of two continuously reinforced concrete pavement (CRCP) lanes, each 

l2-feet wide, a 4-feet wide asphalt concrete (ACP) inside shoulder, a 10 feet 

eRC outside shoulder and a median (natural soil); as illustrated in Fig 2.16. 

In August 1981, a preliminary set of SASW tests was conducted on all 

three sections (CRCP, ACP, and median) by Heisey. In March 1982, a second 
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set of tests was performed at approximately the same location. In 

conjunction with these tests, a series of crossho1e seismic tests were 

performed under the asphalt shoulder and median (Ref 36). 

The soil profiles under the asphalt shoulder and median determined from 

the boreholes drilled for the crossho1e tests are shown in Fig 6.2. It is 

assumed that the soil profile under the concrete and the asphalt sections are 

identical below the subbase. The assumed profile for CRCP section is also 

shown in Fig 6.2. 

Setue and Procedure 

The general configuration of the source, receivers, and recording 

equipment is shown in Fig 6.3. Vertical geophones with a natural frequency 

of about 8 Hz were used as rece1vers. The distance between the two geophones 

was doub 1 ed in each test about an imag inary cen ter 1 ine (CRMP method). The 

distance between geophones ranged hom one to 16 feet. The distance between 

the source and near receive was always equal to the distance between the two 

rece1vers. In addition, the location of the source relative to the receivers 

was reversed for each test (i.e., the location of the source was changed 

without changing the position of the receivers so that the far receiver in 

the first test functioned as the near receiver in the second test. The 

closer spacings are appropriate for determining the properties of the 

shallower depths and the larger spacings for deeper layers. 

REPRESENTATION OF RESULTS 

The primary objective of the tests performed by SASW method was to 

evaluate the elastic properties and thicknesses of the different layers of 

the ACP and CRCP sections. As this method has been used very little on 



166 

o 

2 

4 

--.. 6 
Q) 
(.) 

c -~ ::::J 
8 (J) 

-c 
Q) 

E 
10 Q) 

> c 
a.. 
~ 
0 12 
Q) 

CD 

s::. -C- 14 Q) 

0 

16 

18 

20 

CRCP \. 
ACP \ Ground Surface 

\/Profile --..... ATB ....--
~ LSS /-

I'...Subbase ~ f-
\ 
\ 
\ 

Compacted Compacted 
Cloy Cloy 

-
Silty Silty Silty 

~ Cloy - - Cloy - - Sand 

-
Sandy Cloy Sandy Cloy 

Sandy Clay 
-

~ - - - ~ 

Clayey Clayey Clayey 

Sand Sand Sand 
f- - - - ~ 

(a) CRCP Section (b) ACP Section Caliche 
(Assumed from 
AC P Section) 

(c) Soil Median 

CRCP = Continuous Iy Reinforced Concrete Pavement 
ATB = Asphaltic Concrete Bose 
LSS = Lime - Stabil ized Subbase 
ACP = Asphaltic Concrete Pavement 

Fig 6.2. Soil profile under different test sections. 

-

-

-

-

-

-



167 

Spectral Analyzer 

Oscilloscope 

Control Panel 

ADC 
Chi Ch2 

~ 

I 
I 

x/2 

x (variable) 

2x 

Fig 6.3. Schematic of Experimental Arrangement for SASW Tests. 



168 

pavement sections, the reproducibility of the results by different operators 

and for different attempts was of great concern. As such, the first series 

of tests was conducted by Heisey in August 1981, and the next two series were 

performed by the authors in March and May 1982. In addition, the SASW test 

was tried for the first time on a concrete pavement. 

Soil Section (Median) 

The dispersion curves for tests performed at this site in August 1981 

are shown in Fig 6.4(a). Scatter in the data at high and low frequencies 

(short and long wavelengths) could be due to lateral inhomogeneity of soil 

properties. At low frequencies, scatter could also be due to the 

insensitivity of the receivers at these low frequencies. Overall, the 

maximum scatter is less than 15 percent. 

The average dispersion curves of the tests performed in August 1981 and 

March 1982 are shown in Fig 6.4(c). Upon comparing these curves, it can be 

seen that there is no major difference in the results for wavelengths longer 

than 10 feet, with a maximum difference of 8 percent at a wavelength of about 

36 feet. Determination of the average dispersion curve for the data from 

August 1981 was difficult because of scatter in the data. Due to extensive 

precipitation on the day before the tests were performed in March 1982, the 

first few feet of the median was very soft, causing a significant drop in the 

elastic properties of the near-surface material of this time. Thus, R-wave 

velocities of the near-surface layer are low, as shown in Fig 6A(b). 

Asehalt (ACP) Section 

In the first attempt on the asphalt section in 1981, only two sets of 

data were gathered (geophone spacings of 4 and 8 feet) due to a malfunction 

of the equipment. These resul ts are shown in Fig 6.5(a). 
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The dispersion curves for the experiments conducted on this section 1n 

March 1982 are shown in Fig 6.S(b). The thickness and apparent R-wave 

velocities for different layers from the 1981 and 1982 testing are in good 

agreement, and no significant differences can be detected in the average 

dispersion curves from the attempts, as shown in Fig 6.S(c). The relative 

difference between the two curves does not exceed 6 percent. Adequate high 

frequencies were not generated in the tests performed in 1981. Therefore, no 

sampling was done in the asphalt concrete layer in this series. 

Concrete (CRCP) Section 

The dispersion curves for the first attempt on the CRCP section 1n 1981 

are shown in Fig 6.6(a). As high-frequency waves were not excited, no 

information on the properties of the concrete and base layers could be 

obtained. Dispersion curves for the tests performed in March 1982 are 

presented 1n Fig 6.6(b). The number of tests performed on this site in this 

set of tests was less than that in August 1981, due to time limitations. 

However, the two sets of dispersion curves compare closely in layering. The 

shortest wavelength obtained in the second attempt was approximately one foot 

(equivalent to an effective sampling depth of about 4 inches). 

The primary concerns in the May 1982 testing at the CRCP section were to 

sample even shallower depths as well as to check the reproducibility of the 

results. Figure 6.6(c) shows the dispersion curves from these tests. 

Several tests with close spacings (spacing between the geophones equal to 1 

and 2 feet) were performed and resulted in decreasing the depth of sampling 

to 3 inches. It should be mentioned that the highest frequency excited in 

this set was 3900 Hz, whereas 1n the first attempt it was 3100 Hz. The 800-

Hz increase in the upper bond of the frequency content only decreased in the 

depth of sampling by about 1 inch. 
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Average dispersion curves obtained from the three attempts on the CRCP 

section are illustrated in Fig 6.6(d). Except for the range of wavelengths 

from 5 to 8 feet in which there is some scatter, these curves agree with less 

than a 9 percent difference. This deviation, which corresponds to the few 

inches above and below the boundary between the subbase and the compacted 

fill (wavelengths in 5 to 8 feet range), may be due to inaccuracy in leveling 

the fill before placement of the subbase during construction along the 

distance covered by the geophones. However, as great emphasis was placed on 

measurement of the pavement system in May 1982, the results of this series of 

tests seem more reliable. 

The reproducibility of the tests is very good, as shown in Fig 6.6(d). 

Evaluation of Elastic Properties 

Profiles of Young's moduli determined from wave velocities measured at 

the three sections are shown in Fig 6.7. In crosshole tests, elastic moduli 

were calculated from the P-wave velocities measured in-situ (Eq 2.5 of Ref 

36). In the case of the SASW tests, shear moduli were first determined from 

the shear wave velocities (Eq 6.1). Then, with values of Poisson's ratio 

evaluated from the crosshole tests (Eq 6.3), elastic moduli were calculated. 

Once again, it should be mentioned that these Poisson's ratios were lower 

than those generally found in static tests, because of the strain dependence 

of Poisson's ratio (Ref 36). 

Upon comparing Young's moduli evaluated from the crosshole and SASW 

tests, very good agreement is found as shown in Fig 6.7. For the median, 

Young's moduli from the two methods differ by less than 11 percent, except 

for a depth of 5 feet, at which moduli from the two methods differ by about 

30 percent. In the cases of the ACP and CRCP sections, variations in elastic 
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moduli are less than 13 and 20 percent, respectively. However, for the 

subbase in ACP and base in CRCP these moduli are significantly different. To 

solve this problem, a more refined and sophisticated inversion process is 

essential. Nevertheless, the close comparison between moduli by the two 

independent methods shows the value and potential of the SASW method. 

C~mEarison of Insitu Dynamic and Static Elastic Moduli 

Table 6.1 presents a comparison of Young's moduli calculated from SASW 

tests and static moduli back-calculated from the Dynaflect deflection basin. 

The static moduli were determined according to the procedure described in 

Chapter 5. The static modulus of the concrete surface layer is less than the 

dynamic modulus obtain from SASW tests. Lime stabilized and underlying 

natural soil layers show dynamic moduli larger than the corresponding static 

moduli. 
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TABLE 6.1. COMPARISON OF INSITU DYNAMIC AND STATIC ELASTIC MODULI 
AT CRCP SECTION 

Young's Modulus (psi) 

* Static Ana1ysis+ SASW Method 

Layer May, 1982 Summer 1981 Fall 1981 Average 

CRCP Surface 3,928,000 5,000,000 6,000,000 5,500,000 

A. C. Base 462,380 400,000 400,000 400,000 

Lime Stabilized 223,380 150,000 100,000 125,000 Subgrade 

Natural Subgrade 37,960 - 41,450 25,000 31,000 28,000 (soil) (up to 7.5 ft) 

*Location of SASW test is in Section 2 (Fig 2.15) 

+The Dynaf1ect deflection basin was measured on Location 6L, section 2 
(Figs 2.18 and 2.20) 



CHAPTER 7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

SUMMARY 

Experimental data on the Dynaflect deflections on a CRC pavement and 

temperatures of the top and the bottom of concrete slab were collected with 

the objective of investigating the important location variables and 

temperature factors which influence the measured deflections on rigid 

pavements. Extensive statistical analyses of the data were performed to 

identify the important explanatory variables affecting the deflection 

parameters. A multiple regress loon technique was principally utilized 

considering the measured and dichotomous variables. The extent of errors 

expected in Dynaflect deflections due to positive temperature differential 

was also evaluated in relation to Dynaflect testing position. A procedure is 

suggested that can be used to calculate temperature parameters, given the 

thickness of concrete slab, thermal properties,and climatological data, such 

as solar radiation per day, maXlomum and minimum air temperature, and average 

wind speed. 

The Dynaflect deflection basins measured at locations normally tested 

for material characterization were used in parametric studies to improve the 

procedure of back-calculation of elastic moduli. The surface-analysis-of­

surface-waves method currently under development is also a nondestructive 

testing procedure for estimating insitu dynamic moduli. The SASW method and 

crosshole testing were also carried out on the same test site. A brief 

summary of these tests and their results is also included in this report. 

177 



178 

CONCLUSIONS 

The following conc 1 us ions are based on the analyses of the test data 

collected on a newly constructed CRC pavement in Columbus, Texas. Seasonal 

effects were not thoroughly investigated as the Dynaflect deflection data 

were not collected in all seasons. 

Investigatiqn Into Dynaflect Deflections 

The principal conclusions regarding the effects of location and 

temperature variables on Dynaflect deflections measured on CRC pavements are 

summarized below. 

(1) Dynaflect deflections are significantly affected by 

(a) position of Dynaflect with respect to transverse cracks, 

(b) distance of test locations from the pavement edge, and 

(c) the temperature differential. 

(2) The effect of temperature differential on Dynaflect deflections 
varies with the position of Dynaflect. 

(a) For the Dynaflect located in the mid-span position (between 
transverse cracks) in the wheel path or at the center line of 
the slab, the measured deflections show a direct relationship 
with temperature differential. 

(b) For the Dynaflect positioned anywhere near the pavement edge, 
the measured deflections exhibit an inverse relationship with 
temperature differential. 

(3) In the case of 2(a) the Dynaflect position corresponds to the the 
interior condition. The errors due to very high positive 
temperature differential (expected at Columbus site) on measured 
deflections and the back-calculated elastic moduli of the pavement 
layers are practically negligible. 

(4) In the case of 2(b), the errors in measured deflections due to 
positive temperature differentials above lO°F are significantly 
high. This effect is more pronounced when the edge support is an 
asphaltic concrete shoulder or a gravel shoulder, as compared to a 
portland cement concrete shoulders. 
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(5) The temperature differential of a concrete slab is zero around 2 
hours after sunrise. The maximum temperature differential occurs in 
the afternoon hours around 2 to 3 p.m. 

(6) The deflection data obtained in this study on CRC pavement do not 
indicate any significant seasonal effects. 

Back-Calculation of Elastic Moduli from Deflection Basin . 
The findings from this study are stated below. 

(1) The deflection basin is very sensitive to any change in the assumed 
Young's moduli of subgrade and the concrete surface layers. For the 
same rate of change, the subgrade modulus results in relatively 
much larger changes in the deflection basin as compared to the 
effect of concrete surface modulus. These results hold for both an 
infinite subgrade and the case of a rigid bottom of some finite 
thickness. 

(2) Assumption of a rigid bottom at some finite thickness affects the 
final estimate of subgrade modulus. Concepts from elastic wave 
propagation theory provide an acceptable criterion for selecting 
the depth to the rigid bottom when prior information about the 
existance of a rock bottom is unavailable. 

Insitu Determination of Dynamic Moduli 

The major conclusions arrived at from the field tests of the SASW method 

and crosshole tests are state below. 

(1) The Common Receivers Midpoint (CRMP) geometry utilized in SASW 
tests has resulted in less scatter in the data. 

(2) A refined inversion program has been successfully used to determine 
the actual propagation velocity of Rayleigh waves at different 
depths from the measured dispersion curve. 

(3) The Young's moduli calculated from SASW and crosshole tests compare 
very well for 

(a) soil layers in the median, 

(b) all layers in an asphaltic concrete shoulder except for a lime 
stabilized subgrade layer, and 

(4) The dynamic modulus of a CRC layer determined from the SASW method 
is smaller than the static elastic moduli back-calculated from the 
Dynaflect deflection basin. The dynamic moduli of lime stabilized 
subgrade and natural subgrade layers are much larger than the 
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corresponding static Young's moduli. There is not enough data to 
determine the correlation between the two test procedures. 

RECOMMENDATIONS 

Dynaflect deflections are measured as a standard procedure for 

structural evaluation of existing pavement. For rigid pavement, deflections 

are measured for insitu material characterization and for void detection 

under pavement edges. Based on the findings of the present study the 

following recommendations are made to remove the influence of temperature 

differential in the surface concrete layer on measured Dynaflect deflections. 

(1) Dynaflect deflection measurements should begin at least 2 hours 
after sunrise in order to avoid any deflection measurements under 
negative temperature differential conditions. 

(2) For material characterization, Dynaflect deflection data should be 
obtained in the mid-span position (between the transverse cracks) 
in the wheel path or at the center line of the slab. Therefore the 
data do not need to be corrected for any positive temperature 
differential within the range observed in this study. 

(3) For void detection purposes, Dynaflect deflections should be 
measured near the pavement edge and the data should be corrected to 
correspond to the deflection in the standard condition, i.e., at a 
zero temperature differential. The procedure outlined in Chapter 4 
should be used to predict the temperature differential from weather 
data to apply corrections to measured deflection. 

It is recommended that deflection data be obtained for similar analyses 

in CRC pavements of different structures and on JRC pavements. 

It is also recommended to extend the continuing study on measurements 

existing procedures of obtain static Young's moduli of pavement layers from 

measured Dynaflect deflection basins. 
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APPENDIX A. SUMMARY OF DYNAFLECT DEFLECTION 
AND TEMPERATURE DATA 

Summaries of Dynaflect deflections and temperature data for the 

concrete slab are contained in the following pages. The data were gathered on 

the southbound lanes of the Columbus bypass, SH-71 in Texas. 

The data collected in the Summer of 1981 are summarized ~n the first 

four pages and followed by the summary data for the Fall 1981. 
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2 -14L tl'Jt&P~ • Ij 1 • i,l , " "\0 · ,~ .. ,;>7 2·j./J 1 ... )q • l.1 

3 - lL 2a,'5PM .)1 .;>6 ,?ta • ?:" • 1 Q 2).1 , ~l q • 7 
3 • 2L 21,7PM , ;H'! It :'t:, ."'" " ;;:t '.1 • t q 21.1 tl'1Q.c; 
3 -lL 2tt8PM ,?c; .,:.~ .?i?, • , I) ,1fl '2' ••. , llAQ./; 
3 • ilL 2a?t PM .?1', .;)1 .;>1.1 .'1 • ?'/i ? ~l. A t~q.~ 

1 • 'it 2121 P!'1 )Il · . ;J'l · . , .;'11 .1 A .. 1 7 ;t;'1.7 pIJQ. tJ 

3 • bL 2.2UPM .'" ,,7J;> .,)1 • 1 A .11 IQ,5 ''''Q.~ 
3 • 1t.. 21ebPM .2~ • ,.> .)1 .\,10\ , , 7 lq.~ t~q.j 

3 -8L 2127PM .'-c; .'-' /l .;)'\ .'~ ,1~ ] Q, ''\ hjQ.5 
1 • Ql 2'12P~1 .;>1..> ;,)"t .. - .?') .. I Q .t~ ')~, . ~~ 1 H".~ 
3 -tVJL I',33PM ,23 .i'~ • ? I 4 1 q • 1 A (I", l 1 t ,,! • j 

3 -ttL 2.3bP~ .;>8 .7'1 .;"b .? 1 • 2~1 ?1,2 1t'''.,~ 
3 ·12l 2,37PM .2H .21 ,?" ,)? .21 21,1 tto.q 
3 "11L 2IV~Pt.4 .,1<1 .lh .3\ .)7 .(ll] 21,4 1 1 ~l , "i 

3 .. PI t.. ~IU1PM ,3C; , '\ Ij • '( t ,?" .,?"i 2t,S 1l'.~f.· 
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OVNAFLF.CT DEFLf.:CTTnN ,. ~lll H.MI". f)/I T A. (('OL t t"4l-<l l s,tx,-SI,,...MEH lQ81 

SECTION- TIMF DF.'j::"LF,..TTnN(f'llL~1 AT SE ~jSOP S DT. 1MTI). 

LOCATION .. 11 1'1.> .<IJ i/II It ... 5 rlf r., f OfG.F 

1 - II 713~AM '~7 AUG ,1-15 · (,:) ,~, 
• ~ll ,1 q -5 •. -! "e, ~: 

1 - 2l 71tH AM .'SI.J ,\~ .. '~ ,I" .1Q .. 1J.q f\ A • It) 

1 -lL 7142AM ,?'1 • ?(, .?LJ , • 7 • t !) _l1.q ~~,P 

1 - lit 711.1}A"4 .;>3 .~? ."t ,17 • 1 5 -~,q 88. \<] 

1 -5L 7.C;9AM ,I.J · . ,i" • ?, ,1A • 11.1 -,~. 1.:1 R7. Q 

1 -bL ~1(tQlAM I?? .;.?1 ;> ~, · . , 1 f\ ,I'J -'1,5 In .Ii 
1 -7L 'H~lAM .?' .'4 .;>\ ,17 • 1 C; .. IJ.S 87.<1 
1 • aL 81"'2M~ .2 4 .~) .;>1 .1" ,15 -lJ.5 87.<.1 
I .. qL ~ 1 11311 ~~ · ,I~ • 1;\ .;> 7 .t.'", • t 7 _1J.i~ ~H .8 
1 - 1 ~1l. ~ I '\{J AM .~~ • ),1 .?J .Ir.! .16 _" , II In. c; 
J -Ill 81,A!iAM · ,~J .I?IJ .?IJ ,1'1 • 1 C; -1J.l 81,~ 

I -IZl R Pl5AM ,?5 ,2 'I ." ,tR .. 1 t:J -1J.3 R7.~ 
1 -Ill AIVl7AM .1I? .J6 .'p 

• ' /1 • ?~, .I~. J In. !; 
1 -tIJL 8:~8AM '. ".I ."> .\ 1 • fill ."1 -IJ.] 131 .~ 
2 - lL BI311M , (J(I .~7 • 'q ,?r:; .21 -IJ • ~~ 87. Q 

2 -2L 8111JA"1 ,:P · '\ \ • ., 1 .)'-1 .21 -a, If! ~n, q 

2 - lL 81~~A~ .'\ .. ;:)() .~1 ," .17 ./J • ,;'1 87,1.1 
2 - 4L ~fJ64~ .?q .?h ,2<; · ~~~ .11 -IJ.I>:' 87. Q 

2 .. 5L 131 37"1001 .,q ." .i!Q .;.n • t 9 -l.Q 11,7,9 

2 • bl ~138"M .;>':- .llJ .~~ , t q 
• '7 

-,.q 81. Q 

2 ... 7L 8:39AM • :s i.I · '\,~ .?A .?? 'It? -3.9 A7.~ 
2 -"L 811J1A, .... .~c; .24 .?' · ,~, • , 7 -3,9 A7.~ 
2 • qL A11.&2~M ,-" • '~'1 .?k I?;> • ? .;1 -3,9 87.~ 

2 -ldL FII42A1.4 .?t; , ?ii .2~ ,I q , P:l -3.Q 87.9 
2 -lll.. AIIJ:JAM , ;.,;1. .5,) • it A .'0 .'7 -3.9 81.1;1 
2 -tiL elLJ4AM .a2 • lI. <~ • 

,0 .'\3 ,21;1 -'.9 87."1 
2 -1ll AIUC;AM .Ab ,77 .~A .5" .1.1 f) .. ,.8 87. 11 

2 -14l BllibAM ."'0 .t>'\ .,6111 • t;,~ ,43 -1.1; ~7.q 

3 • lL 912841-1 .~f\ ." " 'hI .?Q .2? -:?,b 8A,':) 

3 • ?L ql28AM ,3? • :\ t , '.' • tH~ .?f' -2,'" 88.~ 
3 .. 3L 913{11A~ ,71 • ?t:; .;>4 .1 Q ,1~ -?t; AIi,~ 
3 • 4l qI3~4"1 ,;>1 .2.) .,'2 ,1A .1 A -2.15 a8,~ 
:3 - Ii§L Q.31.Hl ~iJ , ' .;1 • ;>.1 .17 , 1 #) -2.5 AA.5 
3 -bL ~.:~2AM ,'5 • ? l~ ,"2 .,Q • 1 ~ -?IJ 8A,S 
3 .. 7l 913'A~ .?I.I , ?:'l .21 ,17 , t f) -2," IH~. f) 

:3 -8L q'~iUM .;>,? .?1 • ;> 1 .1'7 ,1 b -i'.3 BA.e 
3 - ql.. q,'JAAM .75 .?\ .27 .llt .17 -1.2 B8.e 
3 .. 116l (')1 39 A "'I .?? .71 .21 .17 ,i& -2.1 68 , f) 

3 -l1L qlt.l2AM .C;I .1l4 • (H .'43 ,28 -2. \1 88.7 
3 -121.. qla]AH • v'! .3" .30 .:H .?A -1,9 88.7 
] ... 13l 9111SAM , €Ii' .1:) .;.,2 ,4Q ,39 -1.9 88,1 
3 .t4l ql4bA~ .C;f4 ,5' .51 , II !J .37 -1.8 8A,8 
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IlVNArlfr,T I' f n E r i T CH-i A tiD Tf~p. i~ i.. T fl rr n UJ '" .~ 1/ ~ , T )( , • S II "4 M t: R t 'd:~ 1 

SEC T 1 (HI .. T! ~~, I) ,: ~' L F (, T T p t·j ( ,·1 I L S ) AT 5F"l$UkS OT. tMj() 
• 

L'.1C4 TTr'l1l/ ~, 1 w,? '.j~ wtl .; '5 LlEr.. f- E I,. F 

t • It , I," I;?*" At-, ~', 7 A (Ir. • I~ 1 .'? .?~ • ~l~ .11 .1.0 oQ,~ 

1 • ?L 1 ~'1: 21,.. M .31 ?~ · . .27 • ?i'~ • 1 7 Vo,\! jo4 -,I , C\ 

1 • Jl t I~: ?~" M .)., 
• ") tl 

.;>1, .1., • t 5 ~i. '" tH,e:; 

t • (' L 1 ,~ r ;.> Q A ~1 .?Ci .;J~ .21: • 1 ., ,15 \I' ... , 13",10. 
1 • :;L , '"', t ,H AM .?b .:?t.i .?? • t ~ .1. '5 !i'I.t 8~,~ -t)L ."'t,tAM · ;,.~ • :> 1 • '? I'i , , ~ ,1') r~, t 8.,j,*" 

... 7L 1 ,;>; I \1 A ~ .ll · ~/~ ."l .t~ .1 S ~'. 1 ~ ',,., 
t - ~l 1 "~I ~2 A "" .'; ,?') .'" • t i- • t 5 ~i. 1 1:'1 '., ... 

t • en. 1>1:11.1&'" • , L' ,:?~ .21.1 • , A • t 1 "".2 ~l. ? 
t -PlL 1 1-""'AN .'f) ,2r; .'" .1~ • , 7 vJ.2 8 'j. 7 
1 -1 tL ,V:'PA'" ,?7 ,?U ."3 ,t., 

• I*" ~.2 8.1.7 
\ -1?l t .1, ~H A ~ ,?2 .2\ • )~1 .'" , 15 "',i? n 1,., , -tJL , ~, I ; q fI fA ,~~ ,)q ,~7 , i'Ci • t 8 ~.' 8 '), P 

t - 1 ill t til VJ A a,.I .~q ,t?' ,2'" ,?('O , , q Qt,1 8';, ~ 
2 - lL , ') I 51 A M ,,~ i,; , \r:. • !.' 1 .?~ • ,> ~1 :~, I) Q " r' 
i' - i?l,. lt1,C;8A M 

• /I t · ';, ~ .?~ .?, • .>'J ~, 5 q ,1 
2 -lL ,nISOA"" • ~ 1 • .>h .i'r:; , 10 .18 ~~ , ':; q " t 
? -LlL 1"'r5 Q A"'i ,20 .>li · . .t?3 .tA .1 1 ~j • C; q 

• 1 2 • SI 1tf(:ItA~ ." • 
,.~ ,2Q ,;>, .;:>;> ,~, ~ q · , 

2 .. bL "H'1A~ .;>M .~., 1 .?f) .i'> • ,;q J.t!! Q". t 
;> .. ?l t 1 f;' 2 " ~ .'3 • ,(l .. ;> t~ .2' .2;> flI,7 'I. ,;> 
;> 'III 8L "t "" A ~ .'>Q .?tI, .27 ,2, .? 1 1 • :'1 Q 

• (J 
? .. en 111~7A~ ,~ t ,;>0 .IF! .;>'1: • ~ t t , 1 Q ' • c; 
? ., ~L 11,v,7AM ,?q .2$\ ,?7 .'" , .n 1 • t ~, ,'=' 
2 -lH, 1 t • \11" ~ ,3t) ,'r:; .'2 .2., .?5 1 • 1 q .io. 

i! -,2l tlrP).A~1 ,'J .'2 .-\1 • .!Ie:; .?ll t,~ ~ .,.. 
? -t1L 1ttt1h~ ,e;c; , fH~ • /j C; , J~ .3' t.u \I ' , ., 
;> -,lJL t1l126'" , t;11l , LJ r:; .I!. ~ · "I ,31 t,5 >.# .~ 

~ -1L ,1,'iV'AI.4 • ~\1 .i'A ,?t:l ,2, ,:> 1 a '~ • I Q-?,7 , - ?L 1 1Ir:;14 M ;>":) ."~ ,rn ."" • 2·~ /J.l ~""A " 3 - 3t. ',t t5?AM .?lJ ,i!\ ,22 .1~ .17 ",.1 \i~.Q , 
'III "l tt"'HAM .?\ ,i'> .?:'. • 1 A • 1 7 I~ • I '1t..V! 

3 .. SL ttl r; 'i A ~\ .?2 .:>t , ,)1.,\ It' ,if) .u,i' q"", 
1 • bL tl,C"AM , ," I _'1 • e? .. ' .t., ,lt) 4,J '1 ~, 1 
S .. 7L 11tr;b~"" .;>~ .2' ,21 ,17 .1 7 Ij, J q~.;:"1 

3 .. RI 1)rS7AM ."~ .?' ,?~ • 1 R • t R u.a Q.", 
'3 -Ql It,r:;QA''' .?4 ."> .'>'> • , R , 1I~ a,a l~ l..l 
,1 -, Hl 12 •• HHH" .?~ .?> ,'>J ,1A .t8 Q.5 Q(t~ 

3 -t.1t 12rAtP"~ · ,:~ .2" .'>7 .'> ,f'1 iJ,'S If ~. 'J 
1 -12L 12,(12""" ,2Q .,p, .?? .2~ .2t ./J,b. q ~,/j 
'\ -t3L 121 · 'S"'" • lj? .'~ ,>5 .i't.) .>h "'.7 q~.1) 

1 - t 4l 1?1'~'P~ • It ~~ • 3~ .~fI .'''' ,?7 I • • ., ~~,c;; 
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f)YNAFI feT OF:FLECTION AND TFMP. ru T A (COLUMRUS,TX)·SUMMER 19tH 

~F:CTTnN. TtME DEFLECTlnNCMILS) AT SENSORS OT, TMIr), 
LnCATTON .~ I wz \1/1 WIJ "5 DEG,F OEG,F 

1 • 1l llr;3 PM ~7AUG ,?A .25 :23 ,18 .16 1''1,9 9Q,8 
t • ;-1 11SIJPM ,2 A ,27 :24 ,1'1 ~ 17 10.9 99,9 
1 • ~I 1.56P ,", .;JIJ .2" ~;:»1 , 1 7 .16 11,0 1[40.0 
1 -at 11S1PM .27 .25 :23 .18 ,17 11,0 l~rtl,1 

1 • ~t 1'5CJP"" .2' ,22 ~2~ ,tb .15 t 1 ,1 101d.2 
t - ,,' 11SCJPfoI .24 .23 :?~ ,t '7 • t" 11.1 1~0.i 
1 • 7t 210V9PM .?'§ .22 :,8 , t b .1'5 t 1.2 100.2 
1 - AI 2101 P,", .23 .2? ~2~ , 1 ., .15 11.2 100 ,3 
t • cn. 2102 PM .~3 .e2 .Z'" • 1 7 ,,16 1\ .2 100.3 
t .1 ~I 210]PM .?4 ,el ~21 ,11 .16 11.3 100,4 
t -1 , I ZIA';P'"' .22 ,21 ,1 9 , t ~ , Itl 11,3 1111111.5 
1 -l'l 2106"'"' .22 .21 ,t CJ , t b .15 11,3 1"'0,e 
1 -1 ",. 2107PM .2A ~2tl :22 • 1 ~ ,17 11,1.1 10e,7 
1 -llli 213APfoI ,2 4 .23 ~21 ,17 ,16 11, a 100,8 
2 • 1l 2.?aP,", .'1 .2CJ ,2 7 ,22 ,t q 12,1 101.9 
2 - ?L 212aP,", .3'" .27 ,2" ,2111 .1~ 12,1 iii'! ,q 
.2 • 'I 2'2S PM .27 .215 ,2'" ,20 .IA 12,1 10i,0 
2: - uL 212&P"" ,rb .25 ' a ,19 ~t8 12.2 10i,0 ,2 
2 • 151 212~P"" • VJ ,:n ,Jt ,2b ,2t.1 12.3 lIai, 1 
.2 - f,l 212"17'"" ,3 1J ,33 ,32 ,27 ,2a 12,3 102,1 
2 -71 212qPM ,3 A .1& .35 .2Q .27 12,a 102,2 
2 - Al .2130P~ ,:P .16 ~34 ,28 ,26 12,1.1 102,3 
~ • 01 ~132PM ,37 ,36 ,3 1J ,cc; ,21 12.1.1 102,(1 
2 -ht 2132P,", ,3 7 .36 ~34 ,J~ ,2b 12 .... 10i," 
2 • ttl 2133 PM .:n ,12 ,Jl ,21 ,2'1 12,5 1~2,5 

2 ·'ili. 2131J PJ.4 ,3(1 ,33 ,3 1 ,2b ,21 12,5 10i,o 
2 -I ~L 2.3bPM ,41.1 , IJt .1 9 ,32 ,2CJ 12," l1li2," 
~ -tal 2'36 PM , IJ '5 ,42 . 39 ,:n ,tie; 12.0 102,6 
3 .. H llt'SPM ~27 .2& '21.1 ,2 j ,20 13.b 10 1.1.6 
J • ill 311 bPM ,2A .2b ' 5 ,23 ,20 13,. lld4.0 ,2 
J • 11. J'I'7PM .25 ~23 .22 • 1"~ ,18 13,b UUI,7 
1 .. III 31 l1P,", .2(& ,23 ~?2 ,1 c; .i~ 1l,b tldl.l,7 
1 • 1;1. 3J1APM ,22 .21 ,?0 ,1 7 ,17 lJ,1 ":1l.1,7 
3 -6l 31tQPM .22 .22 ,21 ,18 ,11 13,7 111"",7 
J • 1l 312tP"" ,?J ~22 ,22 ,19 .1 q 13,7 UHI,S 
1 -Rl JI22PM ,21 ,22 ,22 ,1C; ,19 13,8 104.6 
! • ql ].2L1PM ,2 1J .23 .il2 ,19 ,19 13,e 104.CJ 
1 ,"~t lI2t1PM ,2" ,23 ~21 ,IQ ,19 13,8 104,9 
3 .. t it 3'26P~ .28 .27 ,2 ft .22 ,et t3.CJ 105,0 
~ .1 ~I JI27PM ,28 .21 .2b ,22 ,el 13,9 105,0 
J .t~L 3'2~PM ~3S ,3L! ~32 ,27 ,25 14,0 105,1 
.l -, 4l 312APM .3& .JIJ .33 ,27 ,26 14,0 105,1 
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DYN AFL ECT DEFLECT!ON M~D TEMP. DATA (CCLUMBUS,TX) - FALL 1981 

SECTION- TIME DEFLECTIOfl.l(HILS) AT SENSOR S SLAB TE~P. OEG.F 
LOCAT!C>", WI W2 w3 Wit W5 TOP BOT TOM 

3 - IL 12:54PM 30NOV .34 .30 .27 .22 .20 71.5 63.0 
3 - 2L 12:55P~ .:50 .21 .25 .21 .19 71.5 63.0 
3 - 3L 12:59PM .26 .2~ .22 .18 .17 71.5 63.5 
3 - 4L 12:59PM .25 .23 .21 .18 .11 71.5 63.5 
:3 - 5L 1:00P~ .24 .22 .20 .17 .16 71.5 63.5 
3 - 6L 1:01PM .24 .22 .19 .17 .16 71.5 63.5 
:3 - 1L 1: 0 5PM .26 .23 .21 .18 .17 72.0 63.5 
3 - RL 1:06P~ .24 .22 .20 .11 .16 72.0 63.5 
3 - 9L 1:0 RPM .27 .24 .22 .19 .17 12.5 64.0 
3 -IOL 1: 0 1PM .25 .23 .21 .1e .17 12.5 64.0 
3 -ttL 1:12PM .33 .29 .25 .22 .20 73.0 64.0 
:3 -12L 1: 1:5 PM .30 .28 .25 .22 .20 73.0 64.0 
2 - lL 2:01PM .35 .30 .26 .21 .18 74.0 65.0 
2 - 2L 2: 0 8PM .31 .2F! .21t .21 .18 74.0 65.0 
2 - 3L 2:1,.PM .29 .2!: .22 .19 .16 73.5 65.0 
2 - 4L 2:15PM .27 .21t .22 .18 .16 73.5 65.0 
2 - SL 2: 0 3PM .38 .33 .29 .21t .21 7,..0 E5.0 
2 - 6L 2: 0 3PM .32 .28 .26 .21 .18 7".0 65.0 
2 - 7L 1:59PM .38 .33 .28 .23 .20 74.0 64.5 
2 - aL 1:59PM .31 .28 .26 .21 .18 74.0 64.5 
2 - 9L 1: 5 2p?-t .38 .32 .28 .23 .20 73.5 64.5 
2 -10L 1:57PM .30 .21 .2,. .20 .18 74.0 64.5 
2 -IlL 1: 4 2PM .34 .30 .27 .23 .20 73.5 64.5 
2 -I2L 1:45PaII .33 .29 .25 .22 .19 73.5 6,. .5 
2 - 2A 2: 0 9PM .33 .29 .25 .21 .18 73.5 65.0 
2 - 4A 2:1PSPM .29 .26 .23 .19 .1& 73.5 65.0 
2 - 6A 2:04pu .30 .21 .26 .21 .18 73.5 65.0 
2 - RA 2: 00 PM .29 .26 .25 .20 .18 1,..0 65.0 
2 -lOA 1:58PM .29 .26 .24 .20 .18 7,..0 65.0 
2 -12A 1:44PV, .31 .28 .25 .22 .1':1 73.5 64.5 
1 - lL 2: 31 PM .31 .27 .23 .18 .16 73.5 65.0 
1 - 2L 2:31PM .34 .2'3 .21t .20 .17 73.5 65.0 
1 - 3L 2:33PM .27 .2,. .21 .17 .14 73.0 65.0 
1 - 4L 2:33PM .29 .26 .22 .16 .15 73.0 65.0 
1 - 5L 2:43PM .26 .22 .19 .16 .14 73.0 65.5 
1 - 6L 2: If. 6P~ .25 .22 .20 .1 E .14 73.0 65.5 
1 - 7L 2:48PM .25 .22 .20 .15 • 1 If. 73.0 65.5 
1 - aL 2:4APM .25 .. 23 .20 .1E .14 73.0 65.5 
1 - 9L 2:52PM .25 .22 .19 .16 .14 73.0 65.5 
1 -IOL 2:53PM .26 .24 .21 .17 .15 73.0 65.5 
1 -IlL 2:51PM .24 .20 .18 .14 .1-3 73.0 66.0 
1 -12L 2:58PM .23 .21 .19 .15 .13 73.0 66.0 
1 - 2N 2:30PM .29 .2= .21 .18 .15 13.5 65.0 
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OYNAFLfCT O::FLE'CTION AND TEMP. DATA (CCLUMBUS.TX) - FALL 1981 

SEC T ION- TIME OEFLECTIoN(MILS) AT SENSQRS SLAI:i TE"1P. OEG.F 
LQCAT!G~ WI W2 W3 Wif W5 TOP BOTTOM 

1 - 4N 2:32PM 30NOV .27 ?C; ... - ..., .22 .11 .14 73.5 65.0 
1 - 6~j 2:1f5P'~ .27 .2'4 .21 .17 .15 73.0 65.5 
1 - AN 2:47PM .25 .23 .21 .16 .15 73.0 65.5 
1 -ION 2: 50PM .21f .22 .20 .16 .14 73.0 65.5 
1 -12~; 2:55PM .26 .2.3 .2Q .17 .15 13.0 66.0 
:5 - 1L 3: 2 4PM .33 .29 .26 .22 .20 72.5 66.0 
3 - 2L 3:25PM .30 .21 .25 .22 .19 12.5 66.0 
3 - 3L 3:23plI! .27 .2S .23 .19 .17 72.5 66.0 
3 - 4L 3: 23 PM .26 .24 .22 .19 .17 72.5 66.0 
3 - 5L 3: 21 PM .25 .23 .21 .1e .11 12.5 66.0 
3 - 6L 3: 21 PM .26 .23 .22 .19 .18 72.5 6b.0 
3 - 1L .3:19PM .25 .23 .21 .18 .11 72.5 66.0 
3 - 8L 3:19PM .25 .23 .21 .1e .11 72.5 66.0 
3 - 9L 3: 15PM .2B .25 .23 .21 .19 73.0 66.0 
3 -lOL 3:16PM .27 .24 .22 .20 .18 73.0 66.0 
.3 -l1L 3:13PM .31 .21 .25 .21 .19 13.0 66.0 
3 -12L :5: 14 PM .30 .28 .26 .22 .1~ 73.0 66.0 
2 - 1L :~:33PM • '3 7 .32 .29 .22 .18 72.0 66.0 
2 - 2L 3: 34PM .32 .28 .25 .21 .18 72.0 66.0 
2 - 3L 3:36PM .28 .2~ .23 .19 .16 72.0 66.0 
2 - 4L 3:31P~ .28 .25 .23 .19 .11 72.0 66.0 
2 - 5L 3: 3 9PM .38 .32 .28 .2ft .20 72.0 66.0 
2 - 6L 3:40PM .32 .28 .25 .21 .18 72.0 66.0 
2 - 7L .3:'" 2 PM .39 .34 .29 .25 .20 72.0 66.0 
2 - al .3:43PM .30 .21 .24 .21 .18 12.0 66.0 
'2 - 9L 3:45PM .38 .33 .29 .2ft .20 72.0 6fl.5 
2 -10l 3:45PM .30 .26 .21f .20 .18 72.0 66.5 
2 -IlL 3: 4 7PM .36 .33 .30 .25 .21 12.0 66.5 
2 -12L 3:48PM .35 .32 .28 .2'4 .20 12.0 66.5 
2 - 2A 3:.J4Pt.oI .32 .29 .25 .21 .17 72.0 66.0 
2 - 4A .~:31PM .30 .21 .24 .20 .17 72.0 66.0 
2 - 6A 3: 41 PM .31 .28 .26 .22 .19 72.0 66.0 
2 - RA 3:43P"1 .29 .27 .25 .21 .18 72.0 66.0 
2 -IDA 3:lf.1PM .29 .26 .25 .21 .18 72.0 66.5 
2 -12A 3:52PM .33 .30 .28 .2ft .20 72.0 66.5 
1 - II 4:08PM .34 .28 .21f .20 .16 11.0 66.5 
1 - 2l 4:0APM .35 .30 .26 .21 .17 71.0 66.5 
1 - 3L 4:04PM .21 .24 .21 .17 .15 71.0 66.5 
1 - 4L 4:01fPM .3 a .26 .22 .18 .15 11.0 66.5 
1 - 5l 4: 0 1PM .25 .22 .19 .16 .11f 71.0 66.5 
1 - 6l 4:02PM .25 .23 .21 .18 .15 11.0 66.5 
1 - 7L 3:59PM .21 .23 .20 .11 .14 71.5 66.5 
1 - 8L 3:59P.., .27 .24 .21 .18 .15 71.5 66.5 
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OYNAFLECT Ot:FLE'CTIOt<. AND TEMP. DATA (COLUMBUS,T)() - FALL 1981 

SECT ION- T I M~ DEFLECT IONOlIL.S, AT St:NSORS SLAB TEMP. CEG.F 
LOCAT!C'J W1 W2 W3 W4 !.oJ 5 TOP BOTTOM 

1 - 9L ,':51PM 30NOV .25 .23 .20 .11 .15 11.5 66.5 
1 -10L 3:5APM .28 .2( .22 .18 .15 71.5 66.5 
1 -l1L 3:54PM .25 .22 .20 .16 .14 12.0 66.5 
1 -12L 3:55PM .23 .21 .19 .1E .1~ 12.0 66.5 
1 - 2" 4:10PI-4 .2'3 .26 .22 .19 .16 11.0 66.'5 
1 - 4N 4:0 3P~ .26 .23 .21 .11 .14 1,1.0 66.5 
1 - 6N 4:00PM .21 .2~ .22 .18 .15 11.5 66.5 
1 - A'J 3:5AP'" .25 .24 .21 .11 .15 11.5 66.5 
1 -ION 3:51PM .25 .23 .20 • 11 .14 11.5 66.5 
1 -12N 3:53PM .25 .22 .20 .16 .14 72.0 66.5 
3 - 1L 8:30AM o 1DEC .40 .35 .31 .25 .23 52.0 56.0 
:5 - 2L A:31AM .31 .31 .29 .24 .22 52.0 56.0 
.3 - 3L A:33AM .27 .26 .23 .1S .18 52.0 56.0 
3 - 4L 8: 34 AM .24 .24 .23 .20 .19 52.0 56.0 
:3 - 5L 8:36AM .24 .23 .20 .11 .16 52.5 56.0 
:5 - ElL 8:31AM .21 .21 .19 .17 .16 52.5 56.0 
:5 - lL 8:38AM .25 .23 .21 .17 .16 52.5 56.0 
3 - AL R:38A'" .22 .22 .21 .18 .11 52.5 56.0 
3 - '3L R:3'3AM .21 .26 .22 .18 .11 53.0 56.0 
3 -10L B:l+OAM .23 .22 .21 .18 .11 53.0 56.0 
.3 -l1L A:42A\oI .3A .35 .30 .2':: .22 53.0 56.0 
:s -12L R:42AM .29 .28 .26 .23 .21 53.0 56.0 
2 - lL 9:01AM .31 .33 .2.q .22 .1'3 54.5 56.0 
2 - 2L '3:02A" .32 .31 .26 .21 .19 54.5 56.0 
2 - 3L B:59AM .29 .213 .24 .19 .16 54.0 56.0 
2 - 4L A:59AM .28 .2': .22 .18 .If; 54.0 56.0 
2 - 5L 8:57AM .31 .29 .25 .21 .18 54.0 '56.0 
2 - 6l 8:51AM .31 .28 .24 .19 .11 54.0 56.0 
2 - 7L R:5lfAM .35 .31 .26 .21 .19 54.0 56.0 
2 - aL S:55A'" .31 .21 .2.3 .19 .17 54.0 56.0 
2 - 9L 8:52AM .30 .28 .25 .21 .18 54.0 56.0 
2 -10L 8:531\M .28 .21 .23 .1'9 .11 54.0 56.0 
2 -llL 8:49AM .45 .39 .33 .21 .2,3 53.5 56.0 
2 -12L 8:50AM .42 .3A .32 .26 .22 53.5 56.0 
2 - 2A 9:02AM .31 .30 .26 .21 .18 54.5 56.0 
2 - 'fA 9:00AM .26 .25 .23 .18 .16 54.5 56.0 
2 - 6A 8:58AM .26 .25 .23 .19 .11 54.0 56.0 
2 - AA 8:56AM .25 .24 .22 .1'3 .11 54.0 56.0 
2 -lOA q:s 3AM .24 .23 .22 .18 .17 54.0 56.0 
2 -12A a:50A"1 .3.3 .32 .30 .26 .23 53.5 56.0 
1 - II 9:04AM .36 .33 .21 .21 .18 54.5 56.0 
1 - 2L 9:04AM .37 .32 .21 .21 .11 54.5 56.0 
1 - 3L 9:06A'" .25 .24 .21 .11 .15 54.5 56.0 



195 

OVN ~FL EC f D:::FLECT!!J~, A'lD fE·~P. DATA (COLU"'18US.TX) - FALL 1381 

SECTIOft.- rIM' DEFlECTION(MILS) AT S::: I\SOR S SLAB TEMP. D£G .F 
LOCATIC\ WI W2 \13 Wit w5 TOP ROfT]"! 

1 - 4L 9:0fi~M QIDEC .29 .21 .23 • 18 .15 54.5 56.0 
1 - '1L 9:::)l3A'" .23 .22 .19 .15 .13 55.0 56.0 
1 - 6L q: 0 9 AM .23 .22 .20 .16 .14 55.0 56.0 
1 - 1L 9:1 OAM .25 .2lf .20 .16 .15 55.0 56.0 
1 - AL 9:11A~ .24 .24 .21 .16 .14 55.0 56.0 
1 - 9l 9:13AM .2A .25 .22 .11 .1'+ 55.0 56.0 
1 -10l 9:13AM .25 .25 .21 .17 .14 55.0 56.0 
1 -Ill 9: 1 6!\ I.! .26 .2'5 .20 .16 .14 55.5 56.0 
1 -12l '1:16AM .22 .21 .19 .15 .11+ 55.5 36.0 
1 - 2N 9:03AM .27 .26 .23 .113 .11 54.5 56.0 
1 - 4\ 9: 0 5 A'" .23 .22 .20 .16 .15 54.5 '36.0 
1 - 6N '1:0RAM .21 .20 .18 .15 • L3 55.0 56. J 
1 - HN 9:10AM .~2 .21 .1 9 .1~ .14 55.0 56.0 
1 -IaN 9:12 AM .22 .21 .19 .15 .14 55.0 56.0 
1 -12N q:15~M .22 .21 .19 .15 .14 55.5 56.0 
3 - lL 9:41AM .34 .32 .29 .25 .22 58.0 56.0 
J - 2l 9: 42 AM .30 .29 .28 .21t .21 58.0 56.0 
.3 - 3l 9:3QA" • 21 .26 .23 .20 • 19 51.5 56. a 
.3 - 4l '1:40AM .::4 .2.3 .22 .19 .18 58.0 56.0 
3 - 5l 9:3gA~ .?3 ,) ') .... ~ .21 .17 .16 51.5 56.0 
.3 - 6l 9:39A'" .21 • 2 1 .20 .17 .16 51.5 56.0 
.3 - 7l 9:37AM .24 .24 .22 .19 .17 51.5 56.0 
3 - gL 9:37AM .2lf .23 .23 .19 .11 51.5 56.0 
:5 - 9L 9:35A\4 .26 .25 .22 .19 .11 51.0 56.0 
3 -10l 9:,'\6AM .2lf .23 .22 .19 .18 51.0 56.0 
:5 -lll 9: '3 3~M .38 .34 .30 .2: .22 57.0 56.0 
3 -12l q: ~ 3 A 'l .29 .29 .26 .2~ .20 51.0 56.0 
2 - II 9:46A'1 .31 .36 .29 .24 .20 58.0 56.0 
2 - 2l 9:41AM .33 .32 .28 .23 .20 58.0 56.0 
2 - 3l 9:4RAM .29 .27 .25 .19 .11 58.5 56.0 
2 - 4l 9:4:iAM .26 .2~ .22 .18 .16 58.5 56.0 
2 - 'iL 9:50A'" .32 .30 .26 .22 .1'3 58.5 56.0 
2 - 6l 9:51AM .31 .28 .25 .20 .18 58.5 56.0 
2 - 1l 9:521\111 .36 .31 .21 .22 .19 59.0 56.0 
2 - ql 9:S.'3A'" .29 .21 .21t .19 .11 59.0 56.0 
2 - ~l 9:55AM .31 .30 .26 .22 .19 59.0 56.0 
2 -10l 9:56AM .30 .21 .24 .20 .17 59.0 56.0 
2 -ill 9: 51 AM • If. 0 .3f .32 .26 .23 59.0 56.0 
2 -1?L 9: 5 8 AM • If. 1 .31 .32 .26 .22 59.0 56.0 
2 - 2A 9:41AM .33 .32 .29 .2~ .19 58.0 56.0 
2 - If. A 9:4IJA" .26 .25 .23 .19 .16 58.5 56.0 
2 - 6A 9:51AM .21 .26 .24 .20 .18 58.5 56.0 
2 - F4A 9:53AM .25 .2lf .23 .1C; .11 59.0 56.0 
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DYNAFLECT DEFLECTlO[\j AND TEMP. DATA (COLUMBUS.TX) - FALL 1981 

SECTION- TIME CEFLECT ION 011 LS) AT SENSORS SLAB TE MP. Dt:G.F 
LOCATICN WI W2 W3 W4 W5 TOP BeTTOM 

2 -lOA 9: 5 6 AM 01DEC .25 .24 .. 22 .1'1 .18 59.0 56.0 
2 -12A 9:58AII1 .32 .31 .29 .2: .22 59.0 56.0 
1 - 1L 10:14AM .33 .30 .26 .21 .11 60.0 56.0 
1 - 2L 10:14AM .35 .31 .26 .20 .17 60.0 56.0 
1 - 3L 10:11AM .26 .24 .22 .11 .14 60.0 56.0 
1 - 4l 10:12~M .29 .27 .23 .18 .15 60.0 56.0 
1 - 5l 10:0gAM .22 .21 .19 .15 .13 60.0 56.0 
1 - 6L 10:09AII1 .23 .22 .20 .IE .14 60.0 56.0 
1 - 1l 10:a6A~ .25 .22 .19 .15 .13 60.0 56.0 
1 - Al 10:01AM .23 .2.3 .20 .16 .14 61.1.0 56.0 
1 - 9l 10:03AM .24 .23 .20 .16 .14 59.5 56.0 
1 -lOl 10:0'+A" .25 .2!: .21 .17 .14 59.5 50.0 
1 -lll 10:00AM .25 .23 .20 .16 .14 59.5 56.0 
1 -12l 10:00AM .22 .21 .19 .15 .13 5'.J. 5 56.0 
1 - 2N 10:13AM .28 .27 .24 .20 .11 60.0 56.0 
1 - 4N 10:11 AM .24 .23 .20 .17 .15 60.0 5'3.0 
1 - 6N 10:08AM .22 .21 .19 .15 .14 60.0 56.0 
1 - 9N 10:06AM .22 .21 .19 .16 .14 60.0 56.0 
1 -ION 10:02~M .23 .22 .19 .16 .14 59.5 56.0 
1 -12N 9:59AM .22 .21 .19 .15 .14 59.5 56.0 
"3 - II 10:24A,., .33 .30 .21 .23 .21 61.0 56.5 
3 - 2l 10:25AII1 .29 .2fl .21 .23 .21 6!.O 56.5 
:3 - 3l 10:27AM .26 .25 .23 .20 .IS 61.5 56.5 
.3 - 4l 10:211\~ .25 .24 .23 .20 .18 61.5 56.5 
3 - 5l 10:29AM .24 .22 .20 .11 .16 61.5 56.5 
3 - 6L 10:29AM .22 .21 .20 .18 .16 61.5 56.5 
3 - 1L 10:30A\,I .24 .23 .21 .18 .11 62.0 56.5 
:5 - al 10:31AM .23 .22 .21 .18 .17 62.0 56.5 
3 - <;Il 10::S2AM .27 .2~ .23 .19 .18 62.0 56.5 
3 -10l 10::S:5A'! .24 .2 :5 .21 .18 .11 62.0 56.5 
3 -l1l 10:35AM .35 .32 .29 .24 .21 62.5 51.0 
.3 -12l 10:36AM .29 .2e .26 .22 .20 62.5 57.0 
2 - lL 10:54AM .39 .34 .29 .2~ .20 64.0 51.0 
2 - 2L 10:54AM .31 .29 .26 .21 .18 64.0 51.0 
2 - ~L 10:52AM .30 .21 .2" .1'3 .16 64.0 51.0 
2 - Ifl 10:52AM .21 .25 .23 .19 .16 64.0 51.0 
2 - 5L 10:'+9AM .35 .32 .21 .23 .19 63.5 57.0 
2 - 6l 10:50AM .:51 .2A .25 .20 .11 63.5 51.0 
2 - 1L 10:41AM .31 .32 .27 .22 .19 63.5 51.0 
2 - Bl la:48A'~ .30 .21 .24 .20 .11 63.5 51.0 
2 - 9L 10:44AM .33 .30 .26 .21 .19 63.0 51.0 
2 -lOl 10:45AM .29 .26 .23 .19 .11 63.0 51.0 
2 -Ill 10:42Ml .40 .31 .32 .26 .22 63.0 51.0 
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DYNAFLECT OSFLECT IO~ AND TEMP. DATA CCOlUM8US,TX) - FALL 1'181 

SEC TrOl':- TIME o E F L E C T r c PI, ( M : L S ) AT SE~S)~S SLAB TE "'P. CEG.F 
LOCATION W1 W2 W3 W4 MIS TOP t1CTTO~ 

2 -12L lC:43A~ 01DEe .38 .34 .29 .24 .20 63.0 51.0 
2 - 2A 10:5'5AM .32 .30 .27 .22 .1g 64.0 51.0 
2 - 4A 10:53AM .28 .27 .24 .20 .11 64.0 57.0 
2 - hA IO:50ltt,t .27 .26 .24 .20 • U'3 63.5 51.0 
2 - 8A 10:49AM .21 .26 .24 .20 .18 63.5 57.0 
2 -lOA In:46ltM .25 .24 .23 .19 .17 63.0 51.0 
2 -12A 10:43AY .32 .31 .2d .24 .21 63.0 57.0 
1 - 1L IO:51AM .36 .31 .27 .21 .1a 64.0 51.0 
1 - 2L lO:S8AM .35 .31 .26 .21 .11 64.0 57.0 
1 - 3L 11:00A~ .25 .23 .21 .17 .1'+ 64.5 51.5 
1 - 4L 11:00AM .30 .27 .22 .18 .1'5 64.5 57.5 
1 - 5L 11:02AM .23 .22 .20 .17 .14 64.5 51.5 
1 - 6L 11:03AM .23 .22 .21 .16 .14 64.5 51.5 
1 - 1L 11:04A31 .24 .22 .20 .15 .14 65.0 e.::7.5 
1 - qL 11: 0 5 AM .24 .23 .21 .1 E .14 65.0 51.5 
1 - 'Jl 11:07A~ .25 .24 .21 .11 .14 65.0 51.5 
1 -10l 11:07AM .24 .23 .21 .16 .14 65.0 57.5 
1 -11l 11:08AM .24 .22 .20 .15 .14 65.0 51.5 
1 -12L 11: 0 9 A~' .22 .21 .20 .16 .14 65.0 51.5 
1 - 2N 10:51ltM .30 .28 .25 .20 .11 64.0 57.0 
1 - 41\1 10:SgAM .24 .23 .21 .11 .15 64.5 51.0 
1 - 6N 11:02lt'l.i .24 .23 .21 .11 .15 64.5 57.5 
1 - RN 11:04AM .23 .22 .20 .16 .15 65.0 57.5 
1 -10N 11:a6A~ .2.3 .22 .20 .16 .15 65.0 51.5 
1 -12~ 11:084:! .22 .21 .19 .16 .14 65.0 51.5 
.3 - 1l ll:36AM .31 .:50 .26 .22 .20 67.0 58.0 
3 - 2l 11:.37AM .30 .2'3 .21 .23 .21 67.0 58.0 
.3 - jl 11:38A'A .25 .24 .22 .19 .17 67.0 58. () 
:5 - 4L 11:3~UM .24 .24 .22 .15 .18 67.0 58.0 
.3 - 5l 11:33AM .23 .22 .20 .1a .16 67.0 =7.5 
3 - 6l 11:~4A~ .22 .21 .20 .11 .16 67.0 51.5 
.3 - 1L 11:32AM .24 .23 .23 .18 .16 67.0 57.5 
3 - 8l 11:32AM ?') 

.~- .22 .20 .17 .16 67.0 57.5 
3 - ~L 11:29A~ .25 .24 .22 .19 .17 67.0 57.5 
3 -10L 11:30AM .23 .23 .21 .18 .17 67.0 57.5 
3 -Ill 11:27AM .33 .31 .27 .23 .20 66.5 57.5 
3 -12L 1l:2BA'1 .28 .28 .26 .22 .20 66.5 57.5 
2 - II 11:45AM .34 .31 .27 .21 .18 67 .. 5 58.0 
2 - 2L 11:45AM .31 .29 .26 .21 .1B 67.5 58.0 
2 - 3l 11:41AM .28 .26 .22 .18 .16 68.0 58.0 
2 - 4L 11:47AM .27 .25 .22 .18 .16 68.0 58.0 
2 - 5l 11:49AM .33 .32 .28 .23 .20 68.0 58.() 
2 - 6l 11:49AM .31 .30 .26 .22 .11 68.0 59.0 
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SECTION- TIME 
LOCATION 

? - 1l 11 :5lAM 
.) .. 8 l 1 1 : 5 1 A M 

~ .. 9l 11 :'i4AM 
~ -lal 1l:S4AM 
"2 -lll 11 :'lFAM 
., -l2l 11:5141'4 
,~-?A 11:4611M 
2 - 4A 11:48AM 
2 - 64 11:'50AM 
? - RA 11 :'52AM 
2 -lOA 11 :55AM 
... -12A 11 :51A"1 
1 - II 12:I:?PM 
1 - 2l 12:12 0 1'4 
1 - 3l 12:14PM 
1 .. 4l 1?:14PM 
1 "ill;:>: 0 RPM 

1 - f1l 12::)9 P M 
1 - 1l 1?:06::>M 
1 - Rl 12:0f,PM 
1 - 9l 12:04PM 
1 -lal 12:04PM 
1 -11l l?:OlDM 
t -12l 12:02PM 
I - 2N 12:11PM 
1 .. 4 N 12:t "3PM 
1 - 6N 12:0~"'M 
1 - RN 12:Q':}f'M 
1 -1 () N I?: 0 '30 M 
1 -l?N 12:01PM 
~ - II l:~qDM 

'"3 - 2 l 1 : 2 qp 11'1 

3 - 3l 1:2f,PM 
3 - 4l 1:21PM 
"' - "il 1: 24PM 
~ - 6l 1:2lfPM 
) - 1l 1 : 2 ?P M 
, - 8L 1: 2 3PM 
~ - '-JL 1:20PM 
3 -lal 1:21 P M 
3 -11l 1:19PM 
3 -12L 1:13PM 
2 - II 1:35PM 

O[FlECTION(MIlS) AT ~~N~ORS 

Wl W::? w:~ W~ w:; 

J1Df:C .36 
.30 
.33 
.29 
.34 
.34 
.31 
• 2ft 
.2A 
.21 
.2h 
.31 
.32 
.3 t , 

.2f, 
.:'11 
.22 
.~3 

.24 

.2~ 

.23 

.24 

.24 
.?2 
.2(" 
.24 
.2:; 
.:n 
.2~ 

.22 

.31 

.28 

.2'5 

.24 

.22 
.2:'1 
.24 
.23 
.24 
.24 
.~2 

.28 

.31 

.34 

.? 7 
."1::-' 

• ~-:? 
. ., ., · ,' . 

.?7 

.? -, 

• '2!'., 
"')r:-: 

• L 

.3C 

.~q 

"' , 
• -,.&. 

.?4 

.')7 
."1 
.?') 
.2? 
.2">; 
.21 
."') 

.2"1: 

.2? 

.~? 

.21 

.?Q 

.21 

."4 

.?4 

.22 
.2? 
.?::' 
.22 
.2' 
.? , 

• ~ r 
.2P 
.28 

.~<J 

.:>'1 

.?A 

.?4 
."A 
.:::8 
.?G 
• ,., 4 

."') 

."4 
•. : 4 
.?R 
.?CJ 
.')7 
.'l1 
.")2 

• 1 ''1 
.::'n 
.19 
."0 
.1 9 
.;lO 
.?C 
.! q 
.C'3 
.21 
• ;) 1 
.?O 
.20 
.?O 
.26 
.?~ 

.22 

.~2 

.20 

.21 

.')1 

.21 

.21 

.22 
.?1 

;>' • _, 0 

.?4 

.23 
• 2Q 
.22 
.21 
.24 
.23 
.21 

• 19 
.21 
.2J 
.. 19 
,,23 
.2l'! 
.21 

• 11 
• 1 1 
.15 
.16 
,,15 
.l~ 

.16 

.1~ 

.15 

.15 

.1~ 

.11 

• 11 
.15 
.16 
.16 
.22 
.22 
.19 
.13 
.11 
.1A 
.18 
.1A 
.1R 
.1B 
.22 
.22 
.19 

• U~ 
"1 ""'\ · "- ,.' 

.1 1 
.21 
.21 
• 1 ~ 
.u . 
.l~ 

.1 ~ 

.~A 

.2~ 

.1 7 

.11 

.14 

.1 ~l 
.1 3 
.14 
.14 
.14 
.14 
.11'4 
.14 
.1 ~ 
.16 
.14 
.15 
.1 f+ 
.14 
.14 
.2'3 
.2J 
.11 
.11 
.16 
.11 
.11 
.17 
.17 
.11 
.20 
.2" 
.17 

SlMI Tt;"',P. J:::G.F' 
TOP ~OTr"'M 

68.0 
6H .,J 
(lH • 0 
(,"1.1 
t; '\ • » 

6.".'5 
,-,r.s 
6~.,) 

<;'1.0 
6~.J 

'iR.S 
[, $J • '5 
~Jq. ~ 

£, '; .0 
{'9.0 
fig.!) 
','-1 .:J 
(, ':.".J .0 
(,9. ry 
c,q.O 
6'1.1"1 
f,9.fJ 
t) 9 .. r] 

';9.0 
:;'1.r. 
sg.:1 
t;q.O 
h'l.O 
6', • C 
"q.O 
11.5 
11 ."5 
11 .5 
71.5 
11.5 
11.5 
71."1 
11.5 
11.5 
11 .5 
11.5 
11.5 
11 .. 5 

5"1. ) 
5 q. -
r:q.~ 

,,}B.-
5q. : 
')R.~ 

Sq. :; 
"lB.' 
CjA. ' 

SR."' 
'5 ":j. " 

'jq.~ 

C;g ... ' 

5':l.~ 

<; q .!") 

sq.:; 

')~." 
')~.c; 

'B.') 
'j '3. <:; 

'::iB.') 
'j'\."i 

')g.: 
SR.') 
Sq. ''j 
'jq.'-j 

SR.': 
6:). r.:; 

t.O ., 
6,).'1 
6J.3 
6\). ') 
60.'1 
6J.") 
Ed. ") 
1;1.') 

50.') 
6J.<; 
5(;.') 

60.5 
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DYNAFLECT DEFLF.:CTION AND TEMP. DATA (CCUJMBUS,TX' - FALL 19tH 

SECT!C~- T:\.\E [lEFLECTIO~(M!LS' AT S'.:NSJRS SLAB TE"!P. OSG.F 
LOCATION WI w2 \.13 ~tt \oJS TOP aOTTOM 

2 - 2L 1:J5P~ QIDEC .28 .21 .25 .20 .18 11.5 60.5 
2 - 3L 1:31PM .28 .26 .23 .1e .16 11.5 61.0 
2 - 4L 1:3QPM .26 .2= .23 .18 .17 11.5 El.0 
2 - SL 1::S9PI-l .34 .:H .28 .23 .20 11.5 61.\) 
2 - 6L 1:40PM .30 .28 .25 .20 .18 12.0 51.0 
2 - lL 1: 4 2PM .3~ .34 .29 .24 .21 12.0 61.0 
2 - aL 1: 42 PM .31 .28 .25 .20 .1~ 12.0 61.0 
2 - CJL 1:44PM .35 .32 .28 .23 .2(1 12.0 61.0 
2 -10L 1:44PM .29 .21 .24 .20 .18 12.0 61.0 
2 -IlL 1:4('P~ .33 .32 .28 .21t .21 12.0 61.0 
2 -12L 1: '+ 7 PM .33 .30 .21 .23 .2 'J 72.0 61.0 
2 - 2A 1:36PM .29 .21 .24 .19 .16 71.5 60.5 
2 - 4A 1: 3 H P'-1 .28 .27 .24 .1 9 .17 71. S 61.0 
2 - 6A 1: 41 PM .2 B .21 .25 .21 .1ii 12.0 61.0 
2 - AA 1: 4 3PM .21 .26 .24 .20 .18 12.0 61.0 
2 -lOA 1:45pM .27 .26 .24 .20 .18 12.0 61.0 
2 -12A 1: 4 7PM .31 .:30 .2A .23 .21 12.0 61.0 
1 - lL 1:58PM .34 .30 .26 .21 .17 11.0 fl.0 
1 - 2L 1:5Qpl,I .36 .31 .26 .20 .11 11.0 61.0 
1 - 3L 2:00 P M .21 .24 .21 .11 .15 11.0 61.0 
1 - itL 2:01PM .30 .21 .23 .1E .15 71.0 61.0 
1 - 5L 1 :56P'" .22 .21 .19 .15 .13 11.0 61.0 
1 - 6L 1: '51 PM .23 .22 .20 .16 .14 11.5 61.0 
1 - IL 1:54PM .24 .22 .20 .16 .14 71.5 61.0 
1 - Al 1:'54P-" .23 .22 .20 .16 .14 71.5 61.0 
1 - CJL 1:52PM .24 .22 .20 .16 .14 11.5 61.0 
1 -10l 1: 5 2PM .25 .2q .21 .17 .15 11.5 61.0 
1 -Ill l:tt9PM .22 .21 .19 .17 .13 12.0 61.0 
1 -12L 1 :50PM .23 .22 .20 .16 .14 11.5 61.0 
1 - 2N 1:58PM .30 .2e .25 .20 .17 71.0 61.0 
1 - 4N 2:00PM .24 .23 .20 .16 .15 11.0 E 1.0 
1 - 6N 1:55PM .25 .24 .21 .17 .15 11.5 61.0 
1 - AN 1:S3PM .23 .22 .20 .16 .14 71.5 61.0 
1 -ION 1: 51 Pfol .23 .22 .20 .16 .1'5 11.5 61.0 
1 -12N 1:48PM .23 .22 .20 .16 .15 12.0 61.0 
3 - 1L 2:19PM .32 .29 .27 .23 .21 71.0 61.5 
3 - 2L 2: 1 CJP~ .28 .21 .25 .22 .20 71.0 61.5 
3 - 3L 2:20PM .26 .2: .23 .19 .18 11.0 61.5 
3 - 4L 2:21PM .25 .24 .23 .19 .18 11.0 61.5 
3 - 5L 2:16PM .24 .23 .21 .18 .11 11.0 61.5 
:5 - 6L 2:1 1PM .23 .22 .21 .18 .17 11.0 61.5 
3 - 1L 2:t 5PM .24 .23 .21 .1e .11 11.0 61.5 
3 - AL 2:15PM .21t .23 .22 .18 .11 11.0 61.0 
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APPENDIX B 

AN ILLUSTRATIVE EXAMPLE OF USING DICHOTOMOUS VARIABLES 
IN MULTIPLE LINEAk REGRESSION ANALYSIS 





APPENDIX B. AN ILLUSTRATIVE EXAMPLE OF THE USE OF DICHOTOMOUS VARIABLES 
IN MULTIPLE LINEAR REGRESSION ANALYSIS 

Let us assume that a linear relationship exists between maximum 

Dynaflect deflection (WI ) and temperature differential (DT). The estimated 

regression equation, based on a simple regression model, is of the following 

form 

(B.l) 

where b
o 

is the intercept term and b
i 

is the slope of the estimated 

regression line. 

For this compal-ative study, deflection and temperature data at location 

6L (summer ad fall data) were used. Separate regression equations were 

developed for section 1, section 2, and section 3. The estimated regression 

equations are summarized in Table B.I. The actual data points and the 

respective regression line are also plotted in Fig B.l for the three 

sections. In each case, WI is the dependent or response variable and DT is 

the independent or explanatory variable. It is easily observed that R 2 

statistics is not very consistent and in general is very low. The three 

regression lines are replotted in Fig B.2. 

The data points from the three sections were later pooled and a stepwise 

multiple regression analysis was performed using sections as dichotomous or 

dummy variables. The estimated regression equation is of the following form 

b
o 

+ b
l 

(DT) + d
l 

(SECl) + d2 (EC2) (B,2) 
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TABLE B.l. ESTIMATED REGRESSION EQUATIONS FROM 
SIMPLE REGRESSION ANALYSES 

Number of 

R2 
Data Points* 

Section Estimated Regression Equation n 

1 WI = 0.229775 + 0.0001495(DT) 0.207 12 

2 WI = 0.267499 + 0.0002837(DT) 0.587 12 

3 WI = 0.225958 + 0.0000224(DT) 0.008 12 

* All data points correspond to location 6L. 

Dependent Variable = WI (mils) 

Independent Variable = DT(O F) 
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Fig B.l. The best fit lines estimated from simple linear 
regression analyses, (location 6L). 
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Fig B.3. Estimated regression lines from multiple regression analyses 
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where WI' DT, b
o

' and b
l 

are the same as defined earlier. SECI and SEC2 

are the two dummy variables. 

I if the data points correspond to section I 
SECI = 

o otherwise 

I if the data points correspond to section 2 
SEC2 = 

o otherwise 

d
l 

and d
2 

are the estimated regression coefficient of SECI and SEC2, 

respectively. 

Table S.2 presents the estimated regression equation and the resulting 

equations for the three sections. It is observed that only two dummy 

variables are used in the regression model. It is unnecessary to use SEC3 as 

the third dummy variable as its effect is already present in the intercept 

term of the original estimated regression equation. 

lines for the three sections are plotted in Fig S.3. 

have the same slopes but different intercepts. 

The estimated regression 

It is noted that they 

2 
The R statistic is 

comparable higher and is based on data points of all the three sections. The 

use of dummy variables allowed different levels of deflection W I for each 

section while keeping the same marginal effect associated with the 

independent variable, DT. It is evident from this example that the simple 

regression analysis on separated data points resulted in three different 
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TABLE B.2. THE ESTIMATED REGRESSION EQUATIONS USING DUMMY VARIABLES 

Dunnny 
Section Variable Values Equation 

1 SEC1 = 1; SEC2 = 0 W
1 = 0.22889 + 0.001635(DT) 

2 SEC1 = 0; SEC2 = 1 W
1 = 0.27597 + 0.001635(DT) 

3 SEC1 = 0; SEC2 0 W
1 

= 0.216244 + 0.001635(DT) 

The original estimated regression equation: 

W1 = 0.216244 + 0.001635(DT) + 0.012648(SEC1) + 0.059727(SEC2) 

R2 statistic = 0.712 

Number of data points; n = 36 



209 

2 
slopes and low R (as illustrated in Fig B.2). This example showed that the 

dummy variables provided a flexible tool for handling the categories in the 

observed data and resulted in a more meaningful relationship between W 1 and 

DT at this particular location with a remarkable increase in the R2 

statistic. 
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SUMMARY OF ESTIMATED REGRESSION EQUATIONS FROM 
MULTIPLE LINEAR REGRESSION ANALYSES USING DICHOTOMOUS VARIABLES 





APPENDIX C. SUMMARY OF ESTIMATED REGRESSION EQUATIONS FROM MULTIPLE 
LINEAR REGRESSION ANALYSES USING DICHOTOMOUS VARIABLES 

This appendix provides the best regression equations and summary 

statistics developed for each data set (see Table 3.2). Tables C.l to C.8 

present the summaries of regression equations for data sets 1 (ALL), 2 

(Summer/Fal!), 3 (At Crack/Mid-span), and 4 (Passing 

Lane/Travel/Lane/Concrete Shoulder). 

The estimated regression equations and summary statistics for data set 

number 5 (each location) are presented in Tables C.9 to C.22 for test 

locations 1 to 14, respectively. All the results correspond to mUltiple 

regression analysis II (without interaction terms). 
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TABLE C.l. SUMMARY OF MULTIPLE REGRESSION ANALYSES 
(DATA SET I-ALL) 

Dependent Independent Regression 
R2 Variables Variables Coefficient Ranking* 

SEC2 .6059E-Ol 1 

X2 - .5588E-0l 2 

Xl - .423lE-Ol 3 

DE - .7877E-02 6 

Bl .1757E-Ol 7 

Wl DT - .2688E-02 5 0.46 

TMID .1022E-02 4 

CS - . 322lE-02 8 

SECI - . l1l9E-Ol 9 

B2 - . 8963E-02 10 

Constant .3043 

SECI - • 36l2E-0l 1 

Sl . 2706E-Ol 4 

DE - . 3924E-02 5 

Xl - • 3233E-Ol 2 

W5 X2 - . 2963E-Ol 3 0.57 

SEC2 .1252E-Ol 6 

DT - .3770E-03 8 

CS - . 1170E-02 7 

Constant .2281 

* Ranking indicates the order of effectiveness based on 

Beta values (the standardized regression coefficients). 



TABLE C.2. SUMMARY OF MULTIPLE REGRESSION ANALYSES 
(DATA SET 2-S) 

Dependent Independent Regression 
Variable Variable Coefficient Ranking* 

SEC2 .1138 I 

CS - .9632E-02 5 

DE - .1345E-0l 6 

DT - . 2430E-02 4 

WI BI .2900E-0l 7 

X2 - .6S32E-OI 2 

Xl - .5792E-OI 3 

SECI - .1708E-Ol 8 

Constant .4747 

SECI - .3928E-OI 3 

DE - .6742E-02 5 

Xl - .48l8E-01 2 

Ws 
X2 - .3558E-OI 4 

SEC2 . 4794E-Ol I 

DT - .5089E-03 7 

CS - .42S0E-02 6 

Constant .2967 

* Ranking indicates the order of effectiveness based on 

R2 

0.496 

0.592 

Beta values (the standardized regression coefficient). 
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TABLE C.3. SUMMARY OF MULTIPLE REGRESSION ANALYSES 
(DATA SET 2-F) 

Dependent Independent Regression 
R2 Variable Variables Coefficient Ranking* 

SEC2 . 4536E-Ol 1 

X2 - .302lE-Ol 2 

Bl .1648E-Ol 5 

DE - .44l0E-02 6 

B2 - .1032E-Ol 10 

WI Xl - .1368E-Ol 7 0.54 

CS - .452lE-02 9 

SECI - .1284E-Ol 8 

TMID .1909E-02 3 

DT - .23l0E-02 4 

Constant .2306 

SECI - .3859E-Ol 1 

CS - .4134E-02 3 

DE - .20S4E-02 5 

X2 - .1338E-Ol 4 

Ws Xl - .1366E-Ol 2 0.68 

Bl .4S57E-02 6 

B2 • 3993E-02 7 

DT - .4083E-03 8 

TMID .2l76E-03 9 

Constant .2210 

* Ranking indicates the order of effectiveness based on 
Beta values (the standardized regression coefficient ). 



TABLE C.4. SUMMARY OF MULTIPLE REGRESSION ANALYSES 
(DATA SET 3-CR) 

Dependent Independent Regression 
Variables Variable Coefficient Ranking* 

SEC2 .6955E-Ol 1 

X2 - .4745E-Ol 3 

DT - .4247E-02 2 

TMID .1481E-02 4 

DE - .9l60E-02 6 

Wl Xl - .3633E-Ol 5 

Bl .2011E-Ol 8 

CS - .6332E-02 7 

SECl -- .1248E-Ol 9 

Constant .3026 

SECl - .3900E-Ol 1 

Sl .3298E-Ol 2 

DE - .4l62E-02 5 

X2 - .2367E-Ol 4 

W5 Xl - .2525E-Ol 3 

SEC2 .1306E-Ol 7 

CS - .2736E-02 6 

DT - .5331E-03 8 

Bl .5005E-02 9 

Constant .2345 

* 

R2 

0.45 

0.58 

Ranking indicates the order of effectiveness based on 
Beta values (the standardized regression coefficient). 
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TABLE C.S. SUMMARY OF MULTIPLE REGRESSION ANALYSES 
(DATA SET 3-MS) 

Dependent Independent Regression 
Variables Variables Coefficient Ranking* 

SEC2 .S687E-0l 2 

X2 - .7S04E-Ol 1 

Xl - .S911E-Ol 3 

WI DE - .S626E-02 4 

Sl .13S9E-0l S 

Constant .3241 

SECI - .2789E-Ol 3 

Sl .1930E-01 4 

DE - .3227E-02 6 

Ws Xl - .49l9E-01 1 

X2 - .4323E-Ol 2 

SEC2 .1776E-01 S 

Constant .2228 

* 

R2 

O. SO 

0.60 

Ranking indicates the order of effectiveness based on 
Beta values (the standardized regression coefficient). 



TABLE C.6. SUMMARY OF MULTIPLE REGRESSION ANALYSES 
(DATA SET 4-P) 

Dependent Variable (W
1

) 

Independent Regression 
Locations Variables Coefficient Ranking* 

DT -.3463E-02 1 

B1 . 1828E-01 5 

SEC2 . 1987E-01 4 

1, 2 SEC1 . 266SE-01 3 

CS .S247E-02 2 

TMID -.S229E-03 6 

B2 -.1323E-01 7 

Constant .3211 

SEC2 • 2609E-01 1 

3, 4 SEC1 .2066E-01 2 

B2 -.1201E-01 3 

Constant .2550 

* Ranking indicates the order of effectiveness based on 

R2 

0.628 

0.35 

Beta values (the standardized regression coefficient). 
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TABLE C.7. SUMMARY OF MULTIPLE REGRESSION ANALYSES 
(DATA SET 4-T) 

Dependent Variable (WI) 

Independent Regression 
Locations Variables Coefficient Ranking;': 

SEC2 . 9600E-OI I 

5, 6 Bl .1667E-01 2 

DT • 4773E-03 3 

Constant .2206 

SEC2 .1065E- I 

BI .3629E-OI 2 

DT .8235E-03 5 

7, 8 SECI .1428E-01 4 

B2 .2024E-0l 3 

Sl - .1078E-01 6 

Constant .2066 

* Ranking indicates the order of effectiveness based on 

R2 

0.856 

0.866 

Beta values (the standardized regression coefficient). 
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TABLE C.8. SUMMARY OF MULTIPLE REGRESSION ANALYSES 
(DATA SET 4) 

Dependent Variable (WI) 

Independent Regression 
R2 Data Set Locations Variables Coefficient Ranking * 

SEC2 . 7333E-Ol 3 

Bl .2168E-Ol 5 

TMID . 2586E-02 1 

4-T 9, 10 Sl - .9254E-Ol 2 0.72 

DT - .18l7E-02 4 

CS . 2900E-02 6 

SECI .1224E-01 7 

Constant .5713E-Ol 

SECI - .954lE-01 1 

DT - .4443E-02 2 

SEC2 .4239E-Ol 3 

4-Cl 11, 12 Bl • 1373E-Ol 6 0.80 

Sl .2745E-Ol 4 

B2 - .2714E-Ol 5 

Constant .3483 

* Ranking indicates the order of effectiveness based on 
Beta values (the standardized regression coefficients). 
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TABLE C.9. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-1, RESPONSE VARIABLE WI) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

DT - .4683E-02 . 5670E-03 

CS . 2511E-02 . 1549E-02 

SEC1 . 3191E-01 .8115E-02 

SEC2 . 2308E-01 .8692E-02 

B1 • 1875E-01 .7511E-02 

Constant .3124 • 1258E-01 

Dependent Variable: WI (mils) 

Standard Error of Estimate: 0.0249 

Mean: 0.334 

Standard Deviation: 0.0401 

C. V.: 12 % 

R2: 0.65 

n = 58 

F Beta 

Significance Elasticity 

68.208478 -.6849887 
.000 -.09105 

2.6295396 .1595420 
.111 .06378 

15.460166 .3812747 
.000 .03295 

7.0493722 .2757669 
.010 .02383 

6.2314931 .2287131 
.016 .03485 

616.71554 
.000 



TABLE C.lO. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-2, RESPONSE VARIABLE WI) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC2 . 3224E-Ol .6737E-02 

DT - .2320E-02 .4826E-03 

CS . 4792E-02 . 13l7E-02 

Constant .2601 . 1387E-Ol 

Dependent Variable: WI (mils) 

Standard Error of Estimate: 0.018 

Mean: 0.305 

Standard Deviation: 0.0305 

C. V.: 10 % 

R2: 0.68 

n = 30 

F Beta 

Signif icance Elasticity 

22.910284 .5271520 
.000 .04234 

23.118811 -.5320057 
.000 -.05354 

13.223265 .4024415 
.001 .15720 

351. 62451 
.000 
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TABLE C.l!. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-3, RESPONSE VARIABLE WI) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC2 .2857E-01 • 5395E-02 

SECI • 2343E-01 • 5393E-02 

DT - .9628E-03 .3772E-03 

Constant .2594 .4597E-02 

Dependent Variable: WI (mils) 

Standard Error of Estimate: 0.0166 

Mean: 0.271 

Standard Deviation: 0.0210 

C. V.: 7.7 % 

R2: 0.41 

n = 58 

F Beta 

Significance Elasticity 

28.049989 .6514163 
.000 .03633 

18.869572 .5341279 
.000 .02979 

6.5150934 - .2671416 
.014 -.02294 

3185.7526 
.000 



TABLE C.12. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-4, RESPONSE VARIABLE WI) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC2 .2597E-Ol . 5669E-02 

DT .8753E-03 .4l47E-03 

Constant .2428 .4593E-02 

Dependent Variable: WI (mils) 

Standard Error of Estimate: 0.015 

Mean: 0.259 

Standard Deviation: 0.0205 

C. V.: 7.9 % 

R2 •• 0.49 

n = 30 

F Beta 

Significance Elasticity 

20.984772 .6312438 
.000 .04006 

4.4546051 .2908370 
.044 .02358 

2795.0801 
0 
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TABLE C.13. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-5, RESPONSE VARIABLE WI) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC2 .1071 • 5852E-02 

BI .15l8E-01 .5266E-02 

CS .3721E-02 .1417E-02 

SECI . 1267E-Ol . 6141E-02 

Sl - .1045 . 2408E-Ol 

TMID • 2864E-02 .6892E-03 

DT - .2547E-02 . 6921E-03 

Constant . 1902E-Ol .4292E-01 

Dependent Variable: WI (mils) 

Standard Error of Estimate: 0.015 

Mean: 0.273 

Standard Deviation: 0.0525 

C. V.: 19.2 % 

R2: 0.93 

n == 52 

F Beta 

Significance Elasticity 

335.02259 1.0014013 
.000 .15108 

8.3112377 .1346500 
.006 .03854 

6.8946130 .1787128 
.012 .12648 

4.2606944 .1185123 
.045 .01788 

18.822945 -.8461288 
.000 -.08844 

17.275153 .8441735 
.000 .74679 

13.543098 -.2830531 
.001 -.06210 

.19644170 
.660 



TABLE C.14. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-6, RESPONSE VARIABLE W1) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC2 .5972E-01 .7711E-02 

DT . 1635E-02 . 4930E-03 

SEC1 . 1264E-01 .7717E-02 

Constant .2162 . 6422E-02 

Dependent Variable: W1 (mils) 

Standard Error of Estimate: 0.019 

Mean: 0.251 

Standard Deviation: 0.0336 

C. V.: 13.4 % 

R2: 0.71 

n == 36 

F Beta 

Significance Elasticity 

59.983955 .8486018 
.000 .07920 

10.998929 .3150969 
.002 .04384 

2.6861406 .1796989 
.111 .01677 

1133.5656 
.000 
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TABLE C.15. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-7, RESPONSE VARIABLE Wl ) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC2 .1145 .6593E-02 

B1 . 3696E-01 . 5929E-02 

SEC1 • 2173E-01 . 6914E-02 

Sl - .8195E-01 . 2741E-01 

TMID .2056E-02 .7804E-03 

DT - .1723E-02 .789lE-03 

CS . 1645E-02 .1596E-02 

Constant .7226E-01 . 4871E-01 

Dependent Variable: WI (mils) 

Standard Error of Estimate: 0.017 

Mean: 0.281 

Standard Deviation: 0.0530 

C. V.: 18.8 % 

R2: 0.91 

n = 52 

F Beta 

Significance Elasticity 

302.04427 1.0629960 
.000 .15664 

38.872234 .3253600 
.000 .09097 

9.8769924 .2015999 
.003 .02971 

8.9376141 -.6584621 
.005 -.06722 

6.9436944 .6022963 
.012 .52018 

4.7678403 -.1886526 
.034 -.04133 

1.0622553 .0784118 
.308 .05420 

2.2007954 
.145 



TABLE C.16. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-8, RESPONSE VARIABLE WI) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC2 . 4934E-01 .7098E-02 

DT . 1853E-02 . 4480E-03 

CS .5779E-02 . 1632E-02 

SECI . 9688E-02 . 7468E-02 

Sl - .9493E-02 • 8965E-02 

Constant .1639 • 1589E-Ol 

Dependent Variable: WI (mils) 

Standard Error of Estimate: 0.017 

Mean: 0.251 

Standard Deviation: 0.0346 

C.V.: 13.8% 

R2: 0.79 

n = 36 

F Beta 

Significance Elasticity 

48.332229 .6820782 
.000 .06558 

17.121163 .3514946 
.000 .05092 

12.540544 .4606231 
.001 .22964 

1. 6829352 .1339169 
.204 .01288 

1.1213203 -.1312248 
.298 -.01262 

106.40946 
.000 
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TABLE C.17. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-9, RESPONSE VARIABLE W1) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC2 .7125E-01 .7202E-02 

B1 • 2458E-01 • 7591E-02 

Constant .2375 .7202E-02 

Dependent VAriable: W1 (mils) 

Standard Error of Estimate: 0.025 

Mean: 0.282 

Standard Deviation: 0.0428 

C. V.: 15.2 % 

R2: 0.67 

n = 52 

F Beta 

Significance Elasticity 

97.869457 .8187424 
0 .09720 

10.485799 .2679936 
.002 .06037 

1087.4385 
0 



TABLE C.18. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-10, RESPONSE VARIABLE WI) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC2 .4066E-01 .7942E-02 

CS .7036E-02 . 1826E-02 

DT . 1507E-02 • 4962E-03 

SEC1 . 1232E-01 • 8358E-02 

Sl - .1060E-01 .1004E-01 

Constant .1586 . 1779E-01 

Dependent Variable: WI (mils) 

Standard Error of Estimate: 0.019 

Mean: 0.0253 

Standard Deviation: 0.0332 

C. V.: 13.1 % 

R2: 0.71 

n = 36 

F Beta 

Significance Elasticity 

26.210417 .5853713 
.000 .05350 

14.843860 .5840871 
.001 .27681 

9.2295763 .3012428 
.005 .04129 

2.1758356 .1775018 
.151 .01622 

1.1141754 -.1526062 
.300 -.01395 

79.467207 
.000 
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TABLE C.19. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-11, RESPONSE VARIABLE W1) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC1 - .1027 . 1393E-01 

DT - .6004E-02 .8376E-03 

CS • 8633E-02 .4540E-02 

SEC2 . 3485E-01 . 1393E-01 

B1 . 1268E-01 . 1258E-01 

Constant .2985 . 3699E-01 

Dependent Variable: W1 (mils) 

Standard Error of Estimate: 0.036 

Mean: 0.313 

Standard Deviation: 0.0802 

C.V.: 25.6% 

R2: 0.82 

n = 52 

F Beta 

Significance Elasticity 

54.389704 -.6294758 
.000 -.12612 

51.380490 -.4467418 
.000 -.13091 

3.6152870 .1296341 
.064 .23369 

6.2580439 .2134348 
.016 .04276 

1.0163108 .0737116 
.319 .02802 

65.160100 
.000 



TABLE C.20. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-12, RESPONSE VARIABLE WI) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC1 - .8971E-01 .1369E-01 

SEC2 .4807E-01 .1368E-01 

DT - .2488E-02 . 5368E-03 

Sl . 2552E-01 . 1306E-01 

B2 - .2449E-01 . 1590E-01 

Constant .3300 . 1468E-01 

Dependent Variable: WI (mils) 

Standard Error of Estimate: 0.021 

Mean: 0.294 

Standard Deviation: 0.0623 

C. V.: 21. 2 % 

R2: 0.90 

n = 36 

F Beta 

Significance Elasticity 

42.890554 -.6880136 
.000 -.10185 

12.344745 .3686422 
.001 .05457 

21.490935 -.2691092 
.000 -.05945 

3.8149803 .1957515 
.060 .02898 

2.3718720 -.1979853 
.134 -.04634 

505.14593 
.000 
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TABLE C.21. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-13, RESPONSE VARIABLE W1) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

DT ... 1201E-01 . 3696E-02 

SEC1 - .2209 .7729E-01 

Constant .6391 . 5566E-01 

Dependent Variable: W1 (mils) 

Standard Error of Estimate: 0.125 

Mean: 0.465 

Standard Deviation: 0.1930 

C.V.: 41.5% 

R2 0.65 

n = 12 

F Beta 

Significance Elasticity 

10.561975 -.6408480 
.010 -.21615 

8.1740360 -.5637684 
.019 -.15841 

131. 85465 
.000 



TABLE C.22. SUMMARY OF MULTIPLE REGRESSION ANALYSIS II 
(DATA SET 5-14, RESPONSE VARIABLE WI) 

Estimated 
Independent Regression 
Variables Coefficient STD Error B 

SEC1 - .2278 . 4240E-01 

TMID - .7567E-02 .2085E-02 

CS • 2487E-01 . 1572E-01 

Constant .9647 .2703 

Dependent Variable: WI (mils) 

Standard Error of Estimate: 0.06 

Mean: 0.406 

Standard Deviation: 0.1242 

C. V.: 30.6 % 

R2: 0.83 

n = 12 

F Beta 

Significance Elasticity 

28.875027 -.9032983 
.001 - .18716 

13 .162350 -.5351578 
.007 -1.82148 

2.5022136 .2662976 
.152 .63145 

12.736854 
.007 

235 





APPENDIX D 

TEMPERATURE PREDICTION PROGRAM LISTING, 
INPUT GUIDE AND EXAMPLE OUTPUT 
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PROGRAM LISTING OF TEMPERATURE PREDICTION MODEL 

PROGRAM PT~MP (INPUr,QUTPUT) 
a~rGI~AL VfR~IO~; 

~[VISEO V~QSION 1.~: 

111. SH~'-IIN CFH' :~-:';. -:>':PJPT J ?~-14 
WlIl-!::ql I)"'::'[N ':;~-P.:982 

VERSION 3.0 

TI1[5 PROGRAM CAlCULA feS '')AV;:-MENT T:'kilPQ,l""UiF') 
A TAN Y 0 f P T H K NOW I W:' T H'- M" i q [: N T T ( 111 P t: RAT U ;~-~ 
ANn WEATE~~D CO~O[Tl~NS ANn THe THfR~Al PqO­
P~~TIES OF M1TERIAl. 
TA AVfRAGE A[~ T~MP[RATUR~(F) 

TR TfMP[RATURf DAILY :nNG. (F) 
V WINO 3PfEO (~PH) 

A L S () L A R R A 0 I Il. T r I) ~j {L A "! r; L l Y C; P .- R 0,11 y) 

~ DEPTH (INCH::S) 

T H [R MAL P f? ') ~ ; P T Ii'; (1 f "'1 u T rei ! ,H 
l.J MA T :;- PTA I Ij:'! ~~ ~ 1 ( C 'If C t; • r T • ) 

ilK TH'H~'IAl COi\J'HJCl [VITY 
(I-lTII!Sn.FT.!rlfll;'/rT./n "Rf- f' 
s p r ( rr r r 1-1' J' T ( :) r \} / r d I J ::- r; Q ~ ~ r) 
AusnPTIVITY O~ ~DLA QAJIATI0N 

(OMMeN C.H''''.TI\.r~ 

( (" nNe ::l"_ T .-- ) 

1'. • ~ 
r • ~) 

I' .. "., 4 

r [rJ ~ 'i:; [ 0 'i T t ~ l ; ( ! .. ) • T ,- .\L' : ( • ' I ,T' 4['\" ( ) • , • _. T ( .~ " ) .. T "! ") ( '~., ) 
! ) A TAT r M P 1 (~ \ , T r- 'v1!)') ( ! ) • 'j r ( I ) • T .~ I '( 1 I : . • ' t ) • 

P [ Af' 1 1 , ~n (1 ~ 

r. T I) T -= T I) TAL .; !'.. I) F P ,I~ f! L c· • ~ ~ 

1010 U!=l.IIJTOl 
DATE ANn LOCIITIV' o~- l\11-;~-u,r·/.';:-~q~ 

PEAO 41,NPr:np,(T[TLL(I),r=1.') 
PRINf '+],NPrH)~t( TIflJ( I> tI=l ,'",) 
RFAO 12,TA.TI 
PEAD 12.v.w.~,aK.H.AL.v 

P~!NT 14.TA,TP,II,W.~,'\i<.!~,AL ,)( 
prnNT (t3 
pp trH .~ I~ 

,'\ '-l= 1 •. ~ + r. • ~,:-, l I.' .. ". 7':', 

tl'=l\H/4K: 
l\C=4K!CS*t.J) 
c -= ( • 1 ,~ 1 I ;\ c: , .. " • ') 
~7 -= • (, {... 1* q .. :, • c. (, ,., /\. L I ( ?I • " i\ . .; ) 

CAll WTEun,-.,T~~Pl) 
r: ALL w Tf M P ( Y, , T r. '"1 P:: ) 

f' I') 7 C I J -= 2 , ," 
I) T ( r J ) = T t, ~1 P ~ ( I .) J - T r \' r ~ (r I) 

T M r 0 f I J ) = ( T'- •. ~ P] C [J) • f " ~ p ~-' ( I oJ) ) I ') • 
7f) r'lNT r ~JIJ::: 

~. . , ,_e ."';.,' 
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fln ~.,'1 "=2. ;?5 
T Hni IP=,r-1 
1'T1"'=.'+5. 
l~ rJTl~.~T.'2.' 'TrH=rTTM.'~. 
T~(.f.GT.'" r,O Tn t" 
I F' ( • T • L r • h , P I? piT c:; 1 , T H ('\ II w , ITt M , T "" M F 1 en , T E M P c? (Tl , I) T ( I) , T •• q D ( J ) 
, F Cl • En. n P~?[ II T "", I I~ rill "1 , T T T /wi , T F ~ f1 t ( J 1 , T E M P C ( J \ , IH ( n , T M T () ( ,n 
(~(J Tn ;H 

to" T F ( " • Lt:. la" P k T ~j T <; t, , , 'i I) II P , T t T '1 ~ T F M P t ( J \ , T pi P 2 ( .Il • () I C J ) , P"l n en 
I~(T'IM.~T.'~:\ J T I M=tTIM-li. 
p: ('. f G • 1 (I , P r~ PI T ., ,,I • 1 11."'\ II ~ , l T I ,~ • T f: M P 1 (..1'\ , T pl P 2 ( J 1 • D f C J \ , T "" I [) f .J ) 
t ~ (J. r; T • 1 q, "10<', [ IT C; 1 , fl'Hl Uk, T TT t-JI ~ "r F M P t ( .n , T E /wi P? C J ) • n T ( J 1 , T"" T n eJl 

~ I r: n~: T f "it It" 
t 1 r: (1 ~; T ( 1\', If" 
tJ t C'nlJf.IA T (I C;, r.; (,Ii 41 ,,' 

It 0.1 C' n k M "- T ( 1 lj 1 I " '( ... P r< i) Ii. ".I i I. * , r", II;:X , r:; it 1 ,~ , I) 
/J\ F(lkl"''''T(ITX,''H''''~ (1C" iIAV*,At:,*TfMI',Tn p TEMP,ROrTO"*~)(,*DT., 

, ., 'i , .. Hoi f fa I \ 
~.1 F fl ,i M ~ T ( I , 1, '~ , .41' II J ~ <; * , '.' it , * 1") F G • - r * • 'i )( I * rl E G ... ~' • , 7)( , ... 0 ~,' G ... C" * , " 1I , 

1.',rf..-F"*I, 
1 t ~ (l iH-I 1\ TrIG, 
t? rn ... MAT(':\F"1·'.<\ 
tj t F • H? MAT f 1 )( • J IJ , , 9 , .. A • '4 • '* , 'X , ;;> ~l .. ," 1 , 3). , 2 F tv". t ) 
" ;;> f:.' [I' ~ MAT ( 1 x • I l! , TO. .. 1\; In' I I\' I ~ X , ?.. , .1 l' 1 , ~ l( , 2 f 'f~. 1 , 
tj\ \:" fI ~ q t. T (1 x • J l! , 1 'J • ... p • ~ .... , ~ ... ? J: 1 ,.1' 1 I 'J lI. , ;;> ~ , ~ • t ) 
tjI.J Fn4I"'ATr1x.lll,t~,,* ·>tTI"II,lr,HT .,FQ:"Flva.1,]X,i.F1v'1.t' 
\ IJ F f 1 P "', " T ( C; • , .. II V F.: • II [~ T F 11 P • = '* , F 1 :;. ~ , 5 X , * Df: G • F * , I , 

1 G~.*T~~P.qA~r,E =*,r'0.,,~,,*nF~.F *.1, 
? C;)I ... I'" I r,1 r) V F 1_ f) ('" TTY ;: .. , f 1 [' • " !) x , *"" PH. .. " I, 
'\ I!\ 1t , .. M ~ T L. "f ~J S J T'( =., F' 1 n. , , "X" • P C F • * , I, 
lJ 5)( • '* ~ P r: C T FIr:: H ~ aT;: • , r , c' • , , 'i 'i , • f~ T II • P E I-l P 0 u t.J r '\ t_ r; • F * , I , 
~ C; )( , .. (. ( 'I 'J (I \ leT ! V 1 T Y = * • FIr·, • l , c:; )( , ... r, r II • , H LJ U R , ~ T • , ,) E r. • F .. , I , 
b S X , It '" q s n R ~"; r] v T TV = .. , ~ 1 !' • " , I, 
7 ~)(.*5r)l.Aj« RIll. ..,FH'.",5lt,*1 At'!GLfYS PI::.R QAY *,1, 
f, C;(,.')FPTH =*,FIP.,,".(,*INCHFS.,I' 

F~ii'l 
f;, I \.l, P n II T r 'W ,'j T F I: P r 'I. , T F l.4 P l 
rn~~o~ r.~,W,r"TP 
nTMF~,15rl)tJ fE!IP(3'1\ 
l?=(.'(HC/l,? 
7'=H*E)(P(7l'l(rH ... c'*.~+r.*,*?l"'*.C; 
I)n ~(I ,/::;l, ~r:; 

ITl·~.,r 

TIU".Gr.q'l Gf"l Tn " 
78=b.~J7h~.(.~~7h·TTl~+.1au.22·.'RAl 
Gn Tn ,') 

JJ IF(J.~T.lu) Gn Tn J? 



Z4=-14.1534*(.02J57*IT[~+.07~.l2-.28R) 

GO TO 35 
32 llt=-6.94274·(.02057-ITIM+.12·Z2-.28R) 
35 l5=SIN(Zf+) 

IF (Z5) 21,?;'.2? 
21 TM=TA+R 

TV=.4*TR 
GO TO 23 

22 TV=O.5*TR+3.r*p 
TM=TA+R 

23 TEMP(J)=TM+TV*Z3*l5 
20 CONTINUE 

RfTURN 
END 

EXAMPLE INPUT OF 19B1 DATA FROM COLUMBUS,T~XAS 

4 
1 COLUMAU<S BYPASS SH 71 /.\UG.(~6,1181 

9'5.500 ?5.0CO 
H.300 lSO.COO .24(1 .980 .rn 

2 COLUNIHUS AYPASS SH 71 AUG.07.1Q8l 
85.000 24.000 

7.500 150.000 .240 .qoo .151 
3 COLUMAUS BYPAS3 SH 71 N()V.30,1181 
If).500 9.1)00 
10.500 150.000 .240 • (~ ') a .750 
4 COLUMAUS BYPASS SH 71 D':"C.1lt19Rl 
60.000 32.0::0 
10.800 lCSO.OCO .241 .:~ 0 0 .75') 
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SI5.00t:! 10.000 

51c;.OOO l'J.')f)O 

255.000 lO.ODr 

2'55.000 lO.OCtJ 
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INPUT GUIDE 

NTOT 

NTOT = Total number of problems (maximum of 5 problems) 

FOR EACH PROBLEM 

NPROB One Card 

[l5J 5 x 5 A 10 

NPROB Problem number for identification 

TITLE(I) = Date and Location (I = 1 to NTOT). 

TA TR 

jFlO.3 FlO.3 One Card 

TA = Average air temperature (OF): (From weather record) 

TR = Daily temperature range (OF): (From weather record) 

v W S AK B AL x 

FlO.3 FlO.3 One Card 

v = Wind speed (mph): (From weather record) 

W = Mix density (lb/cu.ft.): (See Table 4.3) 

S = Specific heat (BTU/lg/oF): (See Table 4.3) 

AK = Thermal conductivity (BTU/sq. ft./hour/oF/ft.): (See Tables 4.2 and 4.3) 

B = Absorptivity: (See Table 4.3) 

AL = Solar radiation (Langley's/day): (From weather record) 

X Depth (inches): (Equal to thickness of concrete slab) 
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EXAMPLE OUTPUT 

PROS. NO. t COLUMBUS BYPASS 51i 11 AUG,06,1981 

AVE. AIR TEMP._ eS~S00 DEG.F 
TEMP~RANGE II 2S,l0"~ DEG.F 
WIND VELOCITY - 8,.5091 MPH. 
MATL. OEN5ITY :I HH'. "0~ PCF. 
SPECIFIC HEAT - ~24" ~TU.PE~ pOUND DEG.F 
CONDUCTIVITY 1II ~9A0 8TU.,HOUR,FT.,OEG.F 
ABSQRBTIVITY II .759 
SnLAR RAD. • 51'S~IrHH! LANGLEVS PER DAY 
DEPTH D 10.lH'''' INCHES 

HOUR OF DAY TEMP,TOP TEMP,BOT1OM DT TMID 

IinURS OF.G:.F OEG •• F OEG ,.f' DEG,-F 

1 7 A,M. 89;8 95,6 -5.9 92.7 
1, 8 A,M. 91,\ 95.3 .4.1 93,2 
3 q A.M, q3,2 q5,0 .1.7 94.1 
IJ 10 A,M, Q5," 94.8 .9 QS.3 
e; 11 A.M. U~0,4 Q4~8 \1.6 100.6 
~ 12 NOON 115,4 94,9 20.5 HIS. 1 ., 1 P.M, 121,4 Q5.t 26,3 108,3 
A 2 p ..... t23,5 Q5~Q 28.1 109,5 
q 3 P.M. 121,8 95.5 ;t6.e 108,7 

1A 4 p.M. 11 7,1 9&,2 21.5 10b,q 
tt 5 P.M, 111,b 97,4 14.2 104,5 
1~ b P,M. U~4,0 96.5 5.6 101,2 
\3 7 p.M. c.15,7 99,3 -3,5 97.5 
111 8 P.M. Q4,e 9Q,8 .5.16 97.3 
ie; 9 P.M, 93 I.) 99,1 .5,8 90,8 , 
I" 10 P.M. tU,A 9Q.5 .6,5 90.3 
1., 1 1 P,M. 92,2 99,2 .'.0 95.7 
1" 12 MIDNIGHT 91,5 98,9 .7." 95,2 
lQ 1 A.M, Q0,A 98,5 .7,6 94.1 
2Q1 2 A,M. QA,! 98f~ .7.1 9",1 
2\ 3 A,M. A9,8 97,5 .7.7 93,7 
2~ Q A.M, 89,5 Clb,9 .7,1J 93,2 
23 '5 A,M, 8Q,] 9b.4 .'.0 92,8 
211 6 A.M. 89.3 95.8 -6,5 92,5 



244 

P~nf~ , NO, t' COLUMBUS ByPASS SH 11 AUG,~7,lq8t 

AVE. AIR TF.MP.= 8C;~\I1~~ I)EG,f 
TEMP,FlANGE = 2t1. ""HI "~G,F 
~It ~O VELOCITY = 7, 5~w MPH, 
~ATL. nEt.JSITV • 15t?J.~01!!! PtF, 
~PECIFtC HEAT - .?IJQI RTU.PEk POUND OEG,F -r rn..!DUC T I V I TV = .qVl~ ATu.,HOUR,fT"OfG,F 
.ARSORATlvlfV • ~7S~ 
~t)LAR PAn. = 57r;.t:'",p lANGLEVS PER I)A V 
nFPTH • ''''. f{1"~ INCHES 

HnllR OF f)AV TfMP, Tr;P Tf.MP,~nTTOM OT TMIO 

H"'I!f.:~ f)E(;~""f UEti •• r nEG,.F OEG,-F 

1 7 A. lot. q~;2 qS.7 -15,5 Ci2.q 
~ A A.M. en ,'-' q5,3 .l,q Q3," , q A.M, cn,a QS.t -1,0 Q4,3 
IJ 10 A.M. qS,'" Qu.q ,q q'J,3 
t:; 11 A.M. 1~6,5 Q",q it ,0 1~0,7 

#:'I 12 NOON t1S,t:; QS.0 20,b 105,3 
7 t P,M, , 21 , b qS,2 2b." 108.1J 
R 2 p. ~~, 1;:13,'" QS.5 28,2 10Q,b 
0 3 P,M, 122:'" QS.6 26,4 t0e,8 

t (.J G P.M, 117:Q Qb,3 21,6 101.1 
It r; P.M. 1 it; 7 en ,5 1",3 U'l".6 
t~ f:I P.M. ,~HI.t CiS.1i S,b UH ,3 
1, 7 P.M. qr;;8 qq.] -3.b q1,5 
, lJ f! p."". «UI,~ qQ.q -5.0 q1." 
Ie; q p."'-. q~,1 qq.f' .5,7 Q6.9 
t~ 1~ P.M, ·.)3.2 Qq.b -6,1 Q6." 
1 7 1 t P,M, q?;s qq~3 -6,8 Qs,q 
1 ,. It' M HPJ I GH T en ,8 qa.q .7.2 QS,4 
t q 1 A,M. qt~l qe.e; .7," Q4,Q 
2~ 2 A,M, t'J@,'" qa .1 .7," q",4 
21 3 A.M. Qe 2 Q7,b .",3 q3,9 , 
2p IJ A. t>1, Aq,~ 97.0 -7.1 q3,S 
2l 5 A.,... ~q,~ 96,1.1 -6,7 Q3.1 
~i.I b A,"'. 89,' QS,e -b.l Q2,8 
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PROBe NO. '3 COLUMBU S BYP~SS 51-1 11 NOV.B.19'31 

AVE. AIR TEMP.= 10.500 )EG.F 
TE MP.~ANGE :: 9.000 DEG.F 
WINO VELOCITY :: 10.500 MPH. 
HATL. lENSITY :: 150.000 PCF. 
SPECIFIC HEAT :: .240 BTU.P£l~ PIJ\J/'IIO DEG.F 
CO NO UC T I \I I T Y :: .900 ATU •• HOUR.FT.,OEG.F 
ABSOR'3TI\lITY :: .1CSO 
SOLAR ~ AD. :: 2c)'5.000 LANGL€:YS P::R DAY 
DEPTH :: 10.000 INCHES 

HOUR OF DAY TEMP.TOP TEMP,BOTTOM OT TMI£) 

HOURS DEG."F OEG."F UEG ... F O!:':G.-F 

1 1 A.M. 12.2 lit. '1 -2.2 13.3 
2 8 A.M. 12.8 14. :5 -1.5 1~.5 

3 9 A.M. 1:5.6 14.2 -.1 13.9 ,. 10 A.M. 14.5 14.1 .3 14.3 
5 11 A.M. lA.1 14.1 4.6 16.4 
6 12 NOON 82.'1 14.2 A.2 18.3 
1 1 P.M. A4.R 1 It. 3 10.5 19.5 
8 2 P.M. 85.6 1 It. 4 11.2 AO.O 
9 3 P.M. 84.9 14.4 10.5 19. 1 

10 4 P.M. 83.3 14.1 8.(, l'hO 
11 5 P.M. AO.S 15.2 5.1 18.0 
12 6 P.M. 11.8 1'1.6 2.2 16.1 
13 1 P.M. 14.5 15.9 -1.4 15.2 
llf 8 P.M. flf.l 16.1 -2.0 15.1 
15 9 P.M. 13.8 '*;.1 -2.3 14.9 
16 10 P.M. 13.5 1;.0 -2.5 llf.7 
11 11 P.M. 13.2 15.3 -2.1 llf.5 
18 12 MIDNIGHT '2.9 '5.A -2.9 llf.3 
19 1 A.M. 12.1 15.6 -2.9 14.1 
20 2 A.M. 12.4 15.lf -'3.0 13.9 
21 3 A.M. 12 .. ~ 75.2 -2.9 13.1 
22 If A.II". 12.2 15.0 -2.8 13.6 
23 5 A.M. 12.1 IIf.R -2.1 13.1f 
21f (, A.M. 12.1 14.5 -2.5 13.3 
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PFHJ8. NO. tl COlUMBUS BVPASS SH 11 DEC.{/ll,t,el 

AVE. AI~ TEMP,_ b0.~0" DEr"F 
TE MP,JUNGE II 12~"'00 "EG,F 
wpm VELoc IT'V :I tV!~APP, MP,"" 

MjTL. "ENSIlY • 15i'1 ~ 'h~'" pef. 
~PFCIFIC HEAT • ~2lJ~ fnU,PEflI pOUND OEG,F 
r (nJO Ii C T I V I T If :: .gee B1U"HOUR,FT"DEG~F 
ARsnRRTIVITY :It ."S~ 
1IiOlAR RAO, I: 25S.0~~ tANGLEVS PER DAY 
I"'EPTi"I :: U'. "','" INCHES 

HOUU OF ()AV H)~P, TOP TEMP,AQTTUM OT TMID 

Hn"R~ OrG:_F DEC; .-F DEG,-f OEG,-F 

1 7 A.M. C;s;q t.3,~ -7,9 S9,9 , ,. A,M. C:;l,A 63.3 -5,6 60,0 
~ q A,M. bf. b 62,9 .2,3 61,8 , 
IJ Ie A.M, 63.9 02,7 1,2 63,3 
t; 1 t A.~. 71~2 62,6 8.5 66,' ,.. 12 NOON 77,3 b2,e t4,5 7111,0 
1 1 P,t-1, ,.t.LJ 03,1 18,3 72,2 
A 2 P.M, 1;2:P 63,e; tf~, 3 73,2 
Q 3 P,M. ~lt :b 01.7 17,9 12,7 

t~ Q P.M. 78:8 otl,3 ttA,O 11,6 
11 5 P,M, 7Q~7 b15.1 9,D 09,9 
1 , 6 p .... , ,,9,6 05.8 3.8 07,7 
t, 7 P,M, 63,Q 00.3 .2,tA 05,1 
I IJ 8 P.M, 62,7 ob.1 -4,0 64,7 
t.:; Q P,M. ot • .:; 66,6 -S,2 64,1 , ~ 1~ P.M. 6~:3 66.5 -6,2 63,4 
t7 11 P,M. 59~2 b6,3 .7,1 62,8 
Jp 12 MIONtPn '58.2 b6,l .7,8 62,2 
to t A,M, 57~4 05,8 .8,4 61,6 
?~ 2 ',M. Se," 05,5 -8.9 61,(1) 
2, 3 A. ,fool, C;6,~ b5,1 -9.1 60,6 
2? II A.M, r;5,~ btl,8 .9.2 t.0,2 
2~ 5 A.~. 155,3 ;:'4.4 .Q.l 5',8 
2/J b A.M. C;~.< b4,~ -8,7 59,0 
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APPENDIX E. TEMPERATURE CORRECTION AS APPLIED TO THE DEFLECTIONS 
MEASURED AT THE PAVEMENT EDGE 

TEMPERATURE CORRECTION PROCEDURE 

A procedure to apply a temperature correction to the Dynaflect 

deflections measured near or at the edge of a rigid pavement is described in 

this appendix. As discussed earlier, in Chapters 3 and 4, temperature 

differential, DT in the slab was the most important temperature parameter 

which significantly influences the deflections measured at the pavement edge. 

The relationship between WI (sensor 1 deflection) and DT at the pavement 

edge is shown in Fig E.1. The deflection measured at any temperature 

differential should be corrected to bring it to the condition of zero 

temperature differential. The step-by-step procedure is outlined below. 

(1) Collect repeat Dynaf1ect deflection measurements at a location at 
Or near the pavement edge. 

(2) Measure the temperatures of the top and the bottom of the concrete 
slab corresponding to the time of deflection measurements. The 
data are to be used to estimate the corresponding temperature 
differentials. An estimate of hourly distribution of the 
temperature differential can also be made by utilizing the 
predictive model described in Chapter 4 and making use of the 
climatological data for the test location. 

(3) Develop a simple linear regression equation with WI (sensor 1 
deflection) as the dependent variable and DT as the independent 
variable. This can be accomplished on a programmable hand 
calculator. 

(4) The slope of the best fit regression line (from step 3) represents 
the change in the W 1 due to a unit change in DT. Calculate 
required amount of correction in the WI measurement by mu1 tip lying 
the slope with the corresponding value of DT. 
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Section 1 

0.25 Measured Deflection 
U) -
E 0.30 .. 
S 
~ 0.35 
CD 

'; 
o 0.40 

;= OA5 A--'-----'-----'----'--....I..--

f/J -
E .. 
c 
.2 .... 
CJ 
CD -.... 
CD 
0 

;= 

f/J .-
E .. 
c 
0 .... 
CJ 
CD .... 
CD 
0 

;= 

0.25 

0.30 

0.35 

0.40 

0.45 

0.25 

0.30 

0.35 

0:40 

0:45 
-5 

Section 2 
Measured Deflection 

Section 3 
Measured Deflection 

.& 

o 5 10 15 20 25 
Temperature Differentia I, D Tt 

degrees F 

Fig E.I. Measured WI deflections versus temperature differential 
relationship at location IL, Columbus bypass, SH-71 
(1981 data). 
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(5) Calculate the WI corresponding to the zero temperature 
differential by applying the estimated correction to the measured 
deflection, WI' In the case of a positive value of DT, the 
corrected deflection will be larger than the measured deflection or 
in other words the correction will be additive. 

EXAMPLE OF TEMPERATURE CORRECTION 

This section presents an example to illustrate how the measured WI 

deflections were corrected to obtain the true deflections corresponding to a 

zero temperature differential. 

The data for W 1 and DT corresponds to location lL of the test sections 

at the Columbus bypass. Each data set corresponds to 12 repeat deflection 

measurements for section no. 1, 2, and 3, respectively. The estimated 

regression coefficients of the best fit line in each case are presented in 

Table E.1. The WI versus DT plots and the regression lines are illustrated 

in Fig E.1. The corrections were applied as explained in steps 4 and 5, in 

the preceding section. The resul ting corrected deflections versus DT are 

plotted in Fig E.2. The corresponding measured deflections are also plotted 

in the same figure. Figure E.3 illustrates the best fit lines for the 

measured and corrected deflections. As expected, the regression lines for 
2 

the corrected deflections are practically horizontal, with values of R 

equal to zero. This means that the influence of temperature differential has 

been removed from the measured WI deflections. The summary statistics for 

measured and corrected deflections are presented in Table E.2. It is noted 

that coefficients of variation for corrected deflections in all three 

sections are within 5 to 7 percent, which reflects the acceptable range of 

inherent variability in the Dynaflect deflections. 
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TABLE E.1. ESTIMATED PARAMETERS OF THE BEST FIT REGRESSION LINES FOR 
LOCATION 1L(AT 1 ft FROM THE PAVEMENT EDGE) 

Estimated 
Parameters Section 1 Section 2 Section 3 

(Constant): 0.38384 0.39319 0.35843 

Slope: (B) -0.00685 -0.00515 -0.00477 

Beta -0.8484 -0.8369 -0.8792 

Elasticity -0.1207 -0.1024 -0.1029 

Statistics 

R2 .72 0.70 0.77 

S.E.E. 0.0266 0.0263 0.0192 

WI = Dependent Variable (mils) 

DT( OF) Independent Variable 



TABLE E.2. SUMMARY STATISTICS OF MEASURED (WI) AND 

CORRECTED (W
T

) DEFLECTIONS AT LOCATION lL 

Dependent Variable 

Section 
Summary 

Statistics WI (Measured) W
T 

(Corrected) 

1 

2 

3 

Mean (mils) 0.342 0.384 

S.D. 0.049 0.025 

C.V. 14.0% 6. 6/~ 

R
2* 0.72 0.00 

Mean (mils) 0.357 0.393 

S.D. 0.045 0.025 

C.V. 12.8% 6.4% 

R
2* 0.70 0.00 

Mean (mils) 0.325 0.358 

S.D. 0.038 0.018 

C.V. 11. 8% 5.1% 

R
2* 0.77 0.00 

*From simple linear regression analysis with DT as 
independent variable on combined data of Summer 
and Fall 1981. 
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Section 1 
0.25 A Wl, Measured oWl, Corrected 

Cf) A 
'E 0.30 

-A 
A 

... 
c:: 

~ 0 A - 0.35 0 ~o (.) 
Q,) 0 ..... 

0 Q,) 

OA-O Cl 0 0 0 0 

3: 
OA5 

Section 2 
0.25 

Cf) 
AWl, Measured oWl, Corrected 

E 0.30 
A 

AU .. 
c:: 
0 

~ - 0.35 (.) 

i Q,) t A 000 ..... 
Ac9 ~ OAO 0 

A 0 - 0 3: 
0A-5 

Section 3 
0.25 A W1, Measured oWl, Corrected 

Cf) A A -
E 0.30 A ~A .. 

~A c:: 
0 0 A A .- 0.35 - o 0 0 000 (.) 

0 Q,) 
oA 0 0 ..... 

Q,) OAO CI 

3: 
OA5 

-5 0 5 10 15 20 25 
Temperature Differential, DTIl 

degrees F 

Fig E.2. Measured and corrected WI deflections at location 1L, 
Columbus bypass, SH-71 (1981 data). 
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0.25 Section 1 
tJ) /R2=0.77 
E 0.30 Measured>/ .. 
c: /' 0 - 0.35 /' 0 
Q) 

R2=0.00 ~ 
Q) /' 0 O~O Corrected 
3: 

0~5 

0.25 Section 2 
tJ) 

E 0.30 
/' R2=0.70 

.. ,/' c: Measured\/ 0 - 0.35 ,/' 0 
CD ,/" 
~ ,/' 

Ff=O.OO CD 
0 O~O ",,7 , 
3: 

'-- Corrected 

0.45 

0.25 Section 3 
/R2=0.77 tJ) 

E 0.30 Measured~/ 
.. 

c: / 
0 

0.35 / - < 

\: Corrected 

R2=0.00 0 > 
Q) ." 
~ 
CD 0.40 0 

3: 0.45 '--_'--------I._----l.._.....I...._.......&...._...J 

-5 o 5 10 15 20 25 
Temperature Differential, DT, 

degrees F / 

Fig E.3. Best fit lines for measured and corrected Wl deflections at 
location lL, Columbus bypass, SH-7l (1981 data). 
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APPENDIX F. EXAMPLES OF YOUNG'S MODULI BACK-CALCULATED FROM 
DYNAFLECT DEFLECTION BASINS 

Figures F.l and F.2 show a comparison of the two computer programs, 

BASFIT (Version 3.0) and ELSYMS, used to back-calculate static moduli of the 

pavement layers. During investigations, it was found that the old version of 

BASFIT gave erroneous results in the case of a rigid bottom. The version 3.0 

of BASFIT was therefore developed employing a recent version of LAYERS; which 

gave results comparable to the results from ELSYMS (see Fig F.2). BASFIT 

(version 3.0) was later used in all the investigations discussed in Chapter 

S. 

Typical results of Young's moduli back-calculated from deflection basins 

measured for different pavement structures are illustrated in Figs F.3 to 

F.ll. 
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BASF I T (VER. 3) ELSYMS 

lO" E I = 6,000,000 psi 
+-
4 11 

E - 655,000 psi 
-+ 

2-

6" E3= 315,OOOpsi 

~ 
""""'J.. r ;"" 

E4 = 32,000psi 

~. 1)0 1: 00 2: 00 3: 00 -4""':-0-0--~ 00 
DISTANCE FRrJM SENSrJR NrJ. 1 (FT. J 

PC. Concrete 

A.C.Base 

L.T. Subgrade 

Natural 
Subgrade 

Fig F.l. Comparison of calculated deflection basins (infinite subgrade). 
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DEFLECT I l?JN BASI N -·C!JL UMBUS 
SUMMER 1981 SECTl~N:3tLBCRTIBN:GLJ 
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p. C. Concrete 

A.C. Bose 
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dl Natural Subgrade 

~~_ I --r" ~5;;: 1 099Ip.~i RiQ~? Bottom 
9:1.00 1. 00 2. 00 3. 'JO 4. {JO S. 00 

DISTANCE FR~M SENSf~H Nt'. llFT. j 

Fig F.2. Comparison of calculated deflection basins (case of rigid bottom). 
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Fig F.3. Measured and calculated deflection basins (Example 1). 
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Fig F.4. Measured and calculated deflection basins (Example 2). 
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Fig F.S. Measured and calculated deflection basins (Example 3). 
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Fig F.6. Measured and calculated deflection basins (Example 4). 
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Fig F.7. Measured and calculated deflection basins (Example 5). 
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OEFLECTI~N BRSIN IH-10 
DRTR FR~M REP~RT# 256-1 
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Fig F.B. Measured and calculated deflection basins (Example 6). 
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Fig F.9. Measured and calculated deflection basins (Example 7). 
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Fig F.lO. Measured and calculated deflection basins (Example 8). 
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Fig F.II. Measured and calculated deflection basins (Example 9), 
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