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PREFACE 

This report describes the research related to nondestructive evaluation 

of pavements conducted undf'r Research Project 3-8-84-387, r'Purchasing and 

Adapting a Falling Weight Deflectometer for Nondestructive Evaluation and 

Research on Rigid Pavements in Tp.xas ll
• This research project is being 

conducted at the Center for Transportation Research, The University of Texas 

at Austin, as part of the Cooperative Highway Researcb Program sponsored by 

the State Department of Highways and Public Transportation and the Federal 

Highway Administration. A framp'\iork for structural evaluation basPd on 

dynamic dp.flp.ctions is presented in this report. 
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of Professor J. M. Roesset and Ko-Young Shao, a graduate student in the 

Department of Civil Engineering of The University of Texas at Austin. 
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Texas Business School for his constructive comments and critical rf'view of 

statistical methods used in the research presented here. Thanks are due to 

Professor B. F. McCullough for his helpful suggestions and support during thp 

course of this research. The authors are especially grateful to the staff of 

the Center lor Transportation Research, who provided technical assistance and 
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cooperation, particularly Jeff Kessel, Sohpil Nazarian, Victor Torres-Verdin, 

Alberto Mendoza, and Sheng-Huoo Ni. Thanks are also due to Messrs. Gerald 

Peck, Richard Rogers, Jerome Dalieden, Bob Mikulin, Kp.n Hankins, and others 

at the Texas SDHPT for their interest in and support of this research 

project. 
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ABSTRACT 

A fruework for structural evaluation of pavements based on dynamic 

deflections is presented. A self-iterative procedure has bepn developed to 

estimate insitu Young's moduli of pavement layers by using the approach of 

inverse application of layer~d elastic theory (ELSYMS) to obtain thp best fit 

of a measured deflection basin. For asphalt pavements, a temperature 

correction procedure is prpspntpd for the asphaltic concrete moduli. 

Nonlinear strain-softening models are introduced and discussed to take into 

account nonlinear behavior of granular layers and subgrade. A self-iterative 

procedure has been developed to estimate nonlinear strain-softening moduli of 

these layers from Dynaflect deflection basins based on the concepts of 

equivalent linear analysis. An indication of the structural capacity of 

existing pavement is obtained from the remaining life analysis. Computer 

programs RPEDDI (for rigid pavement) and FPEDDI (for flexible pavements) are 

developed to evaluate dynamic deflection basins measured by the Falling 

Weight Deflectometer and Dynaflect. Guidelines are presented for 

applications and implementation of these computer programs, especially in 

rehabilitation design. 

KEYWORDS: Rigid pavement, 

deflection basin, 

flexible 

Falling 

pavement, dynamic d~flpctions, 

Weight Deflectometer, Dynaflect, 

material characterization, structural evaluation, Young's 

moduli • 

vii 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



I 
I 

t SUMMARY 

Nondestructive structural evaluation of pavements is important in 

selecting rehabilitatien and recenstruction stratf>gies in thp. preject 1f'lve1 

pavp.ment management process. The development of mechanist ic overlay design 

procedures has resulted in research efforts fer obtaining insitu material 

propertif'ls and evaluating structural capacity by analyzing NDT deflection 

data. This study was deveted te the mechanistic eva1uatien of dynamic 

deflection basins measured by a Dynaf1ect and a Falling Weight Def1ectometer. 

Computf'lr programs RPEDDI (a rigid pavement structural evaluation system based 

en dynamic deflections) and FPEDDI (a flexible pavement structural evaluation 

system based en dynamic def1ectiens) have been developed in this study. 

A review of published NDT evaluation precedures and existing practice 'Of 

non1inp.ar characterizatien 'Of granular materials and subgrade is also 

presented and their 1imitatiens are discussed. The analysis models developed 

in this study for use in RPEDDI and FPEDDI cemputer pregrams are summarized 

in the following. 

(1) A self-iterative procedure to determine insitu moduli 'Of pavement 

(2) 

layers by 

tnrough an 

pavement is 

matching 

invl!'rse 

assumed 

theoretical 

application 

te behave as 

and mp.asured deflection basins 

of layered elastic rhf"ory. The 

a layered linearly elastic system. 

tempf'lrature sensitive asphaltic 

cencrete (AC) modulus fer flexible pavements by cerrecting the 

estimated AC modulus to the condition 'Of the specified design 

temperature. 

A procp,dure for correcting the 

(3) A se1f-itp.rative procedure 'Of equivalent linear analysis te obtain 

nen1inear strain dependent moduli fer granular layers and subgrade 

if a Dynaflect deflection basin is being analyzed. 

omitted fer FWD deflection basin. 

ix 

This step is 

.. 



(4) Fatigue life prediction and subsequently remaining life analysis 

(if past traf fic data is known) U81.ng appropriate fat igue 

equations. 

Finally, guidelines are presented for plotting the results for visual 

evaluation, selection of design sections, and calculation of design moduli 

overlay design. R~commendations are also presented for future researCh 

relatp.d to field validation, developing generalized curves for nonlinear 

strain-sensitive models for unbound materials and subgradp.. 

x 
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IMPLEMENTATION STATEMENT 

A structural evaluation system for pavements has been developed for the 

Tf.!xas State Department of Highways and Public Transportation (SDl:lPT). The 

system is comprised of self-itf.!rative computer programs to evaluate dynamic 

deflection basin measured by such NDT df'vices as the Dynaflect and falling 

weight deflectometer. The computer programs RPEOOl (for rigid pavements) and 

FPEOOl (for flexible pavements) should be i'llllllpdiately implemented by SOHPT, 

as they will result in substantial savings in time and computational cost 

whicn is normally incurred using the existing evaluation procedures. 

Guidelines presented in this study for application and implementation of 

the computer programs (especially regarding selection of design section and 

evaluation of insitu nonlinear design moduli for overlay design) should also 

be exposed to trial applications. When implemented, the framework of the 

structural evaluation system recommended in this study is envisioned to 

become an indispensable part of the overlay design systems used in Texas such 

as RPOD and RPROS. 

xi 
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CHAPTER 1. INTRODUCTION 

BACKGROUND 

Large sums of highway funds are currently devoted to maintenance, 

rehabilitation, and reconstruction of the nation's highway and road networks. 

Nondestructive structural evaluation of pavements is an important part of the 

pavement management process at the project level. Measuring surface 

deflection, which is essentially an elastic deformation of a pavement under a 

test load, has been generally preferred for the nondestructive evaluation of 

pavements. The deflection data are then analyzed to determine the structural 

adequacy of the pavement. Similarly. many overlay des ign procedures are 

based on empirical relationships which use a deflection parameter or employ 

mechanistic analysis involving calculation of insitu Young's moduli from 

dpflp.ction data. The ever growing demand for faster, easier to use, and 

mobile nondestructive testing (NDT) devices for pavement evaluation has 

resulted ~n the development of dynamic devices such as the Dynaflect, ~n 

1960's (Ref 1), on commercial scale to replace the conventional time­

consuming Benkelman Beam procedure. Because pavement materials do not 

exhibit ideal linear elastic behavior and pavement response is affected by 

the applied stress level, and rate and mode of loading, severd other types 

of NDT devices such as the Road Rater (Ref 2) and the Falling Weight 

De flec tome ter (Re f 3) have been developed. The empirical methods of 

structural evaluation are generally based on limiting deflection criterion, 

such as the Asphaltic Institute's procedure (Ref 4), which has been developed 

over several years by correlating pavement performance with Benkelman Beam 

rebound deflections. The development of commercially available dynamic NDT 

devices and increased resE".arch efforts towards applying a more rational and 

mp.chanistic approach for structural evaluation of pavement have resulted in 

(1) the measurement of de flec t ion bas ins by record ing more than one 

deflection measuremp.nt during the application of a test load and (2) the 

application of multilayered linear elastic theory for analyzing the measured 
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deflpction basins to estimatp. insitu materials characterization of pavement 

layers and for subsequent overlay design by predicting critical strains and 

stressp.s in the pavement. 

In a layered linear elastic model of a pavemp.nt (Fig 1.1), each layer 

can be characterized by its Young's modulus of elasticity (E) and Poisson's 

ratio. Rp.asonable values for Poisson's ratio can bl!> assumed as it generally 

falls in a very narrow range for a specific material type. Also the pavp.ment 

rpsponse is not sf.>nsitivp. to small variations in Poisson's's ratios. If the 

thickness information for each layer and its E-value are known, then, and a 

semi-infinite subgrade is assumed, a unique pavement response (surface 

deflections, stresses or strains) can be tl'leoretically predicted. This is 

the basis of pavement design by the layered theory approach. However 

structural evaluation of a pavement starting from an NDT based dynamic 

deflection basin is a complex problem because of 

(1) the non uniqueness of young's moduli back-calculated from measured 

deflection basin, thickness, and Poisson t s ratio information by 

applying layered elastic theory; 

(2) errors and the timp. involvp.d in the iterative process; 

(3) error involved in assuming a semi infinite subgrade; 

(4) errors dup. to possible variations in thickness of pavement layers; 

(5) errors in back-calculated moduli due to the nonlinear behavior of 

granular layers and subgrade and if the magnitude of the test load 

is much smaller than the design equivalent single axle load; 

(6) temperature effects on thp. modulus of the asphalt concrete surface 

layer for flexible pavements. 

Thp. Texas State Departmp.nt of Highways and Publ ic Transportat ion 

(SDRPT) presp.ntly uses a Dynaflect for nondestructive structural evaluation 

of pavemp.nts. However, a Falling Weight Deflectomp.ter (FWD) has been 

acquired in this research study. It is another useful NDT device capable of 

applying bp.8vier loads. Tbis report describes thp. development of a system 
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for the structural pvaluation of flexiblp and rigid pavements based on 

dynamic deflection data obtained from the Dynaflect or FWD. 

OBJECTIVES 

The principal goal of this study is to develop computer based structural 

evaluation systems for pavements by analyzing NDT data for dynamic deflection 

basins. The following tasks constitute the objectives of this study. 

(l) Review of existing practices for (a> interpretation of surface 

deflec tion data from NDT devices for the structural evaluation of 

pavements 

Dynaflect 

and (b) using dynamic deflection basins from the 

and Falling Weight Deflectometer for insitu material 

characterization of pavement layers. 

(2) Development of self iterative computer models to determine Young's 

moduli of pavement layers from dynamic deflection basins based on 

(a) consideration of NDT data from the Dynaflect or Falling Weight 

Deflectometer and layered theory modelling of pavementj 

(b) investigations into input parameters that influence deflection 

basins; 

(c) consideration of a rigid bottom (rock layer) under a finite 

thickness of subgrade soil; 

(d) criteria for tolerances in deflections and moduli changes for 

accuracy and efficiency and the logic for convergence process; 

(e) routines for default values of SOme important input 

parameters; and 

(f) formulation of a methodology to ensure the uniqueness of 

estimated insitu moduli. 

(3) Correction of insitu moduli for non linear behavior of granular 

layers and subgrade considering these factors: 

RR387-1/0l 

(a) a conventional approach to stress sensitivity and its 

1 i.m ita t ions , 

.. 

.. 

... 

p. 

". 

,. 



I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I , 

I 
I 
I 
I , 

SCOPE 

5 

(b) the influence of shear strain amplitude on elastic moduli, and 

(c) the concept of equivalent linear analysis for correction of 

insitu moduli of granular layers and the subgrade. 

(4) Analysis of remaining life based on estimated insitu moduli of 

pavement layers. 

(5) Development of separate computer programs for structural pvaluation 

of rigid and flexible pavements, and example applications. 

(6) Development of guidel ines for implementation in exist ing overlay 

design systems. 

Inp. final products of research presented 1.n this report on the 

developmpnt of a structural evaluation methodology for pavements based on 

dynamic de flections are two computer programs: RPEDDI (for rigid pavements) 

and FPEDDl (for flexible pavements). Ihis report includes 

(1) A discussion of dynamic deflection data measured by Dynaflect and 

F~D (Chapter 2); 

(2) A review of current practices for the interpretation deflection 

data (Chapter 3); 

(3) Development of a self iterative model to estimate insitu Young's 

moduli of pavement layers from dynamic deflection basins (presented 

in Chapter 4); 

(4) Development of corn'ction procedures for non linear behavior of 

granular layers and subgrade (Chapter 5); 

(5) Developmen t of a computer ized structural P.V al ua t ion sys tem 

including remaining life analysis based on corrected insitu 

pavement moduli, guidelines to identify sections for consideration 

of overlays, selection of design sections, and recommendations on 

dpsign modulus values (Chapter 6) enabling the user to obtain 

profiles of remaining life and the modulus of each pavement layer 

along the length of pavement; 

RR387-1/01 
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(6) A dp.scription of RPEDDl (Cbaptp.r 7); and 

(7) A description of FPEDDl (Chapter 8). 

Finally Chapter 9 presents the summary, conclusions, and recommp.ndations 

related to implementation and future work. 
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CHAPTER 2. DYNAMIC DEFLECTION DATA FROM NDT DEVICES 

D~NAMIC DEFLECTION MEASUREMENT 

Dynamic def1f.~ctions are measured on thp. surface as the responses of a 

pavement under dynamic test loads. Dynamic force generators in 

Nondestructivp testing (NDT) devices fall into two categories: (1) devicp.s 

which generate steady state sinusoidal forces and (2) devices which produce 

transip.nt impulSE!! forces. In the first category, dynamic deflP.ction is 

measured as peak-to-peak amplitude of the deflection signal. In the second 

casp., the peak amplitudp. of a deflection signal is measured as dynamic 

dp.flection. References 5 and 6 present an excp.llent overview of several 

COlDlllf>rc ial and research NDT devices which gp.nerate dynamic deflection data. 

In this study only the Dynaflect and the Falling Weight Deflectometer (FWD) 

are considered for NDT evaluation of pavements. 

DESCRIPTION AND OPERATING CHARACTERISTICS 

A review of the description and operating characteristics of the 

Dynaflect and the Falling Weight Deflectometer is presp.nted in tht'! following 

sections. 

Dynaflect 

The Dynaflect, a light load NDT device, is described in this section. 

Loading and Deflection Measuring System. A detailed description of the 

loading configuration and tnt'! deflection measuring system is given in Refs 1 

and 7 and illustrated in Fig 2.1. The Dynaflect is a small two-wheel trailer 

which contains a dynamic force gp.nerator and deflp.ction measuring systpm. 

The Dynaflect is towed by a light vp.hicle and travels on two pneumatic tired 

wheels at normal highway speed to and between test sections. The dynamic 

force is transmitted to the pavement by lowering two 4-inch-wide (l6-inch-

RR387-1/02 7 
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Housing and Tow Bar 
~~~~ 

',If' 

o.tN 2 
o. No 3 

Loading Wheels, . No.4 No.5 , 
Geophones 

(a) The Dynaflect system in operating position. 

Loading 
Wheel~~ 

TCTI 
Geophones 

10" I + No.1 No.2 NO.3 No.4 NO.5 
T -.~-:-.- .-t1r._.-$-. -.-<!r.--e-
lO" 1:.- 12" ~ 12" ~ 12" * 12~ 
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i T 
(b) Configuration of load wheels and geophones. 

Fig 2.1. Configuration of Dynaflect load wheels and geophones 
in operating position (Ref 7). 
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outside-diameter) rubber-coated steel wheels. The operations control unit 

and a mpter unit calibrated to read dp.flection are carried in thE' towing 

vphicle and the driver of the towing vehicle can also operate the Dynaflect. 

Thp. operations control unit is hooked up to the power sourcp of the towing 

vphicle. 

Top. 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 l,OOO-pound pp.ak-to-peak magnitude of the vibratory force (Fig 2.2). 

Bush (Rpf 6) reports results of a comparative study on four nondestructive 

vibratory devices. The findings related to the Dynaflect are that 0) the 

measured frequency was within 3 percent of thp indicated frequency, 8 Hz, and 

(2) the peak-to-peak dynamic force of the Dynaflect was 4 percent below the 

mp.asurp.d force on rigid pavempnts. These findings show that the frequency 

and amplitude of the sinusoidal loading force of the Dynaflect are reasonably 

reliable. The loaded area under each steel tired Wheel can reasonably be 

assumed as 3 sq. in. The force transmitted through each loading wheel is 500 

pounds. In flrder to analyze the dynamic deflection basin. the loaded area is 

assumed to be circular. 

Five equally spaced geophones are used to measure the dynamic deflection 

response of the pavement. Figure 2.1 shows the arrangem~nts of thp 

geophones. The geophonp.s are velocity transducers which employ an inertial 

reference and give an output signal in volts. The peak-to-pP.ak dynamic 

dP.flection is proportional to thp. output voltage of the geophone. Prior to 

testing, each geophone is calibrated at the driving frequency of 8 Hz so 

that, during thp test, deflp-ction can be recorded directly from the readout 

meter. Additional information about the characteristics of geophones can be 

found in Rp.£ 5. The arrangement of five geophon@s for thp. Dynaflect providps 

half of a so-called deflection basin if the measured deflections under all 

sensors are plotted and joined by drawing a smC'oth curve. The Texas 

Transportation Institute (TTl) (Ref 8) investigated the effect of assuming 

peak-to-peak force to be a static load by mpasuring deflection basins while 

operatl.ng the Dynaflect at frequencies varying between 4 and 12 Hz at the 

samp. amplitude of dynamic force. The results showed that the vertical 
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Fig 2.2. Typical dynamic force output signal of Dynaflect. 
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d@fl@ctions measured at thE' surface are independent of the frequency in thf! 

rangf! of 6 to 10 Hz. The Dynafl@ct deflpctions measured at the samp location 

on two consecutive days have been found to repeat within close limits (Rf!f 

n. 
T@st Proc@dur@. Thp. cal ibration of all five gf!ophonp.s 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 thp. control unit. The sensor selector switch in thp. control 

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

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 thp. control unit after all 

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

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

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

test location. The sequpnce of opprations for routinp digital Dynaflect 

mp.asurements is as follows (Ref 7). 

(1) The Dynaflect is positioned so that geophone no. 1 (midway between 

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 the frequency is 

adjusted to 8 Hz. 

(4) Thp 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 thp 

pavement surface and recorded by the operator. (The procedure for 

the analog type unit will be slightly different). 

(6) Tne geophone bar is raised and the dynamic force genera tor is 

switched off and the Dynaflect is towp.d on its solid wheels to the 

next location in the same test section. 

R.R 387-1/02 
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Falling Weight Deflectometer 

General principles of Falling Weight Deflectom~ter testing are presented 

in t his sec t ion. 

Loading and Deflection Measuring System. Basically a FWD applies an 

impul se load by dropping a known maSs from a predetermined height as 

illustrated 1n Fig 2.3. The mass falls on a foot plate connected to a rigid 

base plate by rubber buffers which act as springs. The properly designed 

mass configuration and springs are very important to achieve the desired peak 

stress, shape, and duration of the FWD force signal. The force can 

theoretically be calculated using the following relationship: 

P == (2' g • h • m • k) ~ (2.1) 

where 

P ., peak force, pounds-force 

acceleration due to gravity, 2 
g == feetl second 

h ., height of drop of the mass, feet 

m • mass of FWD, pounds and 

k == spring constant. 

However, in routine FWD testing, peak force is measured by a load cell. The 

Danish version of the FWD has been studied in detail by comparing the results 

with a moving Wheel load, as described by Bohn et al (Ref 3). The Swedish 

version of FWD employs a two-mass system and reportedly (Ref 9) gives a 

smoother shape to the force signal. Tholen et al (Ref 10) describe good 

agreement of FWD and moving wheel load deflections. Typical FWD dynamic 

deflection signals <as reported in Ref 3) are illustrated in Fig 2,4(a), The 

same figure also shows measured deflection signals under a moving wheel load, 

indicating tbat the FWD test response resembles a moving wheel load response. 

The duration of the FWD deflection signal is around 25 m-secoDds, somewhat 

smaller than the duration of the deflection signal under a moving wheel load. 

The comparisons of stresses aDd strains as reported by Bohn et al (Ref 3) are 

RR 387-1/02 
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Geophones (No.1 is Located in a Hole at 41 ~e Center of Loading 
I 2/ :3 '4-.";;-=:::::::: Plate ) 
/ t ,,5 6~~ 

I ---. ....--
I ~-
I 

~~~ 
.".".""'" . ~ 

....... I _.".".~ 
............ . ...--...... - L ,...-

- - - - ~ Deflected Surface af Pavement 
Based on Peak Deflection Measured 
at each Geophone Location 

(a) FWD in operating position 

(b) Load-time history of FWD 
on pavement surface Peak Load 

r--- 0.025 se c 

Fig 2.3. Principle of a Falling Weight Deflectometer, FWD test. 
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Fig 2.4(a). Typical deflection-time history records (Ref 3). 
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illustrated ~n Fig 2.4(b). The capabil ity of the FWD to apply a variable 

load both in thp. low load and overload ranges may be a useful feature for 

structural evaluation of pavements. In the last couple of years, many 

agencies in the U. S. have acquired FWD units and have used thpm for 

structural evaluation and insitu material charact-erization of pavements and 

also for load transfer and void detection studies on rigid pavempnts (Ref 

11). A comparative field study was made 1n Texas with the FWD and the 

Dynaflect for rigid and flexible pavemp.nts (Rpf 12); dynamic deflp.ctions of 

the FWD werp measured by geophones. A comparative study of the FWD with the 

Road Rater has been reported in Illinois (Rpf 13). Bush (Ref 6) describes 

laboratory checks on the accuracy of force signals and geophone outputs and 

field comparisons of F~D and other NDT devices, which are summarized in Table 

2.1. 

The Danish version of the FWD is currently marketed 1n the U. S. by 

Dynatest as the Model 8000 Dynatest Falling Weight Deflectometer (Ref 14). 

Thp. Swedish version of the FWD is being marketed as the KUAB Fall ing Weight 

Deflectometer by S.E.I. (Ref 15). The Texas State Department of Highways and 

Public Transportation has acquired one unit of the model 8000 Dynatest 

Falling Weight Deflectometer (referred to as FWD in this report). Figure 2.5 

illustrates the F~D in -operating position. The configurations of load and 

deflection measuring sensors to be used in this study are described in the 

following section. 

Model 8000 Falling Weight Deflectometer 

Description and Operating Characteristics. The material presented here 

is based on the information provided in Ref 14. The FWD is a trailer mounted 

device which can be towed by any standard passenger car or van at highway 

speed. The total weight of the impulse generating device and the trailer 

does not exceed 2.000 pounds. The trans ient pulse generating device is the 

trailer mounted frame capable of directing different sets of mass 

configurations to fall from a preset height. perpendicular to the surface. 

This gives the capability to produce a widp. range of peak force amplitudes. 

as indicated by Eq 2.1. where peak force can be changed by varying mass 

RR 387-1/02 



16 

-- - Moving Wheel Load, 5 tons (10,000 Ib ) at 
38.3 km/h (23.8 mph) 

- Falling Weight Defleetometer (150 kg moss 
at a drop height of 40 em ) 
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I kg = 2.20 Ib 
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Fig 2.4(b). Typical records of stress-time history and strain­
time history at different depths in a pavement 
(Ref 3). 
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Fig 2.5. Illustration of Model 2000 FWD. 
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TABLE 2.1. SUMMARY OF ACCURACY CHECKS ON MEASUREMENTS 
OF DYNAMIC FORCE AND DEFLECTION SIGNALS 

Accuracy Check of Deflection Signal 
from Velocity Transducers 

Device 

Dynaflect 

FWD 

Percent Error at 
Operating Frequency 

5.5 

5.1 

Accuracy Check of Amplitude of 
Dynamic Force Signal 

Device Percent Error 

Dynaflect 

Rigid Pavements - 4.2 
Flexible Pavements -12.9 

FWD - 5.4 

~. 

,. 
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and/or height. (In the older models, a fixed mass was used, as described in 

Rpfs 3, 12, and 13.) The assembly consists of the mass, the fralDP , loading 

plates, and a rubber buffer, which acts as a spring. The operation of 

1 Uting and dropping the mass on the loading plate is based on an electro­

hydraulic system. 

The fall ing weight /buffer subassembly is furnish,.d so that four 

different configurations of mass can be p.mployed. All four mass 

configurations producp- a transient reproducible load pulse of approximately a 

hal f-sinp. wave and 25 to 30 m-seconds in durat ion. 'The drop we ight s are 

constructed so that the falling weight/buffer subassembly can be quickly and 

conveniently changed between fall ing masses. The buffers are construc ted so 

as to clearly indicate which drop weight configuration they accompany. Each 

of these falling weight/buffer combinations is so constructed as to bp. 

capablp. of releasing the weight from a variablf' hE'ight, such that differf'nt 

peak loads for the four specified masses are producible in the following 

ranges: 

Falling Weight Peak Loading Force 

110 lb 1,500 - 4,000 lbf 

220 lb :;,000 - 8,000 lbf 

440 lb 5,500 - 16,000 lbf 

660 lb 8,000 - 24,000 lDf 

For routine testing, a loading plate 11.8 inches (300 mm) in diameter is 

used. The mass guide shaft is perpendicular to thp. road surface in the 

measuring mode as well as the transport mode. The system includes a load 

cell capable of accurately measuring the forcp. that is applied perpendicular 

to the loading plate. The force is expressed in terms of pressure. The load 

cell can be removed for calibration. 

The system provides at least seven sp.parate deflp.ction measurements per 

test. One 

deflection 

of the deflection sensing transducers (geophones) measures the 

of the pavement surface through the center of the loading plate, 

while the S1X remaining transducers can be positioned along the raise/lower 
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bar, up to 7 feet from the center of the loading plate. All deflection 

sensing transducer holders are spring loaded, insuring good contact between 

the transducers and the surface being tested. An extension geophone bar is 

provided to measure de flection on the other s ide of thp. load plate. This 

facilitates load transfer studies on jointed rigid pavements. The unit is 

capable of testing in the long distance towing position by simply lowering 

the loading plate/mass/seismic detector bar subassembly to the pavement 

surface with controls located within the towing vehicle. The trailer is also 

p.quipped witn a hand pump so that the loading platp./mass/seismic detector bar 

subassembly can be raised for removal of the equipment from the roadway in an 

emergency, for example, if the electro-hydraulic system fails. The 

electronic registration equipment is operated by a nominal 12 volt DC power 

supply taken from the towing vehicle. The system includes a Hewlett-Packard 

Modp.l 85 Computer, which features a cassette tape recordingjplayback, CRT 

display and a thermal printp.r for recording data from field testing and 

keyed-in site identification information. All operations of testing are done 

from the key board of the computer. 

Test Procedure. Tbe routine test procedurp. is briefly described here. 

(1) The FWD trailer is towed on its rubber tires to the test location. 

The trailer is positioned on the pavement such that the marked test 

location is directly below the center of the loading plate. 

(2) Necessary connections are made to hook up to the battery. The 

processing equipment and HP-8S computer which are carriP.d in the 

towing vehicle are turned on. 

(3) The mass configuration is selected using the guide lines given in 

the earlier section and secured in place. 

(4) A test sequence is identified and progrBllllled from the 

keyboard (site identification, height and number of drops per 

point, etc.). When the operator enters a "run" command, the 

loading plate/buffer/geophone bar assembly is lowered to 

pavement surface. The weight is dropped (e.g., 3 times) from 
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pre-programmed height and the plate and bar assembly are raised 

again. 

(S) A beep signal indicates that driving to the next test locaticn is 

allowed. The test sequence described Ln Step 4 lasts approximatp.ly 

one minute. 

(6) The mp.asured set of deflection data (peak values of geophone 

responses) are displayed on the HP-BS CRT screen for direct visual 

inspl!ction. 

0) If the operator 

programmed time, 

does not p.nter a "Skip" command within a pre­

the deflection data is stored on the liP-8S 

magnetic tape cassette together with the peak force magnitude and 

site identification information. The data are also printed using 

the thermal printer. 

GRAPHICAL PRESENTATION OF DYNAMIC DEFLECTION DATA 

Dynaflect Deflection Basin 

Peak-to-peak dynamic deflections measured by the array of five gecphones 

in a Dynaflect test generally represent half of the deflection basin as 

illustrated- in Fig 2.6 (Rpfs 7, 16, and 17). The other half of the basin is 

a mirror image of the measured half. As discussed in a later section, 

deflection basins are characterized by various parameters which are functions 

of the deflection values of one or more geophones. For this purpose and for 

comparing dynamic deflection data of the Dynaflect with the dynamic 

deflection data of other NDT devices, deflection basins have been plotted as 

shown in Fig 2.6 (for example Ref 12). However when the Dynaflect loading is 

modelled in a layered theory analysis such as used for Chevron's or the 

ELSYM5 programs (Refs 7, 16, and 1B), the theoretical deflection responses 

are computed at the five geophone locations by specifying their radial 

distances from the center of onp. loading wheel. The radial distances are 

10.0, 15.6, 26.0, 37.4 and 49.0 inches respectively, with the first sensor at 

10.0 inches, as illustrated in Fig 2.7. This rational approach to plotting 

the Dynaflect deflection basin (Fig 2.7) provides better interpretation of 
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the deflection basin and 

Dynaflect deflection basin 

is used in this 

in this way is 

comparisons with an FWD deflection basin. 

study. The 

especially 

plotting of the 

useful in making 

A commonly used basin parameter for structural evaluation is deflection 

measured at geophone no. 1, also termed as Dynaflect maximum deflection, DMD 

(Ref 17). This could be misleading as for some pavement the maximum 

Dynaflect deflection may not be midway between the loading wheels (location 

of geophone no. 1). This observation is illustrated in Fig 2.8 by plotting 

the theoretical Dynaflect deflection basins computed using the layered theory 

program, ELSYM5. For the stiff rigid pavement case (deflections shown by 

circles), maximum deflection occurs at the geophone no. 1 location, i.e., 

midway between the two loading wheels. This happens because a stiff pavement 

spreads the load over a large area and the use of the principle of 

superposition results in the largest deflection midway, due to the additive 

effect of deflections produced by loads on the two loading wheels. On the 

other hand, for a weaker flexible pavement (deflections sbown by triangles) 

maximum deflection occurs at the center of the loading wheel. However, for 

other NOT devices, such as the FWD, a deflection basin plotted with the 

relative positions of the sensors from sensor no. 1 coincides with the 

deflection basin plotted using radial distances from the center of the 

loading plate. In that case the maximum deflection basin will occur at 

sensor no. 1, which is in the center of thf> loading plate. Therefore in this 

study, Dynaflect deflection basins are plotted using the radial distance of 

the sensors from the center of the loaded area as the abscissa. 

FWD Deflection Basin 

Figure 2.9 illustrates a FWD deflection basin computed for a rigid 

pavement using the FWD configuration shown in Fig 2.5. The radial distances 

of seven sensors are on the abscissa and the ordinates are in terms of 

normalized deflections. FWD deflections are normalized with respect to the 

1,OOO-lbs peak force, as given by following expression: 
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where 

W'R1 .. 
WR. • 

1 

PrwD -

27 

= x (1000) 
PFWD 

(2.2) 

normalized deflection, at the radial distance. R1 ' 

FWD deflection measured at the radial distance, R 1 at thp. 

peak force of P FWD ' 

peak force on the FWD loading plate at which deflections are 

measured or theoretically calculated. 

The abo~e method of plotting FWD deflection basins makes it convenient to 

compare F~D deflections at different levels of peak force as well as with a 

Dynaflect deflection basin. It is pointed out that, even for a pavement 

behaving as a perfectly linear elastic system and assuming that dynamic loads 

are equal tn corresponding static loads used in the analysis, the theoretical 

Dynaflect deflection basin may not coincide with the FWD basins plotted using 

normalized deflections. as illustrated in Fig 2.9. This discrepancy is a 

result of the effect of the size of the loaded area on the pavement response. 

SUMMARY 

This chapter presents a review of procedures for dynamic deflection 

measurement by NDT methods with the Dynaflect and Falling Weight 

Deflectometpr. The model 8000 FWD acquired by the Texas State Department of 

Highways and Public Transportation is described in detail. Graphical 

presentation of dynamic deflection data is made by plotting a deflection 

basin. The radial distance of the deflection sensors from the load is to bp 

used as thp abscissa. For the FWD deflection basin, normalized deflections 

are used as ordinates. 
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CHAPTER 3. INTERPRETATION OF DEFLECTION DATA 

This section presents a brief review of existing practices of analysis 

and the application of deflection data, including empirical procedures to 

estimate structural adequacy and overlay design, mechanistic interpretation 

and insitu material characterization. Consideration is also given to other 

factors which influence the analysis of a deflection basin for the structural 

evaluation of pavements. 

EMPIRICAL AND BASIN PARAME'l'ER BASED PROCEDURES 

Limiting Deflection Criteria 

Traditionally, pavement evaluation and overlay design have been based on 

criteria of allowable deflections and empirical relationships developed from 

field studies of maximum defl~ction and pavement performance. For example, 

the Asphalt Institute procedure is based on empirical relationships between 

Benkelman beam rebound deflections and traffic data from inservice pavements 

(Ref 4), Similar procedures were developed by other user agencie,. These 

procedures are summarized in Refs 17, 19, and 20. Overlay thickness 

requirements are determined from nomographs developed from these empirical 

relationships which can reduce deflection below the limiting deflection 

criterion. Later correlation studies made between results from other NDT 

Qevices, such as the Dynaflect (Refs 1 and 4), enable these nomographs to be 

used. These empirical methods are based solely on local experience and 

therefore limited in useful applications. Maximum deflection is indicative 

of total pavement response and alone it cannot lead to the evaluation of 

structural integrity and material characterization of different pavement 

layers. It can be shown that two different pavements can have the same value 

of maximum deflection but different Young's moduli of layers if the measured 

deflection basins are of different shapes. A summary of limiting deflection 

criteria adapted by different agencies is presented by Majidzadeh (Ref 17). 
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Use of Deflection Basin Parameters 

Basin Parameters. Deflection basins measured by NDT devices, such as 

the Dynaflect, Road Rater, and FWD, have been characterized by different 

parameters which are functions of deflection values at one or more sensors. 

A summary of widely used deflection basin parameters and their sources is 

present~d .in Table 3.1. Figure 2.6 illustrates Dynaflect maximum deflection 

(DMD) , surface curvature index (SCI) , base curvature index (BCI) , 

spreadability (SP), sensor no. S deflection (WS), and basin slope (SLOP), 

which have been used for the Dynaflect deflection basin (Refs 17, 22, and 

23). RPcently Road Rater and FWD deflection basins have been characterized 

by area andshapP. factors, Fl and F2 (Ref 13), as presented in Fig 3.1 and 

Table 3.1. If spreadabi1ity, SP, is calculated for Road Rater (Table 3.1), 

then area can be related to SP by the following relationship (Ref 13): 

(3.1) 

where Wl , W2 • and W3 are deflections at sensors 1, 2. and 3. 

Deflection ratio (WR) has been widely used with agencies and researchers 

using FWD. Tangent slope, TS is another parameter proposed for defining 

basin shape (Ref 28). This parameter is defined in Table 3.1 and illustrated 

in Fig 3.2. A curve is fitted through the measured deflections to describe 

the deflected surface. This function is then solved simultaneously with the 

equation of a straight line, the tangent (Fig 3.2). Tangent slope is then 

calculated by finding the slope of the line joining the point of max1.mum 

deflection and the tangent point. 

Deflection basin parameters have been used for three major applications: 

(l) for diagnostic checking of the structural conditions of pavements based 

on field experience; (2) to relate to critical pavement response and 

subsequently to axle load applications; and (3) to calculate insitu Young1s 
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Fig 3.1. Illustration of AREA, a deflection basin parameter 
defined for Road Rater (Ref 13). 
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TABLE 3.1. SUMMARY OF DEFLECTION BASIN PARAMETERS 

Parameter 

Dynaf1ect maximum DMD = 
deflection, DMD 

Surface curvature SCI .. 
index, SCI 

Base curvature BCI == 
index, BCI 

Spreadi bili ty, SP = 
SP 

SP = 

Basin slope, SLOP = 
SLOP 

ws WS == 

Radius of R = 
Curvature, R 2 

005 002 

Definition1 

W1 

W -1 2 

W4 - liS 

L W. 
i=l to S l. 

S W. 
l. 

L Wi 
1==1 to 4 

4 l~i 

Wl - Ws 

Ws 
2 r 

-1) W C'm m -
wr 

x 100 

x 100 

NDT 2 
Device 

Dynaflect 

Dynaflect. 
Road Rater 
model 400 

Dynaflect 

Dynaflect 

Road Rater 
model 2008 

Dynaflect 

Dynaflect 

Benkelman 
Beam 

Reference 

(17) 

(17) 
(21) 

(17) 

(17, 
22) 

(13) 

(23) 

(23) 

(24) 
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I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

f 

I 
I 

4; 

I 
I 
I 
I 



I 
I 

I 
I 

I 
I 
I 
I' 

I 
I 

I 

I 
-I 

I 
J 

I 

I 

Parameter 

Deflection ratio, Qr Qr 

Area (inch), A A 

Shape factors, Fl 
Fl ' F2 

F2 

Tangent Slope, TS 
TS 

1 
W = 

TABLE 3.1. (CONTINUED) 

= 

II: 

= 

'" 

= 

Definition 1 NDT 2 
Device 

W r FWD -
W 

0 Benkelman 
Beam 

6 (1 + 2 22+~ ) 2 _ ... + Road Rater 
"\ Wl W'l model 2008 

('\! 1 - W 3) Iii 2 Road Rater 
model 2008 

("2- W4) IW 3 

W - W m x None x 

2 ••• 5 = sensor locations, 
'" center of load 
= radial distance 
'" maximum deflection 

33 

Reference 

(25, 26) 
(27) 

(13) 

(13) 

(28) 

deflection; subscripts: 1, 
o 
r 
m 
x '" distance of tangent point from 

the point of maximum deflection 

2 The NOT device for which deflection parameter was originally defined. 
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moduli. Thp first two categories of applications are brip.fly reviewed in the 

following section. The third application, i.e., calculation of insitu 

plastic moduli is discussed in a later section. 

Application and Limitations. Dynaflect deflection basin parameters have 

been studied and a set of limiting criteria for DMD, SCI, and BCI has been 

proposed for rating the structural condition of a pavement (Ref 13). SCI 1S 

bplievpd to be a measur~ of basin curvature near the center of a deflection 

basin and therefore is used as an indicator of structural integrity of the 

pavement surface layer where layer thickness, stiffness (Young's modulus of 

elasticity), and defects and discontinuities, such as joints and cracks, are 

the primary factors influencing SCI values. However Taute et al (Ref 23) 

found from Dynaflect deflection data obtained on rigid pavements in Texas 

that SCI 15 typically a very small valup. and therefore not suitable for 

correlating with upper layer stiffness. The Dynaflect data collected on 

rigid pavempnts in another research study (Ref 12) support this finding about 

SCI. raute et al (Ref 23) therefore defined basin slope (Table 3.1) and 

correlatpd )t with the Young's modulus of the concrete layer. Spreadability 

and area can be considered as a function of overall pavement stiffness and an 

indicator of its ability to distribute load. Deflection ratio and radius of 

curvature parameters are used to estimate insitu pavement moduli. The 

tangent slope parameter, as reported in Ref 28, has been used with 

theoretical deflection basins. 

D~flection basin parameters have also been related to critical response 

of. pavement and to design life of pavements. Figure 3.3(a) presents the 

relationShip between maximum tensile strain and SCI values based on Road 

Rater deflection data (Ref 21) on asphalt pavements. Figure 3.3(b) 

illustrates the relationship between tensile strain and radius of curvature 

calculated from Benkelman beam deflection data on asphalt pavements. Finally 

Fig 3.3(c) illustrates the relationship between the tangent slope and design 

life based on a theoretical study (Ref 28). 

A major application of deflection basin parameters 1S to estimate insitu 

young's moduli of the pavement layers which will be reviewed in a later 

section. In many cases the shape of the deflection basin has been idealized 

but, as illustrated in Fig 3.4, wide variation in the shape of measured 

RR387-1/03 
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Fig 3.3(a). Relationship between maximum tensile strain and surface 
curvature index of Road Rater deflection basin (Ref 21). 
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Fig 3.4. Examples of variations in deflection basin shapes (Dynaflect). 
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d~flection basins can be expected. Using basin parameters makes the analysis 

of dpflpction data for pavement evaluation easier and simpler, but it may 

csusp 

layers 

the loss of vital information about structural properties of 

which can possibly be extracted from the interpretation 

d~flection basin. 

ANALYTICAL MODELS FOR MECHANISTIC INTERPRETATION OF DEFLECTION BASIN 

pavement 

of whole 

In this section several theoretical models used to analyze deflection 

data for structural pvaluation/insitu material characterization of dpflection 

data are reviewed. A model is selected for usp in the development of the 

structural pvaluation system described later in this study. 

Mechanistic Modelling 2! Pavement Structure 

In modelling the mechanistic behavior of a pavement structure, following 

input and response parameters must be considered: 

(1) inpur load/traffic variables, pavement characteristics and 

materials properties, environment, locations where responses are 

required; and 

(2) response 

locations. 

stresses, strains, and deflections at preselected 

The rpquired materials input for pavement design are 

constitutive laws established for an idealized theoretical and 

based on the 

deterministic 

structural response model. The materials are characterized from laboratory 

tpsts, and pavement response is predicted from theoretical analysis under 

certain assumptions (Fig 1.1). Thp calculated responses are unique. The 

constitutive equations for the simplest idealized system are based on linear 

elasticity. In the real world, pavement materials generally exhibit non 

linear characteristics. The viscoelastic approach can be used to model time 

dependent response of a pavement. Figure 3.5 illustrates basic principles of 
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(a) Structural Response Analysis of Pavement under 
known Input Parameters 
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Other 
Analytic 
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(b) NDT Evaluation of Pavement 
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A\ ;. • • • 
...! -----' ... -~. 

t Deflection 
I. Position NDT device and 
. sensors on pavement 

surface. 
2, Apply NDT load 

3. Record surface deflections 
of pavement system. 

Structural 
Evaluation 

OUTPUT 

Pavement 
System 
Response 

PREDICT 

I. lnsitu materia I 
properties of 
idealized pavement 

2. Existing structural 
capacity of 
pavement 

Fig 3.5. Principles of structural response analysis and structural 
evaluation of pavements based on NDT data. 
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thpse constitutive laws considered in the development of structural responsp 

models for pavements. Linear viscoelastic theory has been used to develop 

rhe structural response model (Ref 29) but has not found wide application dup 

to its complexiry, and because more laboratory parameters are required to 

characterize any pavement material. Linear elastic approach requires the 

least numbers of parameters to characterize pavement material. These arp. 

Young's modulus of plasticity (E) and Poisson's ratio (~ ). 

In applying thF! linear elastic approach, solutions for structural 

analysis of pavements have been developed using plate theory or layered 

theory. Plate theory is used for the.analysis of rigid pavements only. Dr. 

Westergaard's solutions (Ref 30) for streSSF!S are based on a pavement model 

consisting of a finite thickness of plate rF!sting on springs which represents 

bphavior of subgrade. Thl'! physical model and discrete element analysis madp. 

by Hudson and Matlock (Ref 31) provide the ability to analyze the effects of 

pavement discontinuities and partial loss of support on pavement 

The two-layer model (a pavement layer resting On a semi-infinite 

analyzed by Burmister (Ref 32) was a major breakthrough in thp. 

responsF! • 

subgrade) 

structural 

analysis of flexible pavemp.nts. Before this worK, Bousinessq's theory of 

loading an elastic half space was the best theory available for design of 

pavements (Refs 33 and 34), Burmister (Ref 32) also formulated a three-layer 

system. Later other researchers solved the three-layer problem for the 

complete state of stresses and strains. Computerized versions of multilayer 

elastic theory. such as ELSYM5 (Ref 18). Shp.ll's BISAR (Ref 35). etc., solve 

a' generalized multilayered system allowing consideration of more than one­

load. These programs consider only homogeneous material in each layer. 

Finite element theory has also been used to develop computer programs based 

on plate theory and layered theory. Finite element theory also permits 

variation of young's modulus. E, with depth, Haas and Hudson (Ref 36) 

present a summary of published works on the comparison of measured and 

calculated pavement responses. Only static loading is considered in all the 

structural responsp models discussed above whilp. specifying design load 

input. 

So far, a review has been made of structural response models which are 

used to predict pavement response under known input parameters of loading and 
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material properties for a pavement structure. In the case of structural 

evaluation of dynamic deflection data from NOT devices, attempts arp made to 

predict pavement structural capacity and material characterization from the 

measured pavement response (Fig 3.5). This is a more complex task in view of 

tbe following considerations. 

The response is measured under a dynamic test 

generally different from the magnitude and loading 

design wh~p.l load. 

load which 

made of 

is 

(2) The measured response is a dynamic deflection basin but static 

deflections are predicted from the structural response models. 

(3) The material characterization input parameters derived from the NDT 

data are then used in place of laboratory derived parameters to 

determine the structural capacity of the pavement or for overlay 

design. 

Mechanistic Models for NDT Evaluation 

This section deals with a review of theoretical models used for the 

analysis and interpretation of NDT data. 

Elastic Layered Theory. The most widely used analytical procedures for 

mechanistic interpretation of deflection basin measure on flexible pavements 

are based on multilayered linear elastic theory. As shown in Fig 3.6, the 

layered model of an existing pavement can be used for insitu characterization 

of materials in each layer. Later this information can be used again in the 

layered theory computations to estimate the pavement's load carrying capacity 

and for overlay design. McCullough (Ref 37) has shown the application of 

layered theory for overlay design of rigid pavements. Seeds et al (Ref 38) 

used a combination of layered tbeory and plate theory solutions to develop a 

design system for rigid pavement rehabilitation. Application of layered 

theory for insitu material characterization for a deflection basin requires 

estimation of only one unknown parameter, Young's modulus of elasticity, E of 

each layer. Poisson's ratio (~) can be assumed from the literature as any 
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small variations in ~ does not have any significant effect on pavement 

response. The following assumptions are madp in layered theory solutions. 

(1) The material in each layer 1S linear elastic, homogeneous. and 

isotropic. 

(2) The layers overlying the elastic half space are weightless, and are 

finite in thickness but are infinite in the horizontal plane. 

(3) Uniform static load is applied on a circular area of the surface. 

(4) Inertia effect is neglected. 

(5) The boundary conditions are as follows: 

(a) Layers are in continuous contact. There is no normal stress 

outside the loaded area at the top of the surface layer, and 

it is free from shearing stress. 

(b) For the elastic half space, stresses and displacement are 

assumed to approach zero at a very large depth. 

(c) Full friction is generally assumed at each interface, 1.P., 

vertical stress, displacement, and shear stress are assumed to 

be continuous across the interface. 

(d) An important assumption is that horizontal strains across an 

interface are equal. 

(e) Temperature effect is neglected. 

Layered theory solutions are based on axisymmetric condition; therefore the 

principle of superposition is applied to determine the effect of more than 

one load. Dynamic load or vibrations are not handled by layered theory. 

Therefore some researchers have used simplifi@d dynamic models for 

interpretation of dynamic deflection data. Some of these procedures are 

briefly reviewed in the following section. 

Application ~ Dynamic Models. The simplest dynamic model of a pavement 

structure is represented by a single degree of freedom system (SDOF) as 

illustrated in Fig 3.7. This spring-mass-dashpot system with forced 

vibrations is treated in text books on vibrations (for example, Ref 39). 

This dynamic model allows consideration of inertia effect and vibratory 
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forc~. R~searchers (R~fs 40 and 41) have used principles of vibration theory 

to evaluate dynamic deflection data. There are two approaches used in making 

the tests with steady state vibrators: (1) the load-sweep method developed at 

WES (Ref 42) and (2) the frequency-sweep method developed by Yang (Ref 41). 

Load-sweep tests are conducted on a preselected frequency (generally 15 

Rz) over a range of dynamic loads and a dynamic stiffness modulus (OSH) 1S 

calculated by dividing amplitude of the dynamic force by the corresponding 

dynamic deflection. DSH is an indication of structural integrity of the 

pavement subgrade system and has been correlated with the performance (Ref 

42). Subgrade modulus can also be found from this test, using the analytical 

procedure described by Weiss (Ref 40). 

In the frequency-sweep approach, pavement 1S tested at fixed amplitude 

of dynamic force at a wide range of driving frequencies, from well below the 

primary resonant frequency to several times higher. An p.quivalent modulus, 

EC is then computed from the dynamic deflection frequency data. Both methods 

provide a measure of resistance to pavement deformation under vibratory loads 

but two severe limitations in these approaches are recognized: (1) the 

arbitrary criteria for preselecting a fixed frequency, or a fixed dynamic 

force level, and (2) the inability to estimate the structural integrity of 

each pavement layer. As information about material properties of individual 

pavement layer can not be extracted, the mechanistic approach to-use layered 

theory for pavement design can not be effectively applied. 

Research is also being carried out in applying a time-dependent transfer 

function theory (Ref 43) to analyze pavement behavior under an impulse load 

representing a moving wheel load. 

Excitation of a pavement surface by steady state .vibrations or a 

transient load generates disturbance in a pavement subgrade system. Another 

rational and a true mechanistic approach to analyzing this problem is the 

application of the theory of stress wave propagation in layered elastic 

media. Further discussion of such dynamic analysis is made 1n a later 

section in this chapter. 
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DERIVATION OF YOUNG'S MODULI FROM DEFLECTION BASIN 

A review of existing procedures to estimate young's moduli from a 

deflection basin using layered theory is presented in the following sections. 

Earlier Work, and Graehical and Nomograph ~ Procedures 

Scrivner et a1 (Ref 44) in the early 70's presented a procedure to 

determine moduli of a one-layer pavement resting on elastic half space based 

on Burmister's work (Ref 32). The method relied on matching deflections 

measured at two points one foot apart with theoretical deflections. For the 

rigid pavements, the distance between the points was increased to two feet. 

A graphical technique was -later developed by Swift (Ref 45) to determine 

elastic moduli of a two-layer pavement by fitting a measured Dynaflect 

deflection basin. Cogi11 (Ref 46) presented a computer program based on a 

set of simultaneous equations to determine Young's moduli from a surface 

deflection basin. Coefficients of the equations were obtained from layered 

theory computations. 

Various deflection basin parameters (Table 3.1) have been correlated to 

pavement moduli based on layered theory computations, and graphical and 

nomograph-based procedures using basin parameters have been developed, 

generally for a two or three-layer pavement model. Vaswani (Ref 22) used 

spreadability (SP) and maximum deflection to develop nomographs for the 

evaluation of moduli. Majidzadeh (Ref 17) developed graphs to determine 

subgrade modulus from W5, the sensor 5 deflection of the Dynaflect. 

Majidzadeh (Ref 17) also developed ser1es of nomographs to estimate moduli of 

a composite pavement layer and the elastic half space by using DMD, SP, and 

W5, the Dynaflect deflection basin parameters. Koole (Ref 47) used the 

deflection ratio, Qr' obtained from FWD data to prepare a series of graphs 

to determine subgrade and _asphaltic concrete moduli if the base modulus is 

known. Another graphical technique using Qr (Ref 27) has been prepared to 

determine moduli ratios and the subgrade modulus based on two layered theory 

and Benkelman Beam data. The Road Rater basin parameter, area, and maximum 

deflection have been used with a finite element program to prepare a series 
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of nomographs to determine moduli of three-layer flpxible pavement (Ref 13). 

Taute et al (Ref 23) presented nomographs to determine moduli of a three­

layer rigid pavement from the Dynaflect basin parameters SLOP and W5. 

All the graphical procedures discussed so far are of limited use as 

(1) They are developed for a specific NDT device. 

(2) Layered theory or any other structural modells computations used to 

develop these procedures are based on specific ranges of moduli of 

pavement layers. This factor is often neglected when a user 

applies these types of nomographs to practice. 

(3) They are limited to two or three layers and a particular pavement 

type. 

(4) In general thp. bottom layer is assumed to be semi-infinite which 

can result in a large over-estimation error in the subgrade modulus 

if a rock layer actually exists at a shallow depth as shown, in Fig 

3.B. 

Inverse Application ~ Layered Theory 

Background. 

applying layered 

Irwin (Ref 48) presented an iterative procedure for 

theory in reverse order by changing the modulus valup. in 

each iteration until a best fit of predicted and measured basins is obtained. 

The moduli in the best fit iteration represent insitu moduli. This approaCh 

is very promising as it can be applied to a multilayered flexible or rigid 

pavement. Uddin et al (Ref 7) used this approach to determine insitu moduli 

of rigid pavements considering a subgrade of semi-infinite as well as finite 

thi.ckness. Figure 3.9 illustrates a flow diagram of this procedure. In the 

past few years a number of self iterative computer programs have been 

developed using this approach; they are reviewed in thp. following section. 

Self Iterative Procedures. Findings of a literature search on published 

self iterative procedures are summarized in Table 3.2, which presents titlp.s 

of computer codes, origins, applicability, and sources. Anani and Wang (Ref 

49) developed a self iterative computerized procedure to determine insitu 

moduli of a four-layer flp.xible pavement by obtaining a best fit of 
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TABLE 3.2. SUMMARY OF SELF-ITERATIVE PROCEDURES FOR EVALUATION OF PAVEMENT 
MODULI FROM DEFLECTION BAS INS 

Procedure 
Title Source 

.. Anan1 and Wang, 
1979 (Ref 49) 

ISSEM4 

OAF 

INVERSE 

.. 

FPEED1
5 

BASFlTU 

Sharae and Stubstad. 
1980 (Ref 50) 

l!ush-\l!S. 
1980 (lef 51) 

FllWA. 1981 
(Ref 52) 

FHIoIA, 1983 
(lef 53) 

Iiou, 1977 
(Ref 54) 

Tent&on-IIMSHD, 
1983 (lef 55) 

Uddin et al, 
1984 

Uddin et Ill, 
1984 

Seeds and Tsute, 
1981 (Ref 7) 

Pav_nt 

Hodel 1 

(0-00. of layera) 

4-layere 
flexible 

4-layull 
flexible 

4-layers (Not to 
exceed number of 
deflections) 
flexible 

3 or 4-layers 
flexible 

Rigid 
n • * 

n • .. 

3-1ayere 
flexible 

3 or 4-layers 
rigid 

3 or 4-layere 
flexible 

8 layers 
( flexible/rigid 

lSemi-infinite subgrade asaumed in input. 

Layered 
Theory Prolr_ 
for Analyda 

IIlSIJt 

CIIlV5L 

CIIEVRON's 
n-layer 

LAYER8 

IItlT 
Kethod 

U400 

lnPut 2 

1Ii 
i"'lluiable 

U2008 Vi 

1-1 to 
.. "i ...... 4 
(1·1+n) 

i"'llartable 

i_ariable 

.. V
1 

i_arieble 

U-2OO0 Vi 

or 
1-1 to 

Dynaflect 111 

FWD 1.1 to 
or 
1·1 to 7 

Dynaflect "i"'. 

Output 

El to E4 for 

4-layer input 

tj 

j"l to n 

E
j 

j-l to 3 or 
(overlay thiCKness) 

[j 

j-l to a 
(overlay thicKnes.) 

E
j 

j-l to n 

E
j 

j. 1 to 3 

E
j 

j - 1 to 3 or 4 
(re .. 1nlng life) 

*'* 

2ThicKness, Poi.son's ratio, initial aeed .odulue of each layer (except the thickness ot bottom layer) are 
required input allowable range. of .oduli are alao required. 

Jean be easily modified to handle other MDT devices. 

4Detailed review haa not been .. de of this reference. 

5Theae procedures are developed in the present atudy. 

6Not known or unavailable. -Interactive computer prosr .. that allow. the user to enter CDaDIea in .oduli and obtain theoretical deflections 
(another modified version, BASFT2 haa been developed recently. which allows the user to enter ~asured deflect1on. 
and plot .... ured and theoretical deflection basins at the end of each tri.l and al.o handles finite thicknesses 
of subgrade). 
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deflection basin measured by Rnad Rater model 400. The method employs 

successive corrections in moduli starting from the fourth sensor reading and 

the modulus of the fourth layer (the semi-infinite subgrade). The initial 

set of moduli are to be assumed by the user. Once all four moduli are 

corrected, the first iteration is completed. Correction factors are derived 

from an parlier sensitivity analysis on the effect of moduli changes on 

de flections. The procedure is val id only for Road Rater model 400 and four­

layer flexible pavements witn semi-infinite subgrades. Moreover, the the 

effects of the nonlinear behavior of subgrade and granular layers on back 

calculated moduli are not considered in the procedure. It is reported (Ref 

49) that unique results can be obtained but a literature search Ln pavement 

related publications could not find examples (other than those reported Ln 

Ref 49) of the field application and validation of this procedure. In 

general 30 iterations are needed to converge the moduli values according to 

Ref 49. In other words, B1SAR is used 120 times to calculate theoretical 

dp.f.lections for a four-layer pavement. For the test facility (Ref 49), 

deflection basins measured on only one test section were analyzed 

individually, but tbe computation cost is prohibitatively expensive if a 

large number of basins are to be analyzed. Therefore, for other test 

sections, only an average deflection basin for one set of data was calculated 

from the mean deflection values at each sensor and analyzed to determine 

insitu moduli. However, development of this procedure was a major step 

towards insitu material characterization as it uses a mechanistic approach to 

applying layered theory and does not rely on empirical procedures or 

nomographs. 

The self iterative procedure ISSEM4 described by Sharma and Stubstad 

(Ref 50) LS based exclusively on a F~D deflection basin. The computer 

program handles four-layer flexible pavement, uses ELSYM5 to calculate 

structural response, and is designed for evaluation of stress dependent 

moduli. The importance of analyzing an individual deflection basin is 

realized by Sharma an Stubstad (Ref 50). The derived insitu stress-dependent 

moduli are claimed to be unique to the accuracy allowed in the iterative 

procedure. The criterion for uniqueness is reportedly (Ref 50) that there 

must be one or more deflection readings per structural layer and placed as 
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ourlinfl!d in the paper. The reproducibility of derived moduli under the 

assumpti~n of different levels of initial assumed moduli is not reported in 

R~f 50. This procedure has been used on flexible pavements only. 

A computer program, CHEVDEF, was developed at WES (Ref 51) to analyze 

deflections basin measured by Road Rater model 2008. The procedure uses 

Chevron's layer program to calculate deflections when an initial set of 

moduli and their acceptable ranges are given. The self iterative procedure 

is based on determining a set of moduli which could minimize errors between 

prpdicted and measured deflections. ThP number of layers handled by this 

program should be one less than the number of deflection sensors. Examples 
~. 

of field applications are reported for flexible pavements (Ref 51). However 

thp input requiremp.nts are generalized» and therefore a deflect ion basin from 

any other NDT device, sucn as the Dynaflect, could be analyzp.d by this 

procedure and it could be used for rigid pavement. The last layer of 

subgrade is assumed to be semi-infinite. Nonlinear behavior of granular 

layers and subgrade ia not considered in this procedure but the output 

inc ludfl! s stresses, strains, and deflections at the center of the granular 

layers and at the top of the subgrade. 

The recently developed computerized overlay design procedure for 

flexible pavements, OAF-FHWA (Ref 52), has an option for deriving insitu 

moduli from a deflection basin measured by NDT devices, such as the 

Dynafl~ct, the Road Rater (the model which applies load through two steel 

coLumns), and toe Falling Weight Deflectometer. ELSYM5 is used to calculate 

structural response in this program which also assumes a semi infinite 

subgrade. To determine insitu moduli for (1) a three-layer pavement, a best 

fit of basin parameter SP, sensor one deflection, and sensor 2 or sensor 3 

deflection is used, or (2) a four-layer case, SP and the first 3 sensors 

deflections are used. The moduli determined from matching deflections are 

corrected to derive stress dependent moduli by considering gravity stress and 

non-linear behavior of granular layers and subgrade. To validate the self 

it'1!rative procedure of the OAF program for uniqueness of the derived stress 

dependent moduli, a desirable method is to measure deflection basins on a 

test section using the Dynaflect, Road Rater and Falling Weight Deflectometer 
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at the same time. lnsitu stress-dependent moduli determined from deflection 

basins of these NDT methods should agree within reasonable tolerance and also 

compare favorably within laboratory derived moduli or moduli determined from 

wave propagation techniques. The field applications cited in Ref 52 are 

based on the analysis of individual deflection basins but lack any study such 

as outlined above to check the uniqueness of the derived moduli. Very 

recently tne OAR-FHWA program (Ref 53) has been developed for overlay design 

of rigid pavements. lt also evaluates insitu moduli from deflection basins. 

Details are not available at this time. 

Hou (Ref 54) describes a self iterative computer program INVERSE, 

developed at the University of Utah, Salt Lake City, Utah, to evaluate insitu 

moduli from measured deflection basins. The method employs a least squares 

minimization of errors between deflections computerized by the CHEV5L layered 

program and the measured deflection basin successive approximation process is 

used to change moduli in the iterative procedure. Examples are presented for 

flexible pavements. No other publiShed material on field applications of 

this program could be found. The proposed deflection analysis program of the 

New Mexico State Highway Department (Ref 55) is also a self iterative program 

based on the principles of the procedure of Wang and Anani (RP.f 49) described 

earlier. It is designed to analyze deflection basins measured by model 2000 

Road Rater on the three-layer flexible pavements. Moduli of pavement layers 

are obtained when best fit of a set of three deflections measured at 1) 2 and 

3 'feet away from the center of tne loading plate is achieved with the 

deflections computed by Chevron's n-layer program. Nonlinear benavior of the 

granular layer and the subgrade is not considered in this version of the 

deflection analysis program. 

The features of the self iterative procedures outlined above are 

summarized in the following 

(1) With the exception of the OAF program, procedures were developed to 

analyze deflection basin of only one spec ific type of NDT device. 

(2) Procedures are limited to either three or four-layer pavements, 

except OAF, which can handle both types of pavement. 
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(3) Computp-r programs based on multilayered linear elastic theory are 

used in these procedures to computp- theoretical deflections. Anani 

and Wang use BISAR, whereas ELSYM5 is used in OAF and ISSEM4 

procedures, and Chevron's n-layer programs are used in all other 

procedures. 

(4) Generally these procedures are designed to handle only flexible 

(5 ) 

(6 ) 

(n 

(8) 

(9 ) 

pavp.ments. 

Semi- infinite subgrad p is assumed in nearly all procedures. 

Existence of a rigid layer at a finite thickness of subgrade 

influences pavement responses. Tnis influp.nce is not applicable on 

stresses, but could be very significant on surface deflections. 

Effects of considering a rigid bottom or a rock layer at a finite 

depth of subgrade on computed deflections and derived moduli are 

not addressed in the development of these methods. 

Effects of nonlinear behavior of granular layers and subgrade on 

dprived moduli are not considered in most of these procedures with 

the exception of OAF and ISSEM4. 

All procedures need extensive field applications in order to 

validate and calibrate if necessary their convergence processes and 

to check the uniqueness of the derived moduli. 

All these procedures are user dependent as far as the effect of 

initial assumed moduli on the convergence process is concerned. 

Dynamic aspects of the dynamic deflection data and the effect of 

the loading mode are ignored in all the above procedures. 

discussions related to this topic are presented in the 

section. 

Further 

following 

DYNAMIC ANALYSIS OF NDT DATA 

Introduction 

Thp discussion presentp.d here is applicable to all NDT devices which 

generate dynamic deflections, including steady state vibratory devices, such 

as the Dynaflect, and impulse devices, such as the FWD. Dynamic loading on a 
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pavement surface causes disturbance in pavemp.nt-subgrade system. If the 

pavement-subgrade system ~s assump.d to be linearly elastic thp.n a trup 

dynamic analysis of this problem is possible by the application of the theory 

of stress wave propagation in layered elastic media (Ref 56). This approach 

is m use in sp.iamic analysis of earthquakes by geophysicists and 

geotechnical engineers and also in structural dynamics area. Details of the 

theoretical 

summarized 

backgrnund 

in Ref 58. 

can be found in Re fs 56 and 57. The 

A brief outline is presented in this 

concepts are 

section. Wave 

motion created by a disturbance in a homogeneous and isotropic elastic half 

spacp. is described by three types of waves: (1) comprp.ssion (P) wave, (2) 

shear (5) wave, and (3) Rayleigh (R) wave. P and S waves are also called 

body waves, as they travel inside the body of the medium whereas R waves 

travel near the surface. Figure 3.10 illustrates the particle motion 

relative to the direction of wave propagation. Shear wave has two 

components, 5 v' the vertical component, and S h' the horizontal component. 

The amplitudes of R waves attenuate very rapidly with depth. The attenuation 

of energy associated with these waves is caused by geometric and material 

damping (Rpf 57). The propagation of the three types of waves away from a 

vertically vibrating surface is shown in Fig 3.11. In a layered medium, the 

wave front becomes very complicated because of reflection, refraction, and 

polarization of waves (Refs 56 and 57). The basic concepts related to only 

elastic half spaces for the evaluation of material properties from 

propagation velocity are discussed here. P wave velocity (V p) and S waVE> 

velocity (V ) are related to elastic properties of material by the following 
s 

expressions: 

and 

RR387-1/03 

= (M )~ 
/p (3.2) 



56 

005 59 

A __ Q 

(~) P wIve 

. 

m: 
.... I I'" .' • • • _ ' ) 

(h) S .... e 
~ 

~ &~~ 
~ '~.n;.. "- "'- ""-

t=~tl--r.-~r;s. .... 1-1- ...... r-. 
... f- .... i--i-- r.-~ r-- ,... .... 1- i' i-' • 
... i--i-- - ...... 1--. I"- ....... "" .......... ~ ~ ..... vvl--- .......... r.-"'-I"-

-- ~""I- ~ .... ..... ~ .... ~ ......... "'1-.: ~ ................ '" :: v~ .......... ~ ..... -.-~ .. 
Ampllludl 

Wlve'eno'" 

( C ) Raylp"9h waye 

~ ~ ~ r~"1 ~ t~~ :q 
~~j..~~ 

""'i.....,--~ J1 ~ ~;...; 
"'- I--' ""'i ~ """ p r-r-

t ; 

Undlll~ ",.Cltum 

~ 

I 

Fig 3.10. Forms of wave motion in an elastic half-space (Ref 61) . 

I 

I 
I 
I 
r 
I 
I 
J 



I 
I 

I 
I 
I 

I-

CirCular FOOIoI'IQ 

: 

Relative 
Ampllfude 

(a) Distribution of w~ves from a vertically vibrating 
footing on c1 homogeneous, isotropic, elastic half­
sp<lce 

~~ . 
.... 
ft 3 

:..1"-' 
c .. 2 ... 

::> 
'0 
> 

11 s- Woves 

R-Woves 

o 0.1 0.2 0.3 0 .• o.~ 

Poinon'$ Rctio, to 

(b) Relationship between Poisson's ratio and wave velocities 
in ,:m clast i.e lw.lf -space 

Fig 3.11. Propagation of waves in an elastic half-space. 

57 



58 

where 

Using 

ratio 

and 

-', 

1 
V = (G )~ 

s /p 

M == constrained modulus of elasticity, 

shear modulus, and G • 
p • • unit weight 

mass density acceleration due to gravity 
tnp. relationships between elastic parameters, M, G, E, 

(~ ) it can be shown that 

E = p (1 +~) (1 - 2U) V 2/(1 - ~) 
p 

(3.3) 

and Poisson IS 

(3.4) 

(3.5) 

The conventional experimental procedure for evaluating pavement moduli· 

from steady state vibrations is based on developing a dispersion curve where 

Rayleigh wave velocity, VR, is plotted against La, the wavelength of the R 

wave (Ref 59). The following relationship is used in this procedure to 

calculate VR by measuring LR: 

(3.6) 
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where 

f .. frequency of excitation • 

Equation 3.6 is equally valid for Vp , Lp, and Vs ' Ls ' Nazarian and Stokoe 

(Ref 58) use Eq 3.6 and the s~ctral analysis of a surface wave generated by 

an impulse source to measure the frequency content and wavelength associated 

wit.h each frequency to determine VR, Once VR is known, E can be found from 

the following equation: 

E = 2(1 + ll) P V 2 
s 

== 0.9 V , s 

(3.7) 

The ex per im'ent a 1 procedures to determine pavement moduli basically use the 

fundamental relationships discussed above. 

Research is currently in progress at the University of Texas at Austin 

(Ref 60) to develop a dynamic model for determining structural response under 

dynamic NDT tests, as discussed briefly in the following section. 

Dynamic Analysis for Steady State NDT Data 

A detailed treatment of the dynamic model (Ref 60) is out of the scope 

of this study. At the present time, the model is being continually improved 

and calibrated. The formation is capable of giving complete structural 

response under harmonic loading at a specific fixed frequency or a transient 

response under an impulse load. The basic assumption is that, in each 

horizontal layer, the material is homogeneous, isotropic, and linearly 

elastic, The basic princ iples used in formulating and 

equation in the simple model are: (1) coupled P and 

considered as R waves in the x-z direction and (2) the S 

shear wave can be treated as a Love wave (Ref 56) in the 

the more detailed model being developed at present, these 

solving the 

Sv waves can 

component of 

y-direction. 

assumpt ions are 

wave 

be 

the 

(In 

no 

longer made and all different forms of waves are properly accounted for.) 
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The coordinates sys tem is shown in Fig 3.12. Stresses and displacement are 

assumf"d continuous at the in ter faces. Displacement s are considered to be 

linear between the top and bottom of a layer. The problem is solved for a 

displacement which can be differentiated to obtain strain, and Booke's law is 

then applip.d to calculate stresses. The input includes E, ~ , and the 

thickness of each layer, unit weights of materials, the excitation frequency, 

and the boundary condition at the bottom of the subgrade layer. 

velocities are calculated internally in the program. 

Wave 

The flexible pavement illustrated in Fig 3.13 has been analyzed for 

various thicknesses of the subgrade, ranging from 10 feet to infinity. The 

Dynaflect loading and geophone configuration was modelled in the dynamic 

analysis. Typical results are presented in Figs 3.14 to 3.19. 

Figure 3.14 illustrates the theoretical dynamic deflection basin at an 

assumed frequency of zero Bertz for a 110 feet deep subgrade which 

corresponds to a static loading condition. The same figure also shows thp. 

static deflection basin calculated by using £LSYM5. The basins are virtually 

same. Variations of ratio of dynamic amplitude at 8 Hz and static 

deflection are illustrated in Figs 3.15 to 3.19, for subgrade depths ranging 

from 10 feet to 110 feet. For this analysis, static de flec t ions were 

calculated using ELSYM5 with the input data shown in Fig 3.13. These figures 

illustrate that at a depth of subgrade to rock layer of 35 feet, large 

dynamic de flection are predicted by the dynamic analysis. The same ratios 

have been plotted versus depths of subgradp- in Fig 3.20 for each geophonp. 

location. The 5th geophone, which is often used to characteri~ subgrade 

modulus (Ref 23), also shows the highest ratio at 35 feet. At sensor 1, the 

effect is less pronounced. This analysis indicates that if, at 35 feet 

depth, a rock layer exists, the Dynaflect will record higher deflections, and 

the use of a static analysis will result in errors in back-calculated moduli. 

The self iterative program FPEDDI (developed and described in thp. present 

study) was used to back calculate insitu moduli from the theoretical dynamic 

deflection basins using the input data of Fig 3.13. The back-calculated 

moduli are summarized in Table 3.3. As anticipated, significant errors 1n 

all baclt-calculated moduli occur at depths of 20 and 35 feet. 
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Fig 3.13. Flexible pavement 
used in the 
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Fig 3.14. Comparison of theoretical Dynaflect deflection basins 
calculated using dynamic and static analysis. 
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Radio! dis1ance from loading whee I, inche s 

0 12 24 36 48 
2.0 I I I 

dO/d s r" 

1.0 ·r J':'I 

0.0 , , ! I I 

-ttl #2 :#3 #4 #5 
Sensors 

Fig 3.15. Plot of dn/ds 
corresponding to the locations of Dynaflect 

sensors for n = 10 feet. 

2.0 

d°kis 1.0 I:" 
"r.; 

0.0 I ! , 
#1 #2 #":3 #4 

Sensors 
#5 

Fig 3.16. Plot of dn/ds 
corresponding to the locations of Dynaflect 

sensors for n = 20 feet. 
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dO/ds 
1.0 ~--------------------t 
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#1 #2 #3 #4 #5 
Sensors 

Fig 3.17. Plot of dn/d
s 

corresponding to the locations of Dynaflect 

sensors for n = 35 feet. 
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Fig 3.19. Plot of ~/dR corresponding to the locations of 

Dynaflect sensors for D = 110 feet. 
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TABLE 3.3. MODULI DERIVED FROM THEORETICAL DEFLECTION BASINS 
BASED ON DYNAMIC ANALYSIS 

Depth of 
Subgrade, D Calculated Error. Calculated Error. Calculated Error* 

10 Feet 

20 Feet 

35 Feet -----

50 Feet 

110 Feet 

(lriginal 
Modu::'i 

DOS 289 

200.000 0% 65,096 -17.1% 

285,833 +42.9% 69,558 711.4% 

295,366 +47.7% 53,252 -32.2% 

200,000 0% 78,500 0% 

200,000 0% 78,500 0% 

200,000 psi 78.500 psi 

Original Modulus - Calculated Modulus x 100 
Original Modulus 

27,943 -3.6% 

23,927 -17.5% 

17.751 -38.8% 

32,164 +10.9% 

30,817 + 6"~ 3% 

29,000 psi 
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By lo~king at wave motion induced by the Dynaflect, long wavelengths 

result due to the low excitation frequency. For typical subgrade soils 

(assuming nondispersive mpdium), naIf wavelengths will be more than 35 feet. 

Such a long wavelength decreases attpnuation (relative to shorter 

wavelengths), Also, the effect of pavement layers existing near the surface 

will be practically negligible on wave attenuation. This discussion leads to 

the conclusion that peak-to-peak vibratory force of thp Dynaflpct can be 

approximated as a pseudo static load, and the corresponding peak-to-peak 

dynamic deflections can be treated as static deflections. Therefore, it is 

reasonable to apply a static analysis using layered elastic theory to analyzp 

Dynaflect deflections. !bis discussion is also supported by the results of 

the dynamic analysis described earlier if we know that there is no rigid or 

rock layer at somp critical depth. This critical depth can be approximated 

as 1/4 to 1/2 of the wavelength of the P wave in the subgrade soil (Ref 60). 

Dynamic Analysis of FWD 

A transient impulse on a pavement surface can pxcite a wide range of 

frequenci~s, If the frequency content is known, the dynamic analysis 

discussed in the preceding section, can be applied for each frequency level. 

and the principle of superposition can be used to determine dynamic response 

(Ref 60). In an earlier study reported by Scott et al (Ref 61), field 

measurements were made on the dynamic response of the FWD. A simplified 

approach to calculate the predominant frequency excited by the FWD is to 

r~present the FwD load by the idealized load-time history, as illustratP.ci in 

Fig 3.21(a), Assuming a harmonic waveform as shown in Fig 3.21{b). the 

period, T, of the wave is approximately 50 seconds. Frequency. f, being the 

inverse of T. can be taken as 20 a~. From the time-history and auto power 

spectra for the FWD, Scott et al (Ref 61) found that the predominant 

frequency excited by the FwD was 20 or 21 Hz. Comparisons of FWD theoretical 

dynamic deflection basins with static basins calculated by layered theory 

analysis (such as described for the Dynaflect in Figs 3.15 to 3.20) are not 

available at the present time. Further research is warranted in this area. 
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A very simplifi~d dynamic analysis of the FWD is to examine the behavior 

of waves propagating in a hypoth~tical column under the loading plate. 

Results of a preliminary study using an idealized load-time history of the 

FWD on a homogeneous and isotropic elastic half space is presented in 

Appendix A. The model was used to generat~ deflection-time histories and the 

distribution of vertical stress in the medium under an impulse. An important 

and interesting finding is that the theoretical vertical stress distribution 

and deflection-time history under an FWD pulse are similar to measured 

signals of the FWD as illustrated in Fig 2.4. 

It can be seen that until the present time not much attention was paid 

to developing dynamic analysis procedures using the wave propagation for the 

interpretation of dynamic NDT data of pavements. Dynamic analysis of dynamic 

deflection data involves the use of research performed in seismic analysis 

and structural dynamics areas. A very brief discussion of this topic was 

presented above to emphasize thp. need for further research in this area. In 

the meantime, layered elastic theory provides the best approach to modeling 

pavement behavior for interpretation of NDT data. 

SUMMARY 

This chapter presents a literature review of analytical procedures for 

interpretation of dynamic deflection data generated with NDT devices. 

Various deflection basin parameters are defined and their applications and 

limitations were discussed. Available analytical models for analyzing 

pavement behavior were briefly described. The mechanistic models commonly 

used for evaluation of NDT data were reviewed. Next, procedures to derive 

Young's moduli of pavement layers from dynamic deflection data were reviewed; 

they include use of graphs and nomographs based on basin parameters and self 

iterative procedures involving the inverse application of layered elastic 

theory. Concepts of dynamic analysis of NDT devices such as the Dynaflect 

and FWD using the stress wave propagation approach were also briefly 

presented. It has been concluded that the layered elastic theory can be 
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effectively used to analyze the dynamic deflection basins for insitu material 

characterization of a pavement-subgrade system. 
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INTRODUCTION 

Gf>.neral 

CHAPTER 4. INSITU MATERIAL CHARACTERIZATION 

BASED ON DYNAMIC DEFLECTION DATA 

Nondpstructive testing of pavem~nts is performed by measuring dynamic 

deflection basins, which is an important part of the inservice monitoring of 

pavemp.nts at the project l~vel of the pavement management procpss. 1n those 

places where pavement management concepts are still not in practice, dynamic 

d~flection basins must still be measured before any major rehabilitation 

program is planned. In each case the data are collected for specific 

purposes using est&blishpd procedures of thp user agency. For examplp, Uddin 

et al (Ref 62) identified the following purposes for which Dynaflect 

deflection data are collp.cted on rigid pavements: 

(1) insitu material characterization, 

(2) void detection studies, 

(3) load transfer studies across joints and cracks, and 

(4) reflection cracking analysis prior to placing flexible overlays. 

The positioning of the Dynaflect on the pavement depends on the purpose fnr 

which deflection data are to b~ evaluated later. Keeping in view the main 

objectives of this study, i.e., structural evaluation, th~ rpsearch prp.sented 

in this docump.nt is directed towards mechanistic interpretation of the 

dynamic detlection basins measured for the purpose of insitu material 

characterization. The specific procedures pertaining to positioning of 

NDT device on the pavement, testing sequencp, samplp size and frequency 

tests, replication requirements, time and season of testing, and 

neCPssary corrp.ction or adjustment applied to raw data are not addressed 
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this study. The r~ader is referred to the established practice or the 

recommended testing procedures in Ref 62. 

Dynamic deflection basins measured for the purpose of insitu matprial 

characterization are analyzed to derive insitu Young's moduli of pavement 

layers which is the first step in a structural evaluation system. The second 

step is to correct moduli of the pavement material which exhibit nonlinear 

benavior or temperaturp sensitivity. The majority of the existing evaluation 

procedures stop here, and further application of the derived moduli is left 

to the user's discretion. In order to develop a comprehensive structural 

evaluation system in this study, additional analyses will be incorporated for 

(1) calculation of critical stress or strain, (2) estimation of fatigue life 

using the critical response, and (3) determination of remaining life of the 

pavement. Plots of remaining life and pavement moduli with distance along 

the pavement can then be used to identify areas which Deed an overlay and to 

calculate dpsign moduli value. The insitu Young's moduli are used for 

overlay design using recently developed mechanistic procedures for overlay 

design. 

basin 

first 

An important concept used in this study is to treat every deflection 

on an individual basis for analysis. This chapter is devoted to the 

step in the structural evaluation system, i.e., development of a splf 

iterative model to derive insitu pavement moduli. 

Computer Program !££ Structural Response Calculations 

Several existing and operational structural response models were 

rpviewed in Chapter .3. Layered elast ic theory programs were found to be the 

most powerful method for analyzing deflection basins as well as for any 

subsequent overlay design. The possible limitation of not considering a 

dynamic loading mode in a solution based on layered theory is also discussed 

in the last section of Chapter 3. At the present state of our knowledge 

layered theory programs are the most suitable means for mechanistic 

interpretatinn of dynamic df>.flection basins for all prac tical purposes. A 

number of computer programs based on layered elastic theory are available to 

researchers (Table 3.2). Compurer programs ELSYM5 (Ref 18) and BISAR (Ref 

35) were accessible for use in this study for the development of a structural 
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evaluation system. Figure 4.1 illustrates the comparison of theoretical 

deflection basins predicted for the Dynaflect loading and the geophone 

configuration. A basin predicted by ELSYM5 is shown in solid lines and 

broken lines represent BISAR predictions for rigid pavement. The predicted 

deflections match very closely except under the loading wheel, where BISAR 

slightly over predicts. For a flexible pavement, comparison of predicted 

basins 1S shown in Fig 4.2. For all practical purposes, the slight 

difference between the preoictions from these two programs can be ignored as 

neither of the two models can predict exact behavior of a pavement. Previous 

experienc~ using these two programs at The University of Texas at Austin 

indicates that (1) input data manipulation is easier with ELSYM5, (2) in 

general ELSYH5 is more efficient, faster, and less expensive in computational 

cost than BISAR, and (3) ELSYH5 can be easily adopted as a subprogram. BISAR 

has additional capabilities such as handling more than five layers, 

horizontal loads, and variable friction at layer interfaces. For the purpos~ 

of this study, ELSYM5 can handle the requirements related to layers, vertical 

loads, locations of responses, and rock layer which are considered 1n this 

study. Therefore, ELSYMS has been selected as the subprogram based on 

layered elastic theory for use in the development of a structural evaluation 

system. In addition, SOme of the preliminary work relateQ to parametric 

studies on variables affecting Dynaflect deflection basins and ge~eration of 

deflection basins based on factorial designs to develop simplified predictive 

equations for moduli was performed using LAYER8 and its interactive version 

BASFT2 (described in Ref 7). The deflection basins predicted from ELSYMS, 

LAYERS, and BASFT2 are virtually the same. 

PARAMETERS INFLUENCING DEFLECTION BASIN 

Parametric studies were carried out to evaluate (1) toe effect of the 

rate of cnange of the input parameter on a deflection basin and (2) the input 

parameters wnich show very significant influence on the deflection basin. 
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10 in. P. C. Concrete 

4 in. A.C. Bose 
6 in. Subbase 

Semi-infinite Subgrade 

FWD 
Radial Radiol Deflections (mils/lb ) Distance Distance 

from load 
ELSYM5 BISAR 

from load 
( in.) (in. ) 

0.0 0.49 0.49 
12.0 0.44 0.44 10.0 24.0 0.39 0.39 15.6 36.0 0.33 0.33 26.0 48.0 0.29 0.29 37.4 60.0 0.24 0.24 49.0 72.0 0.21 0.21 

Young's Modulus (psi) 

4,000,000 
200,000 

40,000 

20,000 

DYNAFLEC T 
Deflections ( mils) 

ELSYM5 B1SAR 

0.45 0.46 
0.43 0.43 
0.38 0.38 
0.33 0.33 
0.28 0.24 

Fig 4.1. Comparison of responses from ELSYM5 and BISAR for a rigid pavement. 
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2.5 in A.C. Surfacing 

15.0 in Flexible Base 

Semi-infinite Subgrade 

F W 0 

Radial Deflections (mils/lb ) 
Radial 

Distance Distance 
from load from load 

(in. ) ELSYM5 BISAR (in.) 

0.0 1.25 I. 25 
12.0 0.60 0.60 10.0 
24.0 0.36 0.36 15.6 
36.0 0.26 0.26 26.0 
48.0 0.19 0.19 37.4 
60.0 0.15 0.15 49.0 
72.0 0.13 0.13 

75 

Young's Modulus (psi) 

500.000 

80.000 

30.000 

DYNAFLECT 

Def I e ctions (mils) 

ELSYM5 BISA.R 

0.67 0.67 
0.49 0.50 
0.34 0.34 
0.25 0.25 
0.19 0.19 

Fig 4.2. Comparison of responses from ELSYMS ·and BlSAR for a flexible 
pavement. 
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Thp bas10 fitting procpdurp f~r dpriving insiru m~duli basically rplips 

on making appropriatP changps in an initial set of assumed moduli through a 

numbpr of itprations. Studips Wp.rp thprpforp madp. t~ find out suitable ratps 

of changp in pach modulus which can bp rp.lated to tnp discrepancies 1n 

cclculatpd and mp8surpd dpflpctions. This was accomplishpd by assuming a 

typical pavement structure of known propertips and then varying one of the E 

valups while keeping thp othpr Els fixed at thpir original values. First the 

E valup was doublp.d and a deflection basin was calculated thpn another basin 

was computed with thp E value reduced to half of its original value. During 

this parametric study for a pavf'!mf'!nt structurp , all othpr input parampteors, 

such as thlcknessps and Poisson's ratios, wp.rp. fixed. 

Rigid Pavpmpnts. One of thp. objectives of tnis study is to develop 

structural pvaluation pr~cedurps applicable to dynamic deflection basins 

measured pithpr by Dynaflect or FWD. All thp dpflection basins rpfprrpd to 

in topsp sections arp thporetical and pavpment is assumed t~ bp a 

p.lastic system. Theorpfore in general, thp. FWD deflection basin 

linparly 

(plotted 

using a deflpction normalized with respect to a 1000-lb ~ak load as 

discussed in Chapter 2, Fig 2.9) coincides with the corresponding Dynaflect 

dptlection basin, as illustrated in Fig 4.3 for a threp-layer pavement. A 

parametric study has been n~port4!"d by Uddin et al (Ref 7) to investigatp the 

influpnce of the rate of change of E's on theor4!"tical Dynaflect deflection 

basins. Thf'. rigid pavement structun'! and initial input data used in that 

s.tudy are shown in Fig 4.4. £1' E2 , E3 , and E4 areo 'Young's moduli of 

elasticity for thp surfacp concrptp laypr, asphaltic concrete basp , limp­

treated subbase, and subgrade. In the first part of the study (Ref 7) a semi 

infinite subgrad p was assumed. Tne findings summarized by Uddin pt al arp 

statpd bplow. 

(1) An increase 1n the previous vaLup of thp elastic modulus of any 

layer is accompanied by a decrease in thp calculatpd deflections of 

all SPRsnrs. Also, a dpcreBSP in thp original valup of tnp plastic 
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Fig 4.4. The back calculated Young's moduli (case of rigid 
bottom under 125 ft. of natural subgrade). 
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mndulus of any layer is associatpd with a corresponding increase 1n 

tne deflpcrions of all spnsors. 

Any increase or decrease in any of the elasric moduli, E1 , E2 , and 

EJ shows a corrpsponding but opposite change in rhe calculated 

However any chang II' in E4 is accompanipd by a 

relatively higher percpnt decrease or increase in the calculated 

dE"flpct'ions. 

In all casps thp rplative change in thp calculated deflections (dull' 

to a change in an elastic modulus) is not the same for all sensors. 

In general sensors closer to the load exhibit' the largpst change 

and the farthest sensor exhibits the least changp. 

(4) The calculated Dynaflect dpflection basins corresponding to changps 

in plastic modulus of each layer, reveal the following: 

(a) If £4 is increased by 100 percent (an increase of 32,100 psi), 

thE" dpflE"ction at sensor 5 is reduced by 46 percent and thE" 

deflection at sensor 1 is decreased by 37 percent from rhe 

original value. Therefore £4 can be used to match sensor 5 

deflection or vice versa. 

(b) For this pavement structure, a change in £1 affects thE" 

deflpction at spnsor 1 more than that at sensor 5. For 

example, if El is decrE"ased by 50 percent', thp calculat .. d 

deflpctions at sensors 1 and 2 are increased by 14 and 10 

percent respectively, whereas the deflection at sensor 5 is 

increased by only 4 percE"nt. Therefore El can be effectively 

used for matching sensors 1 and 2 deflections. 

(c) The deflection basin is the least sensitive to changes in E 

and £3' 

Similar observations were made for a paramPtric study when a finite suhgrade 

1500 inches thick was assumed. The following conceptual relationship is 

baspd on the results of tne study described ahovp: 
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6E. z f (6d,) (4.1) 
~ J 

wherp 6 Ei reprpsents a prpdicted change in the present valup of the 

of thf' i th laypr and 6 d, stands for a discrepancy betwepn thp 
J 

modulus 

original 

where j de flee t ion "and its pre spnt val ue cor res pond i ng to the j th sensor 

can take any value (s) from 1 to S for the Dynaflect or 1 to 7 for thp FWD. 

For a four-layer rigid pavement and Dynaflect testing, the following 

approximate rplatinnships are conceptually formed: 

(4.2) 

(4.3) 

(4.4) 

(4.5) -

where k stands for all intermediate sensors, In the case of FWD, 6 d S in 

Eq 4.2 can bf' replaced by 6 d6, Equation 4.2 can be used to predict 

appropriate change in thp modulus of the subgrade layer from the discrppancy 

observed in the farthest sensor (more than 4 feet away from the load), The 

high correlation bptween the sensor 5 deflection of the Dynaflect and thp 

subgrade modulus has been used by Taute et a1 to predict the subgrade modulus 

As was found earlier, the deflection basin is relatively 

insensitive to cbanges in the moduli of intermediate layers; therefore, it is 
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vp-ry difficult to arr1VP at unique valuf'!s of E2 and E3. This is also nbvinus 

from Eqs 4.3 and 4.4. Additinnal chpcks are to be prnvidpd to ensure 

nbtaining rpasonable mnduli values of intermpdiate layprs. If 

discrppancy 1n the first sensor is very large as compared tn the intermediatp 

sensnrs, then the relationship in Eq 4.5 can be uspd to correct surface 

cnncretp mndulus before procepding to the moduli of intermpdiate layprs. The 

most significant paramPtpr influencing a deflection basin is the subgrade 

mndulus. 

Flexiblp Pavement. A parametric study was also made to investigatp the 

effect of thp rate nf changp of Young's moduli on deflection basin. The 

flexible pavement used in thp. study is shown in Fig 4.5 with the materlal 

properties and thickness information. Thp normalized deflection basin of the 

F~D and toP Dynaflp-ct dpflection basin calculated for this pavement are shown 

1n Fig 4.6. The F~D configuration with 10,000 Ib of ppak force was assUIDP-d 

in these parametric studies. FWD deflections at thp locations of seven 

sensors are shown by triangles. Theoretical deflections at Dynaflect sensor 

locations are plotted with circles. The two theorptical deflpctlon basins 

virtually coincide, which is expected as the pavement 1S being analyzpd 

assum~ng a linear system. 

inferences deduced from thesp. studies of theoretical Dynaflect dpflection 

basins to FWD. 

T'np m ... thodology used in thp paramp.tr1c study to sep thp effpct of the 

rate of change of moduli in the case of fl ... xible pavement (Fig 4.5) is the 

samp as described in the prpceding section for rigid pavement. Results arp. 

plotted in Fig 4.7(a) to (d). It is observed that thp dp.flection basin is 

very sensitive to E4 , the subgrade modulus. This finding is the same for 

rigid pavemp.nt. Any changp. in any modulus causes a corrpsponding change 10 

deflections, which is opposite in sign. Changes in thp. moduli of the top two 

layers are reflectpd mostly in sensors closer to the load, which are the 

first 2 sensors for --Dynaflect. For the FWD, the first thrE"e sensors will 

show the pffect of changing El and E2 • Comparing toe effects of p.qual amount 

of increasp. or decrease in El and E2 ; E2 causes a relatively highp.r variation 

in the sensor 1 (Dynaflect) dpflection (about 11-13 percent) as compared to 

R.R387-1/04 
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Young's Poisson's 
Modulus(Esi) ratio 

6 in. A.C. SurfaeinQ 400,000 0.35 
8 in Stabilized Base 100,000 0.35 

12 in. Subbase 45,000 0.40 

Semi-infinite Subgrade 20,000 0.45 

Fig 4.5. Flexible pavement structure used in the parametric studies. 

Radial di sta nee from load, inches 

- a 37.4 49.0 
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:::::: 
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0---0 Dynafleet c: 
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&---f1l FWD .- / -0 ;I' (1) 
;:: 1.0 . (1) 
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N .--0 E 1.5 
0 12 24 36 48 60 72 z 

Fig 4.6. Theoretical deflection basins for the flexible pavement shown 
in Fig 4.5. 005 67 
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Fig 4.7. Effect of rate of change of moduli on theoretical 
Dynaflect deflection basins for the flexible pavement 
illustrated in Fig 4.5, 
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the change (4-5 percent) caused by the nf!W EI • Thes@ plots also indicatf'! thp 

following: 

(1) Deflpction at the farthest sensor (more than 4 feet from the load) 

is insensitive to any changes in EI , E2, or E3, Therefore any 

discrepancy in the deflection of the farthest sensor can be 

attributpd to a variation in E4 , or, in other words, 

(4.6) 

The various terms have been defined earlier. 

(2) The sensor 4 deflection for the Dynaflect (this corresponds to 

sensor 4 in FWD model 8000) is very sensitive to any change in E3 

or E4 • Assuming E4 corresponds to the corrected value according to 

Eq 4.6, then a change in E3 can be considered a function of a 

appropriate change in sensor 4. Therefore, 

Figure 4.7(a) to (d) also illustrates the merit of using 5 sensors 

(with the radial distance of the 5th sensor exceeding 4 feet) to 

establish the deflection basin. An FWD deflection basin with spven 

sensors (a maximum radial distance of 6 feet) is even better for 

identifying deflections away from loads which are sensitive to the 

moduli of lower layers. 

(3) As noted parlier, deflections at the first three Dynaflpct sensors 

are significantly sensitive to changes in El and E2, 
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(4.8) 

(4.9) 

where j represents all the first three Dynaflect sensors. 

However a change in E2 causes nearly twice as much change in deflections 

at sensors 1 and 2 as caused by an equal change in E1 . Therefore, at first 

E2 can be predicted by the deflection at the Dynaflect second sensor and 

sensor 1 can solely be related to E1 , The guidelines developed in these 

comparative studies will be utilized later in the self iterative model for 

deriving insitu moduli from dynamic deflection basins. 

poisson's Ratios of Pavement Layers 

poisson's ratio of eacn layer is another input parameter required in 

layered theory calculations for a theoretical deflection basin. Poisson's 

ratios of typical. pavement materials are known to vary within very narrow 

ranges. Typical values of Poisson's ratios are presented in Table 4.1. 

Small deviations from the tabulated values do not cause significant 

differences in calculated deflections. It is also customary in the pavement 

design field to assume the established values for normal pavement materials 

and soils and not to make any measurements. However it is pointed out that 

pdvement response is significantly affected by variations in poisson's ratios 

RR387-l/04 
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TABLE 4.1. RECOMMENDED VALUES OF POISSION'S RATIO FOR DIFFERENT 
PAVEMENT MATERIALS (REFS 38, 62) 

Material Type 

Portland cement concrete 
Asphaltic concrete 
Cement stabilized base 
Aspbalt stabilized base 
Unbound granular base 
Granular subgrade 
Clayey or silty subgrades 
Lime treated sub grade 

Range of 
Poisson's Ratio 

.15 - .20 

.25 .- .35 

.20 - .30 

.25 - .35 

.20 - .50 

.30 - .50 

.40 - .50 

Recommended 
Value 

0.15 
0.35 
0.30 
0.35 
0.40 
0.40 
0.45 
0.40 

.' 
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(especially of soils and granular matprial) in any dynamic analysis based on 

.. ave propagation (Rpfs 57,58,61). 

Thicknpss Information for Pavement Layers 

Thicknpss 1S an anothpr important input parameter for laypred thpory 

Thin pavements result generally in higher deflections, as 

relatively thicker pavements. In the prediction of critical 

pavement design and in the iterative procedure for deriving 

from mpasured pavement responses; the thicknpss input for 

layered theory computations is assumed to be exactly the same as the design 

computations. 

cnmparE'd to 

responses for 

insitu mOduli 

thickness or insitu thicknpss. Parametric studies were made to investigate 

the sensitivity of theoretical Dynaflect deflection basins to variations in 

the thickness of pavement layers. The basic approach used in these studies 

is the same as that applied in the studies on the effect of the rate of 

change of a modulus valul'!, described earlier. Thp effect of d iscreopanc;ies in 

thickness on calculated deflections was studied by varying the original 

thickness of a layer by a factor of 2 or 1/2 while keeping all otDer input 

data fixed at original levels. This approach will facilitate estimating the 

effect of the rate of change of thickness of a layer in terms of percent 

variations in theoretical deflections. A semi-infinite subgrade was assumed 

in the thickness studies using Dynaflect loading. However the findings can 

be equally applied to normalized deflection basins of the FWD . 

Rigid Pavements. The rigid pavement structure used in this parametric 

study is illustrated in Fig 4.8. The initial input information and the 

calculated Dynaflect deflection basin are also shown in the same figure, The 

results are summarized in Table 4.2. Graphical illustrations of the 

sensitivity of deflections to variations in a layer thickness are presented 

in Fig 4.9(a) to (c). The following observations are based on the results of 

this study: 

(1) Any increase in thickness is reflected by a decrease in the 

calculated deflection at all sensors. 

Ra3 87 -1/ 04 
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Radial di stance from load, in. 

0.0 10.0 15.6 26.0 37.4 49.0 SO.O 

en -.-
E .. 
en 0.1 c 
.2 -(..) 

C1) -..... 
C1) 

0.2 0 

-(..) 
C1) -..... 
o 
~ 0.3 o 

12 24 36 48 60 

Young's Modulus 
(psi) 

10 in P. C. Concrete 4,OOOPOO 
4 in A.C. Bose 500,000 
6 in Li me treated I 5 OPOO 
Semi-infinite Subgrode 32,500 

72 

Poisson's 
Ratio 

0.15 
0.35 
0.40 
0.45 

Fig 4.8. The rigid pavement structure used in thickness study. 
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Fig 4.9. Effect of variations in thickness of pavement layers 
005 359 on theoretical Dynaflect deflections using rigid 

pavement of Fig 4.8. 
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:! TABLE 4.2. SUMMARY OF PARAMETRIC STUDY ON 11l1CT<NF.SS - RIGID PAVEMENT (DYNAFLECT LOADING) .. .. 
'" 

IIIIIJI 

E1 ; D1-1O in. D1a20 in. Dl - 5 in. 

E
2

: D2 .. 4 in. 

E1; D3- 6 in. 
~4' Semi-infinite 

Subgrade .. -
Sensor Deflection, Deflections, 

No. mils mils 

1 0.29 0.17 0.63 
(-41.4%) (+48.2%) 

2 0.21 0.16 0.38 
(-41.6%) (+38.7%) 

3 0.24 0.15 0.30 
(-31.5%) (+25.0%) 

4 0.20 0.14 0.23 
(-31.1%) (+12.2%) 

5 0.17 0.13 0.18 
(-23.5%) (+ 5.9%) 

El - 4,000,000 psi (PC Concrete) 

E3 - 150,000 psi (Stabilized Subbase) 

D2-8 in. P2- 2 in. 

D3- 12 in. D3- 3 in. 

Deflections • Deflections. 
mila mils 

0.26 0.31 0.21 
(-10.1%) (+6.9%) (-6.9%) 

0.24 0.29 0.25 
(-12.4%) (+5.8%) (-8.87%) 

0.22 0.25 0.22 
(- 8.3%) (+4.2%) (-8.3% ) 

0.19 0.21 0.19 
(-1.3%) (+2.4%) (-7.3%) 

0.16 0.18 0.16 
(-5.9%) (+5.9t) (-5.9%) 

E2 - 5000.000 psi (AC Base) 

E4 - 32.500 psi (Subgrade) 

0.30 
(+3.4%) 

0.28 
(+8.0%) 

0.25 
(+4 .2%) 

0.21 
(+2.4%) 

0.18 
(+5.9%) 

(Figures in parenthesis represent percent deviation from the deflections computed for the parent 
pavement structure.) 
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(2) The discrepancies observed in calculated deflections do not show 

any linear rplationship with thp rate of change of the thicknpss of 

a layer. In other words, the discrepancy in deflections caused by 

an increoase in thp thickness of the layer is not the 8amp as that 

resulting from an equal reduction in the original thickness of that 

laypr. This is particularly trup for sensors close to thp load. 

(3) In general, sensors closer to the load (the first two sensors of 

the Dynaflp.ct) are more sensitive to variations in thicknpss. 

Considering the same rates of change of thickness of all the top 

three layers, the surface layer shows the most significant 

influence on the relative discrepancies of deflections of thesp 

sensors. 

Thp.rf-lfore, it can be concluded that a discrepancy in the thicknpss of thp 

surface concrete layer will result 1.n relatively large errors in the 

theoretical de flp.c t ions as compan'd to the effpct of variations in th .. 

thickness of intermediate layers . 

Flexible Pavements. ThP flex ib lp. pavemp.nt and its input data used 1.n 

the thickness study are shown in Fig 4.5. The procedure of varying thp 

thicknpss of each of the top three layers of this four-layer pavement was thp 

same as described above for the rigid pavemp.nt. The resulting calculated 

Dynaflect deflection basins are summarized in Table 4.3. ThP results of this 

study are essentially similar to conclusions (1) to (4) made for the rigid 

pavement case. Additionally it is observed that the sensor 5 deflection is 

insensitive to ~ 100 percent variations in thickness of the surfacp. asphaltic 

concrete layer and the influence on sensor 1 deflection is less pronounced 

compared to the influence of variations 1.n the thickness of the surface 

concrete layer (of rigid pavement). 

DEVELOPMENT OF A SELF I'rERATIVE MODEL FOR CALCULATING INSITU YOUNG'S MODULI 

The basic approach to deriving insitu moduli based on fitting a dynamic 

dpflection basin by applying successive corrp.ctions in thp. initially assumpd 

RR387-1/04 



.. .. 
<II .. .. ... 

TABLE 4.3. SUMMARY OF PAR.AMkrRIC STUDY OF THICKNESS - FLEXIBLE PAVEMENT (DYNAFLECT LOADING) 

E1 ; D~- 6 in. Dl -12 in. \"3 in. 

E2 , DZ- 8 in. 

E3; D3-12 in. 

E4 ; Semi-infinite !oo-
,. 

""'. Sub grade 

Seru'lOr Deflection, Deflections, 
No. mils mils 

1 0.75 0.57 0.B5 
(-24.0%) (+13.3%) 

2 0.62 0.50 0.60 
(-19.3%) (+ 9.7%) 

3 0.47 0.41 0.49 
(-12.8%) (+4 .2%) 

4 0.36 0.34 0.37 
(- 5.5%) (+2.8%) 

5 0.28 0.28 0.28 
( 0.0%) ( 0.0%) 

£1 - 400,000 psi (Ae Surface) 

£3 - 45.000 psi (Granular Subbase) 

DZ- 16 in. DZ- 4 in. 

D3-24 in. D3,",6 in. 

Deflections, Deflections, 
mils mils 

0.61 0.85 0.68 0.80 
(-lB.7%) (+13.3%) (-9.3%) (-Hi.7%) 

0.51 0.69 0.56 0.67 
(-17.8%) (+11.3%) (-11.3%) (+8.1%) 

0.40 0.50 0.42 0 . .50 
(-14.9%) (-Hi.4%) (-10.6%) (-Hi.3%) 

0.33 0.37 0.33 0.37 
(-8.3%) (+2.8%) (-B.3%) (+2.B%) 

0.27 0.2B 0.27 0.29 
(-3.6%) ( 0.0%) (-3.5%) (+3.6%) 

£2 - 110,000 psi (Stabilized Base) 

E4 - 20.000 psi (Subgrade) 

(Figures in parenthesis represent percent deviation from the deflections computed for the parent 
pavement structure.) 
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moduli and layered theory computations is discussed in this section. A self 

iterative proc@durp could be de.velnpP.d after consideration of certain 

assumptions related to input parameters and output response, establishing 

tolerances in deflections, moduli, criterion of acceptable limits for mnduli, 

and consideration of the finite thickness of the subgrade.. This section 1S 

devoted to a detailed description of the self iterative model developed in 

this study. 

Assumptions 

A set of simplified assumptions are necessary to validate the 

application of layered theory for determining insitu moduli from a deflection 

basin. The assumptions can be separated into two groups: 

(1) The first assumptions are inherent with the use of layered linear 

elastic theory to calculate pavement structural response. These 

are related to material properties, thickness information, and 

bnundary conditions, as described earlier in detail in Chapter 3 in 

the section on mechanistic models for NDT evaluation. 

(2) The second group of assumptions are r@quire.d for application of 

layered theory to analyze the NDT data of a pavement 1n existing 

cnndition as listed below: 

RR387-1/04 

(a) The existing pavement is considered to be a layered linearly 

elastic system. Therefore, the principle of superposition is 

valid for calculating pavement response dup to more than one 

load. 

(b) Th@ peak-to-peak dynamic force of 1000 lbs of the Dynaflpct is 

modelled as two pseudo static loads of 500 lb. each uniformly 

distributed on circular areas (167 lb./sq in. on each circular 

area). The peak dynamic force of the FWD is assumed to be 

equal to a pseudo static load uniformly distributed on a 

circular area with a radius 5.9 inches (i.e" the radius of 

the FWD loading plate). 
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(c) Thp. thicknp.ss of each layer is assump.d to be knnwn and exact. 

All layers are assumed to be in perfect cnntact, parallel to 

each other, and extending to infinity in the horizontal plane. 

For rigid pavements, the deflection basin is to be measured 

with the loading in the midspan position between joints or 

transverse cracks (as recommended by Ref 62) and far enough 

from pavement edge to satisfy this assumption. 

(d) The theoretical static deflections are assumed to be the samp. 

as mf>asured dynamic dp.flections (i.e. J peak-to-pE"ak dp.flpction 

of the Dynaflect and peak value of the FWD deflection signal). 

(e) The subgrade is to be characterized by assigning an average 

value to its mooulus of elasticity. 

Methodology 

Procedure nf Successive Correction. The review of existing self 

iterative procedures (Table 3.2) and findings of the parametric studies 

described earlier in this chapter have resulted in the formulation of a self 

iterative methodology for determining a set of Young's moduli of pavement 

layers based on a best fit of measured deflection basin within reasonable 

tolerances. The methodology relies on generating theoretical deflection 

basins using ELSYM5 and changing the initial values of assumed moduli through 

a procedure of successive correction in order to obtain a best fit of the 

measured de flection basin. The d iscrepanc:ies in thporetical and measured 

deflections have been related to required corrections in the preceding values 

of moduli. The correction procedure is designed to handle deflection basins 

of the Dynaflect and FWD. A conceptual treatment of the procedure of 

Buccessive correction is presented below: 

ERR. ... DEFM. 
J J 

(4.10) 
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Bnd 

ERRP. 
J 

100 (ERR. /DEFM.) 
J J 

(4.11) 

where the subscript j rp.fers to deflp.ction sensors (j = 1 to 5 for thp 

Dynaflect; j • 1 to 7 for the FWD), 

DEt""M.· 
J 

DEF· 
J 

ERR· 
J 

ERRP· 
J 

--
• 

• 

deflection measured at the jth sensor, 

deflection calculated at the jth sensor, 

error in measured and calculated deflection at the jth sensor, 

and 

percent error 1n measured and calculated deflection • 

To start with, deflections are calculatp.d from the initial input values 

of moduli referred to as seed moduli in this study. Thp. first cycle of 

iterations is p.quat to the number of layers in the pavempnt. in each set, 

the first iteration is made to correct the subgrade modulus, ELSYM5 is then 

called to calculate theoretical deflections. The. procedure of successive 

correction to the modulus of the next upper layer and use of £LSYMS to 

calculate theoretical deflections is continued until moduli of all layers 

have been checked for correction. Then another cycle starts from the 

subgrade layer. The relationship used in the procedure of successive 

correction is given below in tbe generalized form: 

ENEWi = (1.0 - CORR
i 

x ERRP
k 

x 0.5) (4.12) 

RR387-1/04 
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-

corrected value of Young's modulus of the ith layer, 

value of Young's modulus of the ith layer in the previous 

iteration (in th~ first iteration, it is the seed modulus), 

correction factor (for the ith layer) applied to thp. 

discrepancy in measured deflection and calculated deflection, 

and 

discrepancy in calculated (based on Ei's) and measured 

deflections of the kth sensor(s) in terms of pP.rcent error as 

calculated in Eq 4.11. 

Only half of the discrepancy in measured and calculated deflections is meant 

to be removed by applying appropriate correction to the corresponding modulus 

value. The correction factors (CORRi'a) have been based on the parametric 

studies described earlier concerning the infl~nce of the rate of change of 

moduli on deflection basins. A set of three correction factors is used in 

the self iterative procedurp. for rigid pavement. A separate set of three 

factors has been selected for flexible pavements. These correction factors 

are presented in Table 4.4. CORR1 is the correction factor for the modulus 

of the surface layer; CORRM is for all intermediate layers and CORRL is 

assigned for the subgrade layer. A number of additional measures are 

implemented in the self iterative model to ensure efficiency, reliability, 

and accuracy of the finally derived moduli, which are discussed in the next 

section. Iterations are stopped whenever one of the following occurs. 

(1) permissible tolerance in the maximum absolute discrepancy among 

calculated and measured deflections is exceeded, 

(2) any correction in a modulus value. causes the discrepancies in 

calculated and measured deflections to increase. This is an 

important criterion to ensure that the solutionis not going in the 

wrong direction. 

(3) the allowable maximum number of iterations ~s exceeded. 
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TABLE 4.4. CORRECTION FACTORS FOR USE IN THE PROCEDURE OF 
SUCCESSIVE CORRECTION (FOR BASIN FITTING 
ROUTINES) 

PAVEMENT 
TYPE PROGRAM 

PREDDl 
RIGID (Subroutine 

BASINR) 

FPEDDI 
FLEXIBLE (Subroutine 

BASINF) 

CORRECTION FACTORS 

CORRl
1 CORRM2 CORRL3 

0.050 0.100 0.015 

0.150 0.180 0.019 

1 For correction in the modulus of surface layer. 

2 
For correction in the moduli of intermediate layers. 

3 
For correction in the modulus of subgrade. 
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Algorithm of Self It~rative Model. A simplifip.d flow diagram of the 

self iterative procedure for determining insitu Young's moduli from the 

defl~ction basin is illustrat~d in Fig 4.10. The procp.dure was initially 

developed and evaluated for the analysis of a four-layer pavement model as 

discussed below. Later the algorithm was modified to handle a three-layer 

pavement model. Basic steps followed in the algorithm are described below. 

(1) Input: Number of layers; type of base/subbase material (granular or 

stabilized); NDT device type (FWD or Dynaflect); data related to FWD peak 

force and size of loading plate; measured deflections in mils (corresponding 

to S sensors for the Dynaflect and 6 or 7 sensors for the FWD); information 

related to each layer, such as thickness, Poisson's ratio, initial seed 

modulus, maximum and minimum permissible values of modulus; maximum number of 

iterations; tolerances r~lated to discrepancies in deflections and change in 

a modulus values. 

(2) Default Parameters: All tolerances are providp.d with default 

values. The default maximum number of iterations is 10. Additionally, 

default procedures are provided for seed moduli and permissible ranges of 

moduli of different pavement material. The provision of default values of 

seed moduli is an important step of the self iterative model developed in 

this study and contributes a significant improvement over other previously 

reviewed self iterative procedures. It helps to r~duce the number of 

iterations required for convergence of the iterative procedure and ensures a 

unique set of moduli. Tne validity of uniqueness will be dealt with in a 

separate section. 

(3) If thp. original flexible pavement is of three layers, the 

creates an additional layer from the top 6 inches of the last 

program 

layer. 

However, throughout the program, checks are provided to obtain the same 

moduli for the third and fourth layers. The same poisson's ratios are 

assigned to both layers. 

(4) If the user wishes to consider an arbitrary rock layer undp.r a 

finite thickness of subgrade, that is possible through a default procedure. 

(S) ~fnre starting iterations, all th~ initial seed moduli and thP. 

ranges of modulus of each layer are checked to ensure that these remain 

RR387-1/04 

'. I 



I 
1 
, 
, 
, 1----------- --------------, , Input Data from Main Program , 

I'No. of Sen.or. • RXYi Ro. of Layer. • MEL,' 
I Mea.ured Deflection • DEFM ( ) I 
~ ______________ ____________ J 

A •• ign a 12 in. Tbic~ne •• ~----~ 
to Subgrade 

Default Procedure 
~--~to Generate a Finite 

Tbickoe •• of Subgrade 

Call EDFALT to ~.ign Default Value. to 
Maximum and Mini~ Limit. of Moduli 

Call ERIGID to A •• ign Default Seed Moduli 

Check"Moduli to be within Permi •• ible Limit. and 
aatio of Granular Subba.e Modulu. to Subgrade Kodulu 

Not to Exceed 3.0 

Print Initial Information 

IT • 0, 
KNEW () • 0.0 

acOONT 0 
! () • ESEED ( ) 

Loop for Ba.in Fitting Convergence 

(continued) 

Fig 4.10. Simplified flow diagram of BASINR (for rigid pavement 
evaluation program RPEDD1). 
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100 

005 110 

Call ILSYK5 to Calculate Tbeoretical 
Deflection •• DED ( ) in Kil. 

Calculate Dilerepencie. 'IiDP ( ). Percent. between DEFK ( ) 
and DEF (). ERDK • Maximum Ablclute Di.crepency in Kila. 

Print Initial 
i.elulu 

'ITERATIONS BEGIN' 

HEiPP • KaxilNm of EIiDP ( ) 

NO 

NO 

Call SORT» to Sort Dilcrepencie. 
in Decendina Order 

Loop for Succe.aive Correct~on. in Moduli 

NO 
>--+oj Correct Subgrade Modulus 

(con tinued) 

Fig 4.10. (continued). 
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wirnin pprmissible limirs. All the input an~ initial infnrmarion are then 

prinred. 

(6) NCOUNT and IT (iteration number) are initialized with zero values. 

NCOUNT is a flag to restart successive corrections from subgrade modulus. 

(7) ELSYM5 is called to calculate deflections corr~sponding to sensor 

locations of the mp.asured deflections. The calculated deflections are 

converted into mils. 

(8) The discrepancies in measured and calculated deflections (Eqs 4.10 

and 4.11) are computed. The percent maximum absolute discrepancy (HERRP) is 

also calculated. The initial seed moduli, theoretical deflections, measured 

deflections and corresponding value of HERRP are also printed. If the 

maximum absolute difference in calculated and measured dpflection, ERDM, is 

equal to or less than the corresponding tolerance (the default value is 0.05 

mils) then thp program does not attempt any iterations and assumes s~ed 

moduli as the insitu moduli and skips to step 20. Otherwise iterations are 

started. 

(9) Using a subroutine, SORTD, thp computed discrepancies are sortpd in 

a decreasing order. The subroutine used after the correction of the subgrade 

modulus to identify thp layer for which the modulus 1S to be corrected. 

(10) If NCOUNT is zero, correction is applied to the subgrade mndulus. 

If NCOUNT is a positive value, corrections will be applied to moduli of the 

upper layer. Equation 4.12 is used to obtain the new modulus value. The 

order of correcting modulus values is from the bottom layer to the top. Tne 

sorted values of discrepancies (Step 9) are used to select the discrepancy 

related to an appropriate sensor location for use in Eq 4.12. 

(11) If the difference in thp. new modulus value and the value used in 

toe preceding ELYSM5 computation is equal to or less than a specified 

tolerance (it may have one of three values: TOLR31, TOLR32 , or TOLR33) then 

the new modulus value is reset to thp. old modulus value and tnp. 

returns to step' 10 to continue successive ~~=~p.ction of the modulus 
'ill 

next layer. Otherwise the program proceeds to step 12. 

program 

of the 

(12) The new moduli are checked for the permissible maximum and minimum 

limits. The modulus of thp. granular subbase layer is checked so as not to 

exceed the subgrade modulus by a factor of 3. A check is also made in a four-
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layer pavement to pnsure that the modulus of the granular base layer do~s not 

excped the modulus of the lower stabil ized subbas~ layer. 

(13) An 

val up. of IT. 

grp.a ter than 

iteration number is assigned by adding one to the previous 

NCOUNT is also increased by one. If the iteration number is 

the allowable number of iterations, the program stops the 

iterative procedure and proceeds to step 17. 

(14) If the maximum calculated discrepancy, RERRP, is equal to or less 

than thp specified tolerance (1.5 percent), thpn iterations are stopped and 

the program skips to step 17. ThP program also skips to step 17 if the HERRP 

calculatp.d in step 8 in thp. previous two iterations are compared and one of 

the following is observed: (a) The HERRP calculated now is equal to or 

exceeds its previously calculated value, or (b) thp. difference between the 

two HERRP values is relatively insignificant. This step is used to improve 

efficiency in the iterative procedure. Program 

there ~s no change in the moduli from their 

iteration. 

also skips to step 17 if 

values in the preceding 

(15) Logical variables are used to enable correction in the previously 

uncorrected modulus in a cycle of four-iterations. If the cycle is not 

completed, the program goes to step 7 to complp.te this iteration. Otherwise, 

all the logical variables and NCOUNT are reset to the initialized values and 

then the program procpeds to step 7 to start a new cycle of iterations. 

(16) Successive corrections are continued until iterations are stopped 

due to the constraint of a maximum number of iterations or completion of 

convergence as dictated by closure tolerances. 

(17) Iteration numbpr IT is reduced by 1. 

US) The program searches the best iteration based on the lowest 

discrepancy in deflection, HERRP. 

(19) The estimated moduli, calculated and measured deflections, and the 

HERRP corresponding to the best iteration (step 18) are printed. An option 

in input provides a printout of the results of all the iterations. 1f the 

seed moduli are the best solution then program proceeds to step 21; otherwise 

it goes to thp next step . .. 

RR387-1/04 
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(20) If HERRP of the best iteration exceeds 10 percent then another 

complete cycle of iterations is attempted using estimated insitu moduli as 

the ne.... seed modul i. In fbi s case) thp. program goes to step 6 after 

completing this ne .... cycle of iterations, the program goes to step 22. 

(21) Toe program gives the message that thp. seed moduli are the best 

estimate of the insitu moduli. 

(22) The self iterative procedure is stopped. 

The self iterature model is included in the computer program on the 

structural p.valuation system for rigid pavements as a routine named BASINR 

and BASINF in the computer program for the evaluation of flexible pavement. 

Different Criteria and Tolerances Used in the Self Iterative Model -- - - - ...... _--- ---
Acceptable Ranges of Moduli. The acceptable ranges of moduli of 

different pavement materials are important input and the user should enter 

them. It ensures tbat the derived moduli .... ill be .... ithin reasonable limits. 

Top. default values assume very wide ranges and bave been selected from a 

limited revie .... of published data. The default values are presented in Table 

4.5. 

Tolerances ·for Moduli. These tolerances (TOLR31, TOLR32 , and TOLR33) 

arp. employed to avoid any unnecessary ELSYM5 calculations based on corrected 

moduli values if there is no significant difference from thE> theoretical 

deflections of a preceding iteration (used in step 11 of the self iterative 

model). TOLR31 is for the modulus of the surface layer. TOLR32 is used for 

checking moduli of intermediate layers and T0LR33 is for the subgrade layer. 

The basic approach used 1n sensitivity analyses to establish these tolerances 

was to determine the maximum percent change in the modulus of a pavement 

layer which will result in insignificant changes (less than 2 percent) in the 

calculated deflection of typical four-layer pavements. The variation in one 

modulus value was made in increments of one percent (starting from one 

pp.rcent to 10 percent) for layers above the subgrade. During the sensitivity 

analysis of onp. layer, moduli of other layers were kept at fixed initial 

levels. Because deflections are very sensitive to any change in the subgrade 
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TABLE 4.5. DEFAULT VALUES FOR MAXIMUM AND MINIMUM RANGES 

El 

E2 

E3 

E4 

** 

*** 

OF MODULI OF PAVEMENT LAYERS (SU13ROUTINES EDFALT) 

RIGID FLEXIBLE 
MODULI PAVEMENTS PAVEMENTS 

Maximum 6,500,000 psi 1,110,000 psi 
*(5,000,000) * (100,000) 

Minimum 2,000,000 psi 80,000 psi 
* (1,000 ,000) * (50,000) 

Maximum 2 ,000 ,000 ps i ** 300,000 psi 
*** 90,000 

Minimum 50,000 psi ** 80,000 psi 
*** 25,000 

Maximum 500,000 psi ** 250,000 psi 
*** 70,000 

Minimum 30 ,000 psi ** 25,000 psi 
*** 20,000 

Maximum 70,000 psi 70,000 psi 

Minimum 5,000 psi 10,000 psi 

Default values to be assumed when ICONl = 1 is entered 
in input (badly cracked surface layer). 

Stabilized layer. 

Granular material. 
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modulus a comparatively small increm~nt was us~d in th@ sensitivity analysis 

for thp subgrade modulus. The tolerances established from these studies for 

use in tne self iterative model are pres~nted in Tabl@ 4.6. 

Closure Tolerances for Deflections. Two types of closure tolerances are 

sppcified in thp self iterative model to obtain convergence in the deflecti·on 

basin fitting process. TOLRl is to check the maximum value (ERDM) of all the 

absolutp differpnc@s between measured and calculated deflections before every 

iteration. The default value assigned to TOLRl is 0.05 mils, as described 

earlier in stPp 8 of th~ algorithm. 

TOLR2 is a ~rcent type tolerance to check thp max~mum (HERRP) of 

absolute differences at all sensors calculated using Eq 4.11. TOLR2 is used 

to stop iterations such as in step 14 of th~ algorithm described earlier. 

The default value of TOLR2 is 1.5 percent. 

Additional Checks. As mentioned in stPp 12 of the algorithm described 

earlier, for the case of a granular layer over the subgrade, the modulus of 

the granular laypr is checked before each iteration so as not to exceed three 

times thp value of the subgrade modulus. This criterion is based on the work 

of Heukelom and Klomp (R@f 63). 

The correction factors used ~n the successivp correction proc~durp. are 

valid for all discrepancies (ERRP j ) in deflections below certain upper 

limits. For thp. farthest sensor this limit is 70 percent, and for otner 

sensors it is 10 percent. Special provision 1S provided in the self 

iterative procedure to reduce the calculated discrepancy so that it does not 

exceed the appropriate upper limit before making any correction to the 

previous value of a modulus. 

The default value of the maximum number of iterations is 10. The 

limited application with the programs developed in this study indicates that 

generally a solution is reached in less than 10 iterations if the seed moduli 

are not drastically far from actual values, especially if default seed moduli 

are used. If a uspr observes a larg@r discrepancy in matching the deflection 

based on derived moduli and iterations are stopppd due to the constraint of 

the max~mum number of itPrations, then it is advisablp to increase this 

constraint to 15 iterations. However, it is recommended that the limits of 
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TABLE 4.6. TOLERANCES TO ACTIVATE CHANGES IN MODULI (FOR USE IN BASIN 
FITTING SUBROUTINES) 

PAVEMENT 
TYPE 

RIGID 

FLEXIBLE 

PROGRAM 

RPEDDl 
(Subroutine 

BASINR) 

FPEDDl 
(Subroutine 

BASINF) 

TOLERANCES IN MODULI 

TOLR31 TOLR32 

4.0% 3.0% 

4.0% 2.0% 

Note: TOLR31 is used for El (Young's modulus of surface layer). 
TOLR32 is used for intermediate layers. 
TOLR33 is used for sub~rade modulus . 

DOS 118 

TOLR33 

0.05% 

0.10% 
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all thE' other tolerances, i.e., TOLRl, TOLR2, TOLR31, TOLR32 and TOLR33, 

be increased from their default values. 

Consideration of Rigid Bottom 

not 

Background. semi-infinite thickness of subgradp is an inh~rent 

assumption in the use of layered theory to calculate a deflection basin. Th~ 

prp.sE'ocf' .or assumption of a rock layer at some finite d~pth necpssitates 

consideration of a rigid bottom instead of a semi-infinite subgrade because 

it can significantly affpct thp deflection basin (Fig 4.11). 19norancp. of 

this condition may result in significant p.rrors in moduli derivPd from 

deflection basins, as shown by Taute et al (Rpf 23) in Fig 4.12. A rigid 

bottom has not be~n considered in thp development of many self iterative 

procpdures. Udd in et al (Re f 62) have recommp.ndpd a procedure for 

consideration nfa rigid bottom if no information is availablfl about any rock 

layer under a finite subgrade. The ELSYM5 computer program assumps a s~mi­

infinite subgrade if no value for the thickness nf the last layer is entered 

in toe input. ELSYM5 can alsn handle a rigid bottom if a finite thicknpss of 

subgrad~ is specified in the input along with the interface condition. In 

the sl?lf iterati",e model of this study, a full friction (FF) condition has 

been assumed at thE' interface of subgrade and the bottom rigid layer. 

Case of Known Thickness of Subgrade. 1£ thp. thickness of tne subgrade 

overlying -a rock layer is known from design/construction records and other 

evidence or from SASW tests (Ref 58), then its value should be entered in the 

input of the structural evaluation programs of this study. A rigid bottom 

wl.tn an FF interfacE' condition is thpn assumed by the program intE'rnally. 

Case ~ Unknown Thickness of Subgrade. This condition is undoubtedly 

more common in NDT data. The error involved 1n nverpredictin& deflpctions 

due to the assumption of a semi-infinite subgrade is vp.ry obvious. Some 

researchers, such as Wiseman P.t a1 (Ref 27), have considered using an 

arbitrary depth of subgrade to the rigid layer. The approach recommended by 

Uddin P.t al (Ref 62) is utilizp.d in this study to develop a default procedure 

for estimating a reasonable depth of the subgrade over a rigid bottom. The 

default procpdure is activated by an option in the input if desired by the 
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Fig 4.11. Effect of the presence of a rigid layer at varying 
depths on theoretical Dynaflect deflection basins. 
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E3RF = Subgrade Modulus Predicted From Oef lection 
Measurements When a Rigid Foundation 

Exists at 03 

E3 = Subgrade Modulus for an Infinitely Thick 
Subgrade 

The Line Represents the Equation: 

E3RF =,0012 x 10 -0.00166 D3 x 10 1.330 Log D3 

E3 

E I = 4,500,000 
E2= 300,000 
E3= Varies 

50 100 150 200 250 

03 = Thickness of Subgrade Loyer, inches 

03 

Fig 4.12. The reduction in subgrade modulus predicted using deflection 
measurements when the subgrade is supported by a rigid 
foundation depth D3 (Ref 23). 
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user. Toe approach is based on concepts from wave propagation theory and 

dynamic analysis elaborat~d in thE" later part of Chapter 3. 

In the first step of the default procedure used in this study, an 

p.stimate nf the subgradp. modulus (ENAT) is mad~ from the pn~dictive 

relationships based on the measured deflection at a location far from the 

test load. Thp.se relatinnships are presented 1n Table 4.7. The step-by-step 

procedure is described in the following. 

(1) An initial estimate of the young's modulus of the subgradp, ENAT) 

is made. 

(2) The constrain ted 

calculated using 

Chaptpr 3): 

modulus of elasticity of thp. 

the following relationship 

subgr ad P. (M). 

(as di scussf'd 

M = [ENA T • (1 - lJ) ] / [ (1 + lJ) x (1 - 2lJ) ] 

(4.12) 

1S 

in 

(3) The mass density, p , of thp subgrade soil is calculatea from th@ 

unit weight of the soil. 

(4) The wavelength of thp. P-wave, Lp' is thpn calculated using the 

following relationship: 

f 

RR387-1/04 

L 
P 

-

= r'M/p 
f 

frequency of thp driving force (8 liz for the 

Dynaflect and for the FWD; the predominant frequency 



'. 

a 
a 
(J'O 

'" 

'. 

PAVEMENT 
TYPE 
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• 

TABLE,4.7. PREDICTIVE EQUATIONS FOR SUBGRADE MODULUS, ESG 

NDT 
DEVICE 

DYNAFLECT 

FWD 

DYNAFLECT 
(a) Stabilized 

Base 

(b) Granular 
Base 

FWD 
(a) Stabilized 

Base 

(b) Granular 
Base 

EQUATIONS 

ESG = -2637.155 + 119.65703 * (RS/W
S

) 

LOG10 ~ 5.55310 - 1.12294 * LOG
10 

(R
6 

X W
6

) 

LOG10 (ESG) = 2.6088 - 0.90216 * LOG
10 

(RS x W
S

) 

LOG10 (ESG) = 2.5366 - 0.95488 * LOG
10 

(RS x W
S

) 

LOG
lO 

(E
SG

) 5.38214 - 0.95433 * LOG
10 

(R
6 

x W
6

) 

LOG10 (ESG) = 5.43902 - 0.1400 * LOG
10 

(R
2 

x W
2

) -

0.8734 * LOGlO (RS x WS) 

th Ri is the radial distance of i sensor from test load. 

th 
Wi is the measured deflection at i sensor. 

R2 

0.981 

0.984 

0.950 

0.973 

0.995 

0.999 

I--' 
I--' 
N 

........ -,. --. -. --. --. --. --. --.. - --... -- --. -, --, 
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can be taken as 20 Hz, as discussed in Chapter 3 and 

il1ustratpd in Fig 3.21.) 
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(5) The thickness of the subgrade is then assumed to be half of Lp' 

This criterion has been based on discussions presented in Chapter 3 

related to dynamic analys~s. 

Handling of Zero or Close to Zero Deflections. If the deflection 

measured at the farthest sensor (e.g., spnsor 5 of the Dynaflect, located at 

a radial distance exceeding 4 feet frow the loading wheels) are zero, or less 

than 0.1 wils, it is indicative of a rock layer. Dynaflect deflection basins 

measured on a pavement built on a rOCk fill layer over bed rock in Austin 

support this discussion. One such deflection basin is illustrated in 

Fig 4.13. The self iterative model 1n this study handles such cases 

internally by assigning a 12-inch thick subgrade over a rigid layer. 

UNIQUENESS OF ESTIMATED INSITU MODULI 

Background 

A severe limitation, which can also be a major criticism, is that insitu 

Young's moduli derived by fitting a mpasured deflection basin may not be 

unique. This section deals witn this aspect and the measures adapted in the 

present study to achieve a unique set of moduli. Insitu moduli determined 

from a deflection basin measured on a two-layered pavement can be unique if 

the subgrad~ modulus is first determined by matching the deflection measured 

at the farthest sensor. Deflections measured at other sensors are th~n 

matched by iterating with the modulus of the top pavement layer. The final 

modulus of the surface layer will also be a unique value. However, in tne 

case of a three or four-layer pavement, more than one combination of moduli 

can b~ used to gen~rate tbeor~tical deflection basins which will match the 

measured deflection basin within reasonable closure tolerances. An example 

of the non uniqueness is illustrated in Fig 4.14 for a four-layer rigid 

pavement. 
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0.2 

Loop 360, site 4, St. 410 +00 
Austin, Texas 

0.3 
1.5 in. Asphaltic Concret 

12 in. Granula r Base 

0.4 18 in. Rockfill and 
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12 24 36 48 60 

Fig 4.13. Example of a measured Dynaflect deflection basin with 
a 0.02 mils deflection at sensor 5. 
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DEFLECTION BRSIN-C~LUMBUS 
SUMMER 1981 SECTION:3(LOCRTIDN:6Ll 
MERSURED DYNRFLECT DEFLECTIONS:+---+ 
CRLCULRTED DEFLECT IONS: 6. I 

't" 
lO" Concrete t E, 
t-
4

u 
A . C. Bose I E2 

-+ 
6" Lime Treoted,E 3 

CO Suborode I E4 

o 2 
o :3 
• 4 

Combinations of Elastic Moduli (psi) 

2 3 4 

6,800,000 7,500,000 7,000,000 SPOO,OCO 

650,000 400,000 550,000 655,000 

400,000 300,000 200,000 315,000 

30,000 32,000 32,500 32,150 

·+--------.------~--------~I------~I------~I cu. 00 1.00 2.00 3.00 4.00 5.00 
o I STRNCE FR(jM SENS(jR N(j. 1 (FT 

Fig 4.14. Deflection basin fitting results which illustrate possible 
non-uniqueness of moduli (Ref 7). 
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From discussions on the parametric study of moduli presented earli~r in 

this chapter, a unique value of the subgrade mndulus can be obtained fr~ the 

deflpction measured at the farthest sensor (e.g., sensor 5 in the Dynaflpct 

and senor 6 or 7 of the FWD) using a relationship such as Eq 4.2. The margin 

of error in the derived subgrade modulus will be essentially negligible if 

the thickness of the subgrade is appropriately modelled in the input of the 

self iterative procedure. This leaves us with the moduli of upper pavement 

layers. If the initial seed moduli are very close to the actual values then 

generally a reasonably unique solution can be easily reached within a 

reasonable margin of error. The approach used in this study is that, if 

relationShips are developed whicb can be used to predict seed moduli from 

measured deflections, then any guess work in seed moduli will be eliminated. 

Furthermore, if only one unique set of seed moduli is generated by the 

program internally using the input data, then the moduli derived by the self 

iterative model will also be unique within an acceptable margin of error. 

Several predictive relationships for seed moduli are used in the default 

procedure of the self iterative models developed in this study. 

Development 2! Default Procedures for Seed Moduli 

Figure 4.15 illustrates a simplified flow diagram of the procedur~ used 

in this study to develop predictive relationships for incorporation in the 

default procp.dure for seed moduli. An outline of the methodology is 

pr:esented below. 

Methodology. The methodology used in toe development of the procedure 

for default seed moduli is shown in Fig 4.16. Deflections at all sensor 

locations used in the NDT method are computed by layered elastic theory using 

moduli (E), and tbicknesses of layers (D) and specifying the radial distances 

R of ,sensors from the test load. Numerous combinations of E' sand D's are 

used at fixed values of R's and Poisson's ratios (~) to predict deflections 

(W) at all sensor locations. Now, using regression teChniques, predictive 

relationships can be developed from the statistical fit to predict Els from 

known values of D's and Wis at all sensors as illustrated in Fig 4.16. 
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Type (4 Layer) f-----~ .. ~~ Loading and Senior 
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(b) 
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Ii froID Load) 

Factorl (7) and Their Level. (3) 
Modulul of Each Layer 
Tbickne •• of Pavement Layers 
!~cept the Subgrade 
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of tach Layer. 

A •• ume a Semi-Infinite Subgrade. 

Full 'actorial:· 3 7 Combination. 
Select Partial Factorial (1/9tb): 243 

IHPUT 
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at Different Level. 

Computer Program 
DBrIT! i. U.ed 
to Generate 243 

Deflection Ba.ins 

OUTPUT 
Tbicknellea, Moduli, and Deflection 

Ba.ine for 243 Combination •• 

U.e Multiple aegre •• ion Analy.ia to Develop 
Predictive Equation. Uling Tran.foraed. 
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Esubgrade f [11 WI ..... J 
layer f [ lj ,If D 

1th j j 
d-deHect ion. 1-5 for Dyn .. flect, 6 or 
j-j .enlor (f ira t or interlllediate 

Fig 4.15. A conceptual flow diagram for developing predictive 
equations for seed moduli. 
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INPUTS 

I. For each ith 
layer 

Thickness, Dj 
Modulus, Ej 
Poisson's 

Ratio ,ui 
(fixed) 

2. NDT Load, P 
3. Radial distance 

Rj of each jth 
sensor from 
load 

Wj (computed) 
Rj (known) 

. Di (known) 

LAYERED ELASTIC 
THEORY t 

Wj = fPit Ei' Rj,,uj, p] 
(computed) ( known 

values) 

OUTPUTS 

[ Theoretical 
deflection 
basins for 243] 
runs; (Fig 4.15) 

W· j 

MULTI PLE REGRESSION 
MODEL 

Ej.= g[Wj, Rj' Di] t 
(Predicted 
Moduli ) 

Ei 

Fig 4.16. A conceptual illustration of methodology for predicting 
moduli from deflection basin and thickness data. 
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Fractional Factorial Designs. The first step of the m~thodology 

dpscribed above is to use layered elastic theory to generate theoretical 

deflection basins using a set of factors, such as D's and E's, at preselected 

Ipvels. Factorial design is a statistical technique of experimetlt design 

which enables the user to investigate simultaneously effects of all factors 

and their interactions on responsps (deflections at preselected locations). 

A full factorial design can be prohibitively costly to run if factors are 

large 1n number. A fractional factorial plan enables the user to select a 

fraction of all possible factorial combinations. In this study, a 1/9th 

replicate of a 37 factorial design described by Connor and Zelen (Ref 64) is 

selected to generate deflection basins (using 7 factors at 3 levels). This 

repl icate results in 243 runs of layered theory computations. Table 4.8 

presents a summary of the seven factors (thickness, 0, of each of three 

pavement layers and the modulus, E, of each layer) and the selected three 

levels of each factor. This plan is designed for a four-layer rigid pavement 

a sp.mi-infini te 

a summary of 1/9 

subgrade. 

fractional 

Further (Fig 4.17) assuming 

factorial design and 

f lP.x ib 1 e and rig id 

levels of factors 

pavements are presented in Appendix B. 

(Table 4.B and Appendix B) are basP.d 

exper ience • 

discussion on 

on 

dE"signs for 

The selected 

engineering 

Layered Theory Computations. A driver program, DBF!T1, was used t~ 

facilitate calling LAYERB for computation of the deflection basin in each of 

24j runs of each fractional factorial plan. Tneoretical deflections computed 

by LAYER8 and ELSYM5 are idp.ntical. Separate runs were made for thE" 

Dynaflect and the FwD. Fig 4.18 illustrates a simplified flow diagram of 

computer program DBF!T1. The details are presented in Appendix B. A semi­

infinite subgrade was assump.d in all runs and Poisson's ratios were based on 

Table 4.1. The surface deflections were computed at all radial distances, 

R's corrE"sponding to sensor locations. 

Computations for deflections were made for the three experimental plans, 

which are summarized below. 

(1) A rigid pavement plan for which factors and levels are presE"nted in 

Table 4.B. An important assumption made in the selection of moduli 
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Thickness • 

P.C. Concrete 0, • 
Stabilized Base 02 
S1abilized or Granular Subbase D:3 • 

~ , r"o. .... ' -V" 'r"o' " ,~ .. , __ ,.r 

Semi-infinite Subgrade °4 
• 

(D" 02 t and D:3are Finite Thicknesses) 
• 

" 

I 

• 

• 
Fig 4.17. Rigid pavement structure assumed in the fractional design. 
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Fig 4.18. Simplified flow chart of program DBFIT1. 

005 330 



, 

o 
o 

'" 
'" w 

'" 

" 

TABLE 4.8. FRACTIONAL FACTORIAL DESIGN TO GENERATE DEFLECTION BASIN DATA FOR DEVELOPMENT 
OF MODULI-PREDICTIVE EQUATIONS - RIGID PAVEMENTS (FOR DYNAFLECT AND FWD) 

FACTORS 

WI W2 W3 E4 E3 E2 
LEVELS (in.) (in.) (in.) (psi) (psi) (psi) 

Low 8 0 6 5,000 30,000 100,000 

Medium 10 4 9 15,000 150,000 500,000 

High 13 8 12 45,000 450,000 1,000,000 

[ Serid-InfInite ] PC Concrete Base Subbase E E E E Subgrade Thickness Thickness Thickness Subgrade Subbase Base 
in All Cases 

Full Factorial - 3 
7 

5 1/9th Fractional Factorial'" 3 ... 243 combinations 

,. 
" " ". 

1 .. 
"-"- "- '. 

El 
(psi) 

2,000,000 

4,000,000 

6,000,000 

PC Concrete 

.. • '. • 

...... 
t-J 
IV 

' . 
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levels is that base layer (Fig 4.17) is of a stabilized material. 

Basf! and subbasp. layers are in termed ia te layers and thpir loW' and 

high levels cover a very W'id!?' range. This approach is not 

unreasnnable as deflection basins of rigid pavements are relatively 

insensitive to wide variations in the moduli of intermediate 

lay",rs. 

(2) A fractional factorial plan for flexible pavements with stabilizpd 

base layers (see Appendix B for levels of the seven factors). 

(3) A fractional factorial plan for flexiblf! pavements with granular 

base layers for which details are given in Appendix B. 

Development of Predictive Equations for Moduli. This is the third stpp 

of the methodology described above. The mUltiple regression technique was 

uSPd to develop predictive relationships. An nvervieW' of the mUltiple 

regression technique as applied to deflection data has been presp.nted 

elspwill''!re (Rpf 7). At first, multivariate regression analyses were madp. 

where the multivariate responses are the deflection predicted by layered 

theory, and the independent variables are Dis and Els using the results 

generated in one of the experimental plans described in the preceding 

section. The resulting regression equations showed poor correlation 

coefficients. Therefore, a study was done to find a suitable transformation. 

The evidence that deflections at different radial distances, R's, from the 

load are unique for a pavement (also supported by layered theory) was used to 

attempt regression using transformations of multivariate deflection results. 

Details about these analyses are presented in Appendix B. Results from the 

expprimental plan number (for the Dynaflect) is referred to in the following 

discussion. The transformation used in this case is 

RDEF . = f (DEF., R.) 
J J J 

(4.14 ) 

R.R387-1/04 
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where DEF is the theoretical deflection at jh sensor. 

Multivariate regression analyses (Rpf 65) using the transfnrmpd response 

variable produced equations with high values of coefficient of multiple 

dpterminatinn, R2 (abnve 0.90). The equarinns are of the following form: 

RDEF. 
J 

= (4.15 ) 

i = number of layers in the pavement and 

all other terms have been defined earlier. 

In tbp case of the Dynaflect, a set of five simultaneous equations 

resulted frnm Eq 4.15. Di-1 refers to thicknesses nf all pavement layers 

excluding thp subgrade. In the process of analyzing a deflection basin, 

thicknesses D's arp known and Els are the only unknown. RDEFls are also 

known. luerefore, for a tnur-layer pavement, any four of five simultaneous 

equations can be solved to determine four unknown Els. Theoretically, any 

fnur equations snould give same Els. But when this procedure was used in the 

self-iterative program to calculate default seed moduli, it was found this 

approach dops not give a unique result. Moduli calculated from one set of 

equations were not the same as moduli computed from another combination of 

four equations. Tberefore the conceptual model presented in Fig 4.16 was 

tried. A univariate mUltiple regression technique was used to develop 

equations with a single E as the response variable and thicknesses (D) and 

RDEFIs as predictor (independent) variables. Various transformations were 

used in order to achieve high R2 valups. Toe resulting pquations fnr rigid 

and flexible pavements are presented in detail in Appendix B. For Dynaflect 

deflections generated by the rigid pavement plan, one of the equations for 

subgrade modulus was simplified by removing all independent variables except 

RDEFS ' which correspnnds to toe fifth sensor of the Dynaflect. Figure 4.19 

illustrates a plot of calculated and actual values of subgrade moduli. This 

RR387-1/04 
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equation and similar equations for flexible pavements were used in the self­

iterative models for thp default procedurp. of assigning a finite depth of the 

subgrade over a rigid bottom. The generalized form of regression equations 

(Appendix B) developed for calculation of default seed moduli is 

where 

E' -1 

c -

E' = 
1 c + g (DEF .• R.) + h (D

i 
1) (4.16) 

J J -

transformation of Young's modulus E of the ith layer (i can 

have anyone valup. from 1 to 4). 

a constant term. 

All other terms have been defined earlier. 

Appendix B provides a summary of all regression equations developed in 

this study for use in default procedures of seed moduli. 

Evaluation of Default Seed Moduli. In this section a few examples of 

the predictions of default seed moduli are presented. Different rigid and 

flexible pavements with assumed known moduli used in these examples are 

presented in Fig 4.20. The same figure also illustrates Dynaflect deflection 
, 
basin generated by layered theory computations (using BASFT2). The 

deflections and thicknesses were plugged into the input of programs devel~ped 

for self-iterative models with routines for default seed moduli. The 

predicted default seed moduli are pr~sented in Table 4.9. It can be seen 

that in general the predicted moduli are not too far from the actual moduli. 

This approach of default seed moduli offers distinct advantages: 

(1) Guess work 1S eliminated 1n assuming initial seed moduli in the 

self-iterative procedures. 

(2) As default seed moduli are not drastically different from actual 

moduli, fewer iterations will be needed for convergence. 
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(0)3 Layer-Rigid Pavement (b) 4 Layer-Flexible Pavement 
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A.C. : 400,000 PSI 
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Fig 4.20. Theoretical deflection basins generated for a rigid 
pavement and a flexible pavement. 
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TABLE 4.9. EXAMPLES OF PREDICTED SEED MODULI (FOR PAVEMENT 
SHOWN IN FIG 4.20) 

(a) RIGID PAVEMENTS (PROGRAM RPEDD1 - SUBROUTINE ERIGID) 

PREDICTED SEED KlDULl (psi) 

TRUE YOUNG'S 
LAYERS DYNAFLECT FWD M')DULl (psi) 

PC Concrete 3,862,250 5,108,699 4,000,000 

Stabilized 
Base 196,214 109,973 150,000 

Subgrade 24,278 23,915 25,000 

(b) FLEXIBLE PAVE.l1ENTS (PROGRAM FPEDD1 - SUBROUTINE EFLEX) 

PREDICTED SEED MODULI (psi) 
TRUE YOUNG I S 

LAYERS DYNAFLECT FWD KlDULI (ps i) 

AC Surface 321,833 400,000 

Stabilized 
Base 100,020 110,000 

Granular 
Subbase 70,550 45,000 

Subgrade 23,517 20,000 
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(3) Tb~ dprivPd insitu moduli will repres~ot a unique combination of 

moduli within allowable tolerances used in the self-iterative model 

for deriving insitu moduli from a deflection basin. 

Recommended Procedure ~ Determine Unique Insitu Young's Moduli 

(1) Determi.ne thicknp.sses of pavement layers at the test location. !hI? 

thickn~ss of the concrete layer in rigid pavements and the 

thicknp.ss of the aspnaltic concrete layer in flf'xible pavements is 

particularly important. Core thickness data should be used 

wherever available. The thickness profilp. can also be determined 

from SASW tests (Refs 58, 66), which is a nondestructive method 

based on wave propagation. 

(2) If exact information is unavailable about the thickness of the 

subgrade and rock layer is not believed to exist, then the dp.fault 

procedure for thp. depth to a rigid bottom should be used. It 

gp.nerally results in a better fit of the deflection basin. 

(3) Acceptable limits for max1mum and minimum values of the modulus of 

each layer should be specified by the user. Poisson's ratios are 

also entered by the user. 

(4) Enter thf> zero valups input of thp. initial seed moduli. Howp.ver. 

it is suggested that thp user input the surface modulus if he or 

shp. has some confidence in it. Computer programs based on thp. 

self-iterative models will genprate default seed moduli using 

appropriate equations for thp. pavement type. After thp iterative 

procedure is completed, the derived insitu moduli will present a 

uniqup. combination of pavement moduli. 

EVALUATION OF THE SELF-ITERATIVE MODEL 

The concepts, methodology, and description of the self-iterative modp.ls 

have been presp.nted in preceding sections. Subprograms BASINR (for rigid 

pavement) and BASINF (for flexible pavement) are the first stages of computer 
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programs for structural evaluation developed in this study. Applications of 

the self-iterative models to evaluate reproducibility and uniqueness, 

efficiency, and accuracy of the convergence process, and usefulness of 

capability to consider a rigid bottom are presented in this sp.ction. 

Reproducibility and Uniqueness 

This part of the study is based on theorptical defl~ction basins 

generated by layered theory for pavements of assumed known properties. Thi'! 

theorPtical deflection basins are input in all cases prpsented here. If 

default seed moduli are not opted, the insitu moduli determined from the 

analysis of a deflection basin will be dependent upon the user-supplipd 

initial seed moduli. Reproducibility is the capability of the self-iterative 

procedure to 

disregarding 

derive sets of insitu moduli within reasonable 

variations in the user-supplied seed moduli. 

agreement 

Pavement 

structures used in this study and theoretical deflection basins are presented 

in Fig 4.21. Variations in seed moduli and their effects on derived insitu 

moduli are presented in Tables 4.10 and 4.11. The insitu moduli determinpd 

on the basis of user dependent seed moduli are reproducible but are also 

associated with varying margins of error. It should be realized, however, 

that a reasonable reproducibility does not guarantee that the derived moduli 

are also unique. 

The same tables also present unique sets of insitu moduli derived on the 

basis of default seed moduli. It can be seen that errors in the uniquely 

derived moduli are very small, especially for subgrade and surface moduli, 

which have greater influence on pavement responsp as compared to intermediate 

moduli (particularly for rigid pavements). 

Efficiency and Accuracy ~ Convergence Process 

Efficiency of the self-iterative model is judged from the number of 

iterations required to converge to the final solution. The iterations 

required in deriving insitu moduli for examples discussed in the preceding 

section are also presented in Tables 4.10 and 4.11. It can be seen that the 

self-iterative programs are very efficient as the itPrations never reach a 
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• 

• 
"True

ll 
Young's Modulus 

(psi) Poisson's Ratio 

10" P. C. Concrete 4,000,000 0.15 

6
11 

Stabilized Bose 150,000 0.35 • 
'" " ,"' ..... ''''v 
Semi-infinite Subgrade 25,000 0.45 

• 
Data FWD (9000 lb. peak force) Dynaflect • Radial 0 12 24 36 48 60 72 10.0 15.6 26.0 37.4 49.0 

distance from 
Load (inch.) • 
Theoretical 3.84 3.42 2.97 2.52 2.13 1.79 1.52 0.38 0.36 0.32 0.27 0.23 
Deflection 

(mils) • 
.1 

I 

I 

Fig 4.21. Rigid pavement structure used in the reproducibility study. 
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C> TABLE 4.10. 
C> 
VI 

'" --J 

Modulus 

"True' 

Default 
Seed 

Low 
Input 

Predicted 
(Iteration 3) 

-. ~ • - I - - , - --J _i --! ---J 
___ l 

SUMMARY OF MODULI DETERMINED BY ANALYZING FWD DEFLECTION BAS IN 
(RIGID PAVEMENT CASE) 

Young's Moduli (psi) Theoretical Deflections (mils) 

Stabilized Sensor 
PC Concrete Base Subgrade No. 'True' Predicted 

4,000,000 150,000 25,000 1 3.84 3.82 

4,000,000 109,973 23,915 2 3.42 3.42 

3 2.97 3.01 
2,500,000 90,000 20,000 

4 2.52 2.59 

4,561,000 192,500 23,200 5 2.13 2.20 

6 1. 79 1.87 

7 1.52 1.59 

( continued) 
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VI 
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Modulus 

High 
Input 

Predicted 
(lterntlon 3) 

- -

TABLE 4.10 . (CONTINUED) 

Young's Moduli (psi) 

Stabilized 
PC Concrete Base Subgrade 

5,000,000 300,000 30,000 

3,367,000 159,000 25,620 

Theoretical Deflections (mils) 

Sensor 
No. 'True' Predicted 

1 3.84 3.91 

2 3.42 3.47 

3 2,97 2.97 

4 2.52 2.48 

5 2,13 2.06 

6 1. 79 1.72 

7 1.52 1.43 
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Q TABLE 4.11. Q 
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'" 

Modulus 

'True' 

Default 
Seed 

Low 
Input 

Predicted 
(Iteration 4) 

SUMMARY OF MODULI DETERMINED BY ANALYZING DYNAFLECT DEFLECTION BASIN 
(RIGID PAVEMENT C~~E) 

Young's Moduli (psi) Theoretical Deflection (mils) 

Stabilized Sensor 
PC Concrete Base Subgrade No. 'True' Predicted 

4,000,000 150,000 25,000 1 0.38 0.38 

3,862,251 196,214 24,278 2 0.36 0.36 

3 0.32 0.32 
2,500,000 90,000 20,000 

4 0.27 0.28 

4,887,000 229,400 22,310 5 0.23 0.24 

(continued) 
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Hodu1us 

High 
Input 

Predicted 
(Iteration 2) 

- • • 

TABLE 4.11. (CONTINUED) 

Young's Moduli (psi) 

Stabilized 
PC Concrete Base Subgrade 

5,000,000 300,000 30,000 

3,818,000 217,200 24,920 

• • • • • • 

I-' 
VJ 
0' 

Theoretical Deflections (mils) 

Sensor 
No. 'True' Predicted 

1 0.38 0.37 

2 0.36 0.35 

3 0.32 0.31 

4 0.27 0.26 

5 0.23 0.22 
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double digit number. The programs are, of course, highly p.fficient if the 

user knows dynamic moduli of ~ne or more pavement layers from SASW or other 

tests. It is suggested that if the modulus of the surface layer is roughly 

k.nown lit can be entprp.d in thp. input of thp. seed moduli. This approach wi 11 

result in improved efficip.ncy and reliability. 

The accuracy of tne convergence process is judged by HERRP (tne maximum 

percp.nt discrepancy in calculated and measured or input deflections among all 

sensor locations). The calculated and input deflp.ction basins are plotted in 

Fig 4.22. Additional examples based on field dynamic deflp.ction basins are 

presented in Figs 4.23 and 4.24. 

Usefulness of Rigid Bottom Consideration 

Consideration of a rigid bottom can considerably improve the efficiency 

and accuracy of the convergence process and the reliability of the derived 

moduli. Fig 4.25 illustrates this point whp.re a deflection basin predicted 

assuming 50 feet of subgrade has been analyzed. It can be seen that the 

analysis with the assumptions of a semi-infinite subgrade results in large 

errors in predicted insitu moduli, as compared to the insitu moduli predicted 

using 50 feet of subgrade overlaying a rigid layer. 

Another example is presented in Fig 4.26 where prior knowledge of the 

presencp. of a rock layer at a shallow depth was available. The Dynaflect 

deflection basin was measured on a flexible pavement site in Austin. This 

example also illustrates how the computer programs handle a small deflection 

value (less than 0.1 mil) at the last sensor of the NDT device. 

T£MPERATURE CORRECTION FOR FLEXIBLE PAVEMENT 

All asphalt-bound 

sensi tivity. Temperature 

pavements 1S recommended 

materials l.n 

correction of 

by the Asphalt 

pavements 

deflections 

Institute 

exhibit 

mp.asured 

(Ref 4). 

temperature 

on asphalt 

Asphal tic 

concrete modulus derived from a deflection basin using the self-iterature 

model described above represents the insitu modulus value at the test 

temperature. For pavement analysis and overlay design, an asphaltic concrete 
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Cf) 1.0 

E 
.-

c: 
0 -
~ 2.0 -Q) 

0 

3.0 

(;)---0--- --O-----0--~ynaflect Best 
Iteration 

Dynaflect FWD 
Generated (True) 

Deflections (;) A 

No. of Iterations 2 2 

Best Iteration #2 

FWD Peak Force=9tOOO Ib 

24 36 48 60 72 

Predicted Young's Moduli (psi) 

True Moduli Input Seed 
(ps i) Moduli (psi) Dynaflect Basin FWD BRRin 

PC Concrete 4,000,000 ° 3,862,000 4,000,000 

Stabilized Base 150,000 ° 249,300 150,000 

Subgrade 25,000 ° 23,300 23,920 

Fig 4.22. "True fl and predicted deflection basins for the rigid pavement 
shown in Fig 4.21. 
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RadiQ~ Distance from load, inches 

° 49.0 60.0 

(a) Dynaflect 

- Measured 
0.2 o Computed 

en - (lteratron #'3) 

E 
.. 0.4 

c 
0 

0.0 -U 
G> --G> 1.0 c 

2.0 

No. of lterations:.:3 . HERRP=4.go/0 

- Measured 

e:. Computed 
{Iteration #'6 ) 
HERRP = 7.1 0/0 

(b) FWD 

No. of Iterations = 6 

12 24 36 48 60 
Radial Distance from load, inches 

72 

·IH-IO (EB) East of Columbus, Texas Young's 

Dynoflect 

Moduli (psi) 

FWD 

10 in JRCP 

6 in Cement Stabilized 
' .... "Semi -infinite Subgrade'" 

('* Uncorrected 

5,398,000 

500,000 
3 1,030* 

5,500,000 

500,000 
32,820 

subgrode modulus) 

Fig 4.23. Example application of the self-iterative deflection basin 
fitting procedure (Program RPEDDl) for a rigid pavement. 
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Distance from load, inches 

O 37.4 49.0 GO.O 
~--~~~----~----~------~----~--~ 

Total Iterations = 0 

0.2 
U) -
E .. 
U) 

§ 0.4 -(,) 
OJ --OJ 

o 0.6 

12 

IH-40 (WB) Oklahoma 
June 1984 
Test Temperature = 95°F 

4.5 in A.C. Surface 

8.0 in. Bituminous 
Bose 

, r\".... //A,:\ 

Semi,..infinite Subgrade 

24 36 48 

Dynaflect. 

Measured 
Computed 

60 

Young's Modulus (psi) 
Input Seed Predicted 

o 292,900 

o II 2,900 

o 28,280* 

(* Uncorrected subgrade modulus) 

Station 02 miles (site 3) 
(Courtesy of A.R.E.) 

Fig 4.24. Example application of the self-iterative deflection basin 
fitting procedure (Program FPEDDl) for a flexible pavement. 
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Young's 
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Best Fit Basin 
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Young's 
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~ ___ ~A~.C~.80~s~e ______ ~E2 
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D Subgrode E4 
~~~~~~~-'r--w~ 

Predicted Percent HERRP 
True Seed (Iteration 112) Difference (Percent) 

4,000,000 0 3,085,000 -22.9 

400,000 0 273,100 -31.7 
2.98 

100,000 0 129,000 +29.0 

30,000 0 34,610 +15.4 

(a) D = Semi-infinite sub grade (no. of iterations 2) 

Input Predicted Percent HERRP 
True Seed (Iteration 112} 'Difference (Percen t) 

4,000,000 0 3,921,000 -2.0 

400,000 0 430,000 +7.5 
3.72 

100,000 0 129,000 +29.0 

30,000 0 28,850 - 3.8 

(b) D = 50 ft subgrade (no. of iterations 2) 

Fig 4.25. A theoretical FWD deflection basin generated to study rigid 
bottom consideration. 
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Input Seed Predicted 
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Corrected for 
Nonlinearity* 

55,300 
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Procedure for determining nonlinear moduli of granular base and subgrade 
material is discussed in Chapter S. 

Fig 4.26. Prediction of insitu moduli for a flexible pavement with 
known depth of sub grade to rock using flexible pavement 
evaluation program FPEDD1. 
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modulus at the design temperature is used. In this section, a procedure is 

dpscribed for use in thp structural evaluation methodology to estimate the 

asphaltic concrete modulus, corrected to the design temperature. 

Reference Temperatures 

Asphalt-bound material is sensitive to tempp-rature and loading 

frequency, Therefore, its resilient modulus determined in the laboratory is 

also referred to as dynamic stiffness. However, analysis of the dynamic 

deflection basin provides Young's modulus of elasticity of the asphaltic 

concrete layer at the test temperature. The test temperature, Tt , can be 

estimated using graphical solution (Ref 67) which utilizes the previous five­

day mean tempp-rature history at the test site to estimate the test 

temperature. Worked examples of this procedure are presented in Refs 4 and 

52. An alternative approach is to use the computerized procedure of Shahin 

and McCullough (Ref 68) based on the theory of conduction of heat in an 

... lastic mass. Uddin et al (Ref 7) rE"vised Shahin and McCullough's computer 

program to predict temperatures in concrete pavements. This approach 

utilizes daily climatological data and material properties to predict hourly 

temperature at any depth. Appendix I presents a listing of computer program 

FTEMP for~prediction of test temperatures at the middepth of the asphaltic 

layer in a flexible pavement. 

Design temperature I Td , is tM temperature to which aspt'lal tic concrete 

stiffnesses should be referenced for the design of pavements. Td can be 

taken as the mean annual air temperature. A design temperature of 70°F has 

been recommended 1n the FHWA-ARE overlay design procedure (Ref 69); it is the 

default value to be used in this study. 

Correction Procedure 

A simplified flow diagram of subroutine TEMPTF for 

correction of the asphaltic concrete modulus is illustrated 

This procedure is essentially based on the approach used 1n 

overlay design method (Ref 19) for flexible pavements. 
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Fig 4.27. Simplified flow diagram of subroutine TEMPTF. 
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expression is used to obtain the corrected modulus, EICOR, at the design 

tempP.ratur p : 

EleOR 

where 

CF .. 

E1 * CF (4.17) 

insitu modulus derived from the self-iterative analysis 

of the deflection basin at the test temperature and 

correction factor. 

The correction factor is calculated from the following rp.lationship: 

CF = 

EID .. 

E10 .. 

E1D and EIO 

described 1n ids 

E1D 
EIO 

(4.18) 

stiffness of the asphalt mix at the design tem~rature, 

Td , and 

stiffness of the asphalt m1X at the test tempP.ratur p ,. It' 

are to be obtained from the laboratory HR test (such as 

69 and 70). Figure 4.28 (taken from Ref 19) illustrates 

some typical tem~raturF! Hi relationships. It is assumed that the insitu 

asphalt stiffness has a tem~rature Hi - relationship parallel to thp 

laboratory derived curve for the same asphalt mix. If CF is not entered by 

the user, tne subroutine described here USp.s a default temperature Hi curve 

which is taken frnm Ref 19 (as illustrated 1n Fig 4.28) to calculate CF. 

Correction is skipped if thp test and design tempP.ratures are identical. If 

a pavement is old and badly cracked, then it will be unrE'\asonable to use a 

RR387-1/04 
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laboratory curve for temperature sensitivity. Due to th~ aging effect, 

asphalt stiffness will be only slightly sensitive to temperature changes. In 

this cas~, an option is used in tbe structural evaluation program for 

flexible pavements (Chapter 8) to omit any correction of the derived insitu 

asphaltic concrete modulus. Temperature correction is applied after making 

corrections to the moduli of the granular lay~rs and subgrade for nonlinear 

behavior, 

SUMMARY 

Thp methodology of insitu material characterization from the analysis of 

a dynamic deflection basin was developed in this chapter. A self-iterative 

model has been developed to derive the insitu Young's moduli of pavement 

layers. The model is applicable to a three or four-layer pavement for 

analyzing Dynaflect or FWD dynamic deflection data. A procedure of 

successive correction has been developed for the self-iterative model to 

derive insitu moduli. The correction procedure 1S based on parametric 

studies to investigate the sensitivity of a deflection basin to the rates of 

change in moduli and tniCKnesses. The procedure is also capable of handling 

a finite thickness of a subgrade with a rigid bottom. Different criteria and 

tolerancp.s used for an efficipnt and reliable convergence process are also 

developed and discussed in this chapter. A procedure using default seed 

moduli developed and recommended to achieve uniqueness of insitu moduli was 

also presented in this chapter. The self-iterative computer subprograms 

(BASINR for rigid pavement and BASINF for flexible pavement, as described in 

Chapters 7 and 8) were then used to derive insitu moduli for a number of 

example problems to evaluate uniqueness, efficiency and accuracy of 

convergence processes. 

Finally, it is recognized tnat the insitu asphaltic concrete modulus 

derived from the self-iterative analysis of asphalt pavement represents the 

stiffness of asphaltic concrete at pavement test temperature. A temperature 

correction procedure (subroutine TEMPTF) is described which is used to 

correct the insitu asphaltic concrete modulus to a specified design 
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temp~raturp.. In summary. this chapter is concp.rned with the development of 

the first stage of a structural evaluation system based on dynamic deflection 

basins. 
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CHAPTER 5. 

BACKGROUND 

NONLINEAR BEHAVIOR OF SUBGRADE AND GRANULAR MATERIALS 

IN PAVEMENT SUBLAYERS 

Insitu moduli of elasticity dprh,ed from the static analysis of a 

deflection basin by the self-iterative procedure US1ng layered elastic 

thpory do not necessarily predict exact bphavior of pavement materials 

traffic loads. Discrepancies generally exist when predicted behavior for 

design load is compared with measured response. Pavpment moduli are based on 

the assumption that pavement materials follow the constitutive law of linear 

elastic i ty. In the real world these materials do not show exact linpar 

materials as elastic behavior. However, when WI" are dealing with such 

concrete, stabilized materials (using cpment, lime, or asphalt as stabilizing 

agents). and asphaltic concrete (taking into account temperature dependency). 

linear elasticity is usually a good assumption. Therefore, insitu young's 

moduli of these materials determined from deflection basins (Chapter 4) can 

be used for pavement analysis and design with layered elastic theory without 

causing any significant errors in predictions of pavement response, However, 

it has long been recognized that granular layers (basp! subbase laypr) and tnp 

subgrade exhibit nonlinear behavior (Refs 69, 70, 71, 72, 73, 74, 75). 

Therefore, in the laboratory material characterization procedures rpsilient 

modulus, MR, rather than Young's modulus of elasticity is measured. Repeated 

load triaxial compression tests are used to characterize nonlinear rpsponse 

of these materials. A typical load pulse applied on the specimen is 

illustrated in Fig 5.1. The duration of the load pulsp 1S typi.cally 0.1 

second followed by a rest periOd of varying duration (Ref 36). Stress and 

strain are measured after the specimen is conditioned by applying a number of 

load repetitions. The stress-strain response is generally curvilinear. LVDT 

(linear variable differential transformer) transducers are used to measure 

the resilient deformation. MR' modulus of resilient deformation, 1S then 

calculated as a secant modulus using the following relationship: 

RR387-1/05 149 
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Fig 5.1. Stress state in repeated load 
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(5.1) 

HR is analognus to Young's modulus of plasticity. The deviator str~ss 

can be as low as 1 psi and as high as 64 psi (Ref 69). Typical r~lationships 

of H versus rp.peated deviator stress are presented in Fig 5.2. 

Nnnlinpar rel~tinnships fnr MR of granular and fine-grained materials 

arp reviewed 1n tnis chapter. The stress-sensitivity 

limitation are also reviewed. The problems involved in 

concept and its 

using laboratory-

dprived HR relationships to cnrrp.ct deflection-basin-based insitu moduli are 

discuss~d. An equival~nt linear analysis approach is dpv~loped using the 

published research work on dynamic response of granular and fine-grained 

material. Finally, a self-iterative computerized procedure is described 

which can be used to cnrrect insitu moduli derived from dynamic deflections 

for design load conditions. 

STRESS SENSITIVE NONLINEAR MATERIAL CHARACTERIZATION 

Nonlinear stress-sensitive modp.ls for the moduli of granular layers and 

subgrade are presented in this section. 

Granular Materials 

Concept. SP.p.d et al (Ref 71), Hicks (Rl!'f 72), Smith and Nair (Rpf 75), 

and other investigators have looked into various factors influencing MR of 

unbnund granular materials (used for base and subbase layers) and into the 

RR387-1/0S 
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significant 

and most 

widely uSPd nonlinear model for resilipnt modulus, MR, of granular matprials 

is pr~spnted below: 

where 

K1 • 

K2 • 

= 

material constant, 

matprial constant, and 

(5.2) 

e = bulk strf>SS (sum of principal stresses 01' O
2

, and0
3 

). 

The relationship (5.2) is illustrated conceptually in Fig 5.3. Circles 

present the data points and, on a log-log scalp, this relationship is a 

straight line with Kl and K2 being regression constants. Granular materials 

therefore exhibit so-called strpss stiffening behavior. 

greatly influenced by the type of material, degree of saturation, and density 

of thp specimen. Rada and Witczak (Rpf 76) have summarized publishpd data of 

271 HR tests on a variety of granular materials, including sand gravels, 

crushpd stone, crushed limpstonp , soil-aggrpgatps blends, etc. Figure 5.4 

(taken from Ref 76) shows Kl and K2 values (using Eq 5.2) from these tests 

plotted on a log-log scale. 

be observed from this plot. 

A trend of increasing K1 with decreasing K2 can 

One observation related to these data. is that 

there is a significant scatter in laboratory HR results. 

Applications. The laboratory H&-bulk stress relationship (Eq 5.2) has 

bpen applied to correct insitu Young's moduli of granular layprs as it allows 

the consideration of nonlinear behavior (Refs 13, 19, 50, 77, 78). In this 

approach, layered-elastic theory is applied in an iterative procedure. 

Figure 5.5 illustrates a simplified flow diagram of this procedure. 

Principle stresses are computed in the granular layer under a design load 
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Fig 5.4. Kl - K2 relation of MR test results on granular materials (Ref 76). 
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condition 1n order to compute bulk stress, which is subsequently used in Eq 

5.2 to obtain the MR value. This valul'! is then compared to thp. initial 

insitu modulus derivpd from thl'! deflection basin. If thp two valup.s are not 

within a specified tolerance, thl'! new modulus is used to compute stresses. 

Thp iterative procedure is continued until a reasonable convergl'!nce 1S 

obtained in modulus values. 

In applying layered theory or finlte element solutions, a granular layer 

can be divided into more than one sublayer, and a variation in the corrected 

moduli with depth in the granular layer is obtainpd. The effect of stress 

changes in the horizontal direction is generally ignored, which 1S not 

unreasonable, as shown by Seed et al (Ref 71). 

Finp-Grained (Subgrade) Materials 

Concept. Ma values are greatly i.nfluencPd by the level of the repp.ated 

deviator stress, 0d (Rp.f 69). A conceptual illustration is shown in Fig 5.6. 

Unlike that of granular materials, the influence of confining pressure is 

lpss pronounced. A log-log plot exhibiting a linear relationship betwepn 0d 

and MR is shown in Fig 5.7 and presented by the following expression: 

= (5.3) 

whprp Kl and ,K2 are material constants. 

Kl and K2 are material constants which depend on physical propprties of 

soil and are different from Kl and K2 of Eq 5.2. 

associated with a hi.gher level of deviator stress. This behavior is also 

referred to as stress softening behavior and is considered to represent the 

nonlinear behavior in the subgrade modulus (Refs 69, 77, 79), 

Application. Nonlinear subgrade behavior is taken into account by 

cnrrpcting the insitu modulus using the relationship of Eq 5.3 (developed 1n 

the laboratory) through an iterative procedure of using layered theory or 
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finite elpment programs to convprge to a corrected nonlinear subgrade modulus 

(Refs 13, 19, 50, 51, 7B, 80). The itl"rative procedure is illustrated in 

Fig 5.5. RP.cognizing thp importancp. of the variation of th@ modulus in the 

vertical direction due to its dependence on deviator stress, nonlinear moduli 

of several layers in the subgrade are generally computed as illustrated in 

Fig 5.B. It has not been shown that for an NDT loading condition a 

homogeneous subgrade (depending on the uniformity of subgrade soils) does not 

result in significant errors (Ref 78). A summary of published data on K1 and 

K2 of Eq 5.3 as reviewed in Ref 79 is presented in Table 5.1. It was also 

found (Ref 79) that Kl increases and K2 decreases with an increasp in dry 

density or a decrease in moisture content. To predict stress-dependent 

subgrade moduli from the NDT based insitu modulus of the subgrade, the 

laboratory M relationship is assumed to be known. 
R 

Limitations 

Toe stress-sensitivity approach to characterizing nonlinear moduli of 

granular layers and subgrade from deflection basin-based insitu moduli and 

laboratory MR relationships has a number of limitations and discrepancies. A 

discussion of these and a review of related research is presented below. 

Stress Parameters ~ in Non-Linear Models. Commonly used stress 

parameters in nonlinear models discussed above are bulk stress, e , for the 

granular layers and deviator stress, 0d' for fine-grained (subgrade) 

materials which are defined below: 

e = (5.4) 

= (5.5) 
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TABLE 5.1. SUMMARY OF k
1

, k2 PARAMETERS FOR TYPICAL SUBGRADE SOILS (REF 79). 

...... 
(1\ 

N 

San Diego Study Il11nois Study Maryland Study 

Parameter K1 K2 K1 K2 K1 K2 

2 2 
-0.42 2 

Mean 60.6 kips/in -0.37 16.5 kips/in 47.7 kips/in -0.51 

2 0.264 
2 

0.156 2 
SD 89.3 kips/in 8.3 kips/in 37.8 kips/in 0.290 

Coefficient of Variance 147 71 51 37 79 57 
(%) 

Range 5.0 to 684 -1.17 to 3.0 to 34.0 ,-0.74 to 8.0 to 125.0 -1.13 to 
kips/inl 3.93 kips/in2 -0.17 kips/inl -0.004 

Total no. of samples 79 39 19 

"- ~ -. 'II 'II .. ,. • . . --. -. --. -".~ --, --,. -, --, ...., ..., 
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These definitions are not unique. Other definitions or stress parameters 

used by different researchers are presentpd hpre 

(1) Nonlinear models of granular materials: 

(a) Definitions of bulk stress, a, also depend on testing 

(b) 

conditions in the laboratory, as illustrated in Fig 5.9 (Ref 

75) . 

~ = Kl (03)K2 (5.6) 

where 0 3 is confining prpssure. 

(c) Mean normal stress, P, has also been used in place of e or 

p = ; [01 + 20 3] = e / 3 (5.7) 

(2) Nonlinear models of cohesive subgrade: 

RR387-1/0S 

Stress parameters used 1n nonlinear models are based on the 

triaxial statp of stress. Bulk stress, a. is invariant in the 

sense that it can be defined either in terms of principal stresses 

(triaxial state of stresses) or normal stresses. However, the 

stress parampter, ad' used in the non-linear model of a cohesive 

subgrade will beo influenced by the way it 1S calculated. .The 

following definitions have been summarized in Ref 19 (in addition 

to Eq 5.5): 

( a) = a - a z r 
(5.8) 

z and r denote symbols for vertical and radial 

directions. 
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Loaded 
Unloaded ... -

Loaded 
Unloaded .... 

(b) Double Cyclic Test, 8 = 2ACT~ + ACTI 

Fig 5.9. Comparison of stress conditions in repeated load triaxial 
tests (Ref 75). 
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(b) = 0 
z 

1 
3 (0 + 0 + 0 ) (5.9) x y z 

0d = 0 - 1. (0 + 0 ) 
z 2 x y (5.10) 

This equatinn is identical to Eq 5.5 for thp. triaxial test cnnditinn. 

(3) Consideration of gravity stresses: 

In applying laboratnry HR relationships to 

nonlinear stress-dependent moduli from insitu linear 

stresses are calculated from layered theory computations. 

determine 

modul i, 

Layered 

theory assumes a weighless medium. Recognizing the contribution of 

the stress compnnent on an element in a sub layer due to overburden 

pressure, procedures have been developed which consider gravity 

(self-weight) stress in addition to the stress due to design load 

to determine nnnlinp.ar moduli (Refs 13, 19, 77, 78). Static 

preload of NDT devices is also considered by Ref 19, in computation 

of gravity stress. Hnwevp.r, DIAmato and Witczak (Ref 78) have 

shown in a study of insitu granular layer moduli that non 

consideration of static preload does not result in any significant 

error in the non-linear moduli • 

Development of Tensile Stress. For certain combinations 

moduli, layered elastic theory predicts tensile stresses 

sublayprs (Rp.f 19, 77). Incorporation nf overburden stresses 1n 

of bulk stress by layered theory has not reportedly resulted in 

of pavement 

in granular 

computation 

elimination 

of tensilp stress (Ref 77). Moreover, if e is less than one psi, an 

unreasonably low nonlinear modulus will be obtained US1ng such relatinnships 

as Eq 5.2 (Rpf 19), To overcome this problem, different approaches have been 

proposed by resp.archers. The simplest approach is to set 0 and 0 to zero 
x y 

in the following relationship: 

RR387-1/05 
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e == 1. [0 +0 +0] 
3 z y x (5.11) 

However, this approach will r~sult in erroneous moduli as discussed in Ref 

19. The approach used by Majidzadeh and llves (Ref 19) is to use Eq 5.2 for 

all cases where the computed value of is equal to or greater than one psi 

and to use the following expression (Eq 5.12) if computed 1S less than one 

psi. 

E (nonlinear modulus) - K 1 (0.99 + O.Ole) (5.12) 

In other words, if the e is less than one psi, then the modulus of the 

granular layer is essentially treated as stress indepeodent. This approach 

is somewhat arbitrary. A more rational and theoretically based method for 

nnnlinpar characterization of granular material has been advocated by Stock 

and Brown (Ref 77); it utilizes a failure criterion of stress in a variant 

ratio, q/p, where p has been defined earlier in Eq 5.3 and q is expressed as 

the following (Ref 77): 

q (l/,rT) 

The relationship of Eq 5.2 is used for all cases where q/p is equal to or 

below 1.0. A different nonlinear modulus relationship is used for all values 
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of q/p between 1.0 and 2.2. Stock and Brown recommend an arbitrarily chosen 

low value of the modulus (3MPa) for q/p equal to or excepding 2.2, which is 

the selected limiting value at failure. Other research@.rs have used an 

p.ffp.ctive principal stress ratio, 01 /03 , as a failure criterion. The above 

discussions on nonlinear characterization of granular materials led to the 

conclusion that the use of current laboratory characteriza~ion procedures to 

obtain non-linear modulus from the insitu modulus derived by analyzing a 

deflection basin is somewhat questionable. 

Validation of Applying Laboratory ~ Relationships for InSitu Nonlinear 

Material Characterization. Current procedures which evaluate nonlin@.ar 

moduli from a deflection basin hav@. the inherent assumption that laboratory 

derived MR relationships are valid for the insitu state of stresses. As 

discussed earli@.r. Kl and K2 parameters are influenced by degree of 

saturation, water content, and density, which are not always simulated in 

laboratory tests. A discrepancy may also arise from using total stresses 

instead of effective stresses 1n computation of stress parameters in stress­

dependent nonlinear models if thp material is not in a dry state. The 

conventional statp. of strpss in the triaxial repeated load test does not 

truly represent the actual state of stress on an element in the pavement. 

Horizontal variability in moduli of actual pavement layers is ignored in 

applying l_boratory MR relationships for nonlinear characterization. Maree 

et al (Ref 80) reported a comparison of HR relationships obtained in the 

field with the laboratory HR relationships. The nonlinear moduli in thp. 

field were determined by measuring the resilip.nt deflection at different 

wheel loads 1n different layers and then applying tne ELSYM5 computer program 

(Ref 18) in an iterative procedure. Laboratory and field values of nonlinear 

moduli of granular and subgrade layers were compared and a shift factor was 

determined. It was concluded by Maree et al (Ref 80) that conventional 

triaxial tests overestimate the modulus of granular material and that a shift 

factor of 0.3 to 0.5 needs to be applied to their test data. 

A notable contribution has been made by Witczak and his coresearchers 

(Refs 78, 81) in recognizing the discrepancy in the current laboratory 

procedure for nonlinear characterization of granular materials. In the Road 

Rater study (Ref 78). comparisons are based on mean values of deflections, 

R.R387-1/05 
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tnicknpssp.s, and moduli in each test section. Moduli of different layers of 

flexiblp. pavement in every test section were obtained by appropriate 

laboratory tests. Deflection basins were measured by th ... Road Rater. 

Granular layers and the subgrade were characterized by nonlinear stress 

dependF>.nt moduli of forms of Eqs 5.2 and 5.3. Theoretical deflP.ctions 

predicted by using the Chevron NLAYER (layered elastic theory) program were 

consistently found to be two to four times the dynamic deflections measured 

by the Road Rater. as illustrated in Fig 5.10. The discrepancy between 

measured deflections (dm) and predicted deflections (dp) was attributed to 

underestimation of resilient moduli of granular layers determined from the 

nonlinear model of Eq 5.2. A new expression has been used by D'Amato and 

Witczak (Ref 78) by modifying the nonlinear HR model of granular layers as 

given below: 

K 'Ke K2 
1 1 

Where thp. K'l factor is a mUltipliE"r required to obtain a deflection ratio» 

R
d

, of 1.0 (i.p.., d • d), The K'l factor was obtainp.d only for sensor 1 

deflections (located midway between thp. Road Rater loading plates) by uS1ng 

assumed values of K'l and iterative layered theory computations until the 

condition of dp 
be analogous to 

• dm was observed. The K'l factor was then considered to 

the K2 factor used by Sp.ed and ldriss (Ref 82) in thp.ir 

expression of shp.ar modulus used for dynamic response analyses. Based on th ... 

shear modulus-shp.ar strain relationship in the dynamic response analysis (Ref 

81) , D' Amato and Wi tc uk (Ref 78) found thp. K' 1 factor to be an invE"rsf> 

function of maximum shear strain. This study clearly demonstrate that recent 

research related to dynamic/seismic response analysis in 

engineering can provide a rational approach towards 

geotechnical 

nonl inear 

characterization of unbound layers under current dynamic NOT methods usp.d for 

pavement evaluation. 
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EQUIVALENT LINEAR ANALYSIS 

In this section, a relatively new approach to evaluate non-linear moduli 

of unbound layers and subgrade soil is presented. Basic concepts used in 

this approach are drawn from recent advances 1n dynamic/seismic response 

analysis of soil deposits. 

Influence of Shear Strain Amplitude on Deformation and Stress-Strain 

Behavior 

Concepts from Soil Dynamics. In dynamic/seismic analysis, the dynamic 

shear modulus, G, is of primary importance. Comprehensive research efforts 

by different investigators (Refs 57, 82, 83, 84, and 85) on laboratory and 

field determination of dynamic shear modulus have been made within the past 

two decades. 

below. They 

Some of the concepts from these research efforts are presented 

will be later used in developing a rational approach to 

determine nonlinear dynamic Young's moduli of unbound pavement layers. 

(1) G is a function of shear strain amplitude, Y • 

parameters 

several other parameters which affect G. 

which affect G at all levels of are 

following expression: 

where 

0 .. mean effective principal stress, 
m 

e .. void ratio, 

N .. number of cyclp.s of load ing, and 

5 .. degree of saturation of cohesive soils. 
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(3) There is a "tnrf'!shold" strain amplitude (Fig 5.U) below which th 

dynamic shear modulus is strain-independent and is refprred to as 

the low amplitude strain-modulus (Gmax ). Moduli obtained at higher 

strain amplitude are nonlinear or "strain sensitive", 

(4) Shear modulus and confining pressurl'! (for sands) are related by the 

following expression (Ref 82): 

.R.R387-1/05 

(5.16 ) 

The K2 factor has earlier been mentioned in the review of D'Amato 

and Witczak I s study (Ref 16). Tnis factor represents of tile 

influence of void ratio and strain amplitude (Ref 82) as 

illustrated in Fig 5.12. Using predictive relationships proposed 

by Rardin and Drenvich (Refs 83, and 84) as well as work from othpr 

researchers, Seed and Idriss (Ref 82) have presented the '2 versus 

Y relationship at various void ratios which are reproduced in 

5.13. Combining the data on sand rf'!lated to Figs 5.12 and 

Fig 

5.13, 

Seed and Idriss (Ref 82) have ,presented a very useful graphical 

presentation of dynamic shear moduli and shear strain rl'!lationship 

as illustrated in Fig 5.14. It is a dimp.nsionless plot of G/Gmax 
as the ordinate and shear strain, Y , percent, as the abscissa. Thl'! 

most interesting point in this presentation is that all the 

experimp.ntal and theoretically generated data fall in a narrow 

band, which can be considered "unique". In this plot, Gmax is the 

value of G at the 10-4 percent shp.ar strain level. 

Seed and Idriss (Ref 82) also review various testing 

techniqup.s to determine dynamic shear modulus. In the laboratory 

methods, cyclic triaxial tests have been widely usp.d, but in 
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Fig 5.13. Shear moduli of sands at different void ratios (based 
on Hardin-Drnevich expressions) (Ref 82). 
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(5) 

(6) 

general the results will be reliablp under moderate x 

percent) to relatively high strains (5 pprcent) according to Ref 

82. Other testing techniques of interest are forcP.d and frep. 

vibration methods, which are use ful (Rpf 82) for determining 

dynamic properties at relatively low strain to mOderately 

strain lpvels ( 1 x 10-4 to 1 percent). The resonant column 

(Refs 57, 83, 86, and 87) comes in the latter category. 

high 

test 

Dynamic shear moduli data for gravE'lly soils which is typical of 

the unbound bases and subbases of pavements) follow behavior 

similar to that of sands. Fig 5.15 illustrates such data and Seed 

and ldriss recommend that the concept of the "unique" G/Gmax versus 

y relationship could be as well applied to gravelly soil (Fig 

5.16). 

Stokoe 

column 

versus 

and his coworkers (Refs 86, 87, and 88) used the resonant 

techniqup. under torsional vibrations to develop G/Gmax 
y relationships for a variety of fine-grained soils. A 

briE' f 

Their 

description of this technique is presented in Appendix C. 

results are presented in Fig D.1 (Appendix D), which also 

illustratps the "uniqufo." (mean) curve of Seed and ldriss for sands. 

These curves indicate that dynamic shear moduli data from different 

mpthods when plotted in this non-dimensional way can generate 

"unique" curves for typical soil types, all of which lie within 

narrow band s • 

(7) If Gmax is known, then G at any shear strain can be determined 

using the "unique" curves discussed aboVl''!. A reliable mp.thod for 

determining Gmax is use of wave propagation techniques, such as the 

crosshole test (Refs 56, 58, and 85). A reeE'ntly developed 

nondestructive SASW method teChnique which is based on spectral 

analysis of surface waves can also provide low-amplitude strain 

modul i. The SASW method has been used extensively by Stokoe and 

coresparchers for rigid and flexible pavements as well (RE>fs 57, 

61, 66, 89, and 90). 
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"Stra in Sens i tivi ty" • The concepts discussed so far are val id whpn 

applied in dynamic/s~ismic respons p analysis in thp. geotechnical area. Shear 

modulus. G. and Young's modulus. E. are interrf!lated by the following 

expression: 

E .. 2 G (1 + ].1) (5.17) 

where 

].1. Poisson's ratio. 

Tnerefore. G/Gmax data can be translated to E/~ax data for a particular 

soil type. For all practical purposes. the minor effect of Poisson's ratio 

can be ignored. The "strain softening" behavior exhibited by all types of 

soils and unbound materials can be examined by using normalized Young's 

modulus. E/Emax' instead of G/Gmax • Similarly, shear strain amplitude data 

can be converted to axial strains using Mohr's circle of principal strains . 

Nazarian and Stokoe (Ref 90) have pres('mted such a nondimensional plot of 

E/~ax versus axial strain in percent from resonant column t~t data on 

undisturbed samples of a subgrade 80il. as illustrated in Fig 5.17. 

Role of Strains in Unbound Layers of Pavements. In the conventional 

material Characterization procedures. thp. influence of strain amplitudes on 

MR measured in laboratory has not been given any emphasis in publisbed 

r~searcb until r~cently. DrAmato and Witczak (Ref 78) have recognized in 

print the influence of shear strain amplitude on laboratory MR relationships 

of granular materials in base/subbase layers of a pavement by introducing an 

adjustment factor (the K' 1 factor) in the nonl inear , stress-dependent MR 
rplationship (Eq 5.14). A strong correlation between shear strain and 

surface deflection is illustrated 1.n Fig 5.18 ( Rp.f 78). Maree et al (Ref 80) 

shear failure in base and subbase layers of some of their have observed 

pavements in 

stresses and 

heavy-vehicle simulator tests. They indicated that shear 

strains in these layers were high and that near fa ilurl'! 
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conditions existed at the time of measurement. The importance of axial 

compressive strain on top of a subgrade is realized in current pavement 

design procedures where a limiting compressive strain is used for 

design. 

Proposed Approach. In the current NDT techniques for 

evaluation. strain amplitude should be considered in the analysis. 

thickness 

pavement 

Dynamic 

devices such as the Dynaflect. FWD. and Road Rater will generate different 

strain amplitudes 

determination of 

in pavement layers. which can be 

nonlinear moduli using the E/~ax 

associated with the 

versus shear strain 

relatinnships. The first st~p is to determine the threshold strain 

amplitudes on these curves. Output from ELSYM5 includes max1mum shear 

strain. The maximum shear strain amplitudes predicted by ELSYM5 for NDT 

loading and for the design wheel load configuration are to be compared. The 

insitu moduli used in these computations could be the combination derived 

from the analysis of a dynamic deflection basin. If the strain amplitude 

under NDT loading in an unbound layer is below the threshold strain level. 

Young's modulus of that unbound layer is ~ax' The nonlinear, strain 

dependent modulus of that layer can be determined by using the unique E/Emax 

versus shear strain curve in an iterative procedure until an acceptable 

convergence in the computed strain under the design wheel load 1S achieved. 

Determination of Nonlinear Strain Sensitive lnsitu Moduli 

lnsitu moduli of unbound layers and the subgrade determined from the 

analysis of the dynamic deflection basin (Chapter 4) are to be corrected to 

reflect nonlinear. strain softening behavior of these materials. 

Stress-Strain and Deformation Behavior under Pavement Loading. The NDT 

loading configuration is therefore an important parameter in applying an 

equivalent linear analysis. 

(1) If the maximum shear strain in the granular layer is below the 

threshold limit, then the corresponding modulus from the analysis 

of the deflection basin is ~ax' which is strain independent. This 

is the case of the Dynaflect. Therefore, a nonlinear modulus must 
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be determined corresponding to the 

determined from application of design 

configuration is shown in Fig 5.19. 

shear 

load. 

163 

strain amplitude 

The design load 

(2) In those NDT devices. e.g., the FWD, which can apply a peak force 

equal 

will 

to design load, the shear strains induced by the two loads 

be in close agreement. In that case, there is no need for 

equivalent linear analysis. The insitu modulus of the granular or 

subgrade layer used for shear strain calculation already represents 

a nonlinear modulus and does not require a correction. Examples of 

these discussions are also illustrated in Fig 5.20. 

(3) If the NDT load is heavier than the Dynaflect loading but much less 

than the design load (e.g., the Road Rat~r loading or the FWD at 

smaller peak loads) then the equivalent linear analysis 

cannot be used directly. Conceptually, it is illustrated 

approach 

in Fig 

5.21. In this case, the low amplitude modulus, Emax' is unknown. 

One appropriate procedure for determining ~ax is illustrated in 

Fig 5.21. In this procedure the input value of E of the unbound 

layer can be divided by the E/~ax ratio obtained from tne E/~ax 

versus y curve (as an appropriate Y was already calculated by 

ELSYM5). This Emax can then be iteratively used to modify E using 

E/Emax and Y values corresponding to the design load. 

(4) Low amplitude Young's moduli of unbound layers in a pavement 

structure can also be determined from the crosshole test, and the 

SASW method as well as from the Dynaflect deflection basin as 

discussed in Chapter 4 and above in (1). Yet another approach ~s 

to use Hardin and Drnevich I s design equation (Ref 84) for Gmax • 

which is given below: 

G = max 

R.R387-1/05 

2 
1230 (2-973 - e) 

(1 + e) 
(OCR)K C5 

m 
(5.18) 
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Fig 5.19. Standard lS-kip axle configuration and simulation used 
in RPRDS-l (Ref 38). 
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(0) Rigid pavement structure used in this study 

10' 

4" 
6

1 

1 

I 

17" 

_L8- s 
' .... ...,/ III~ 

P. C. Concrete 

Stabi Iized Bose 
Granular Subbase 

Semi-infinite Subgrade 

(b) Design Load Configuration (Fig. 5.19) 

(c) Computed shear 'strain data 

E (psi) 

4,000,000 

200,000 
75,000 

30,000 
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Loading Conditions 
Mid-depth of Subbase{A)IAt top of Subgrade (8) 

I 0lc rmax, 0 E/Ema; Ymai, % ElEmai 

Single Axle 18 kips - -a 
~0.83 

-a 
~0.91 5.227x10 5.419 x 10 

Design Load 

FWD 
-3 

5.592xlO ~0.83 5.683 x 10 
-3 

~0.91 

(9000 Ibs peak Force 
Amplitude, Radius of 
Loading Plate = 5.91 in.) 

2 -4 -4 
Dynaflect 5.381 x 10 . ~l.OO 5.729 x 10 ~1.00 

Notes: I. Largest of all values of maximum shear strains· computed 
under the loading (from ELSYMS output). 

2. For Dynaflect; e~uivalent single amplitude shear strain 
amplitude is holt of the value shown in the column 
(E I Emax for Dynaflect is based on half of Ymax 
shown in the column) 

3. Solid line curve (Fig. 5.22) 

4.Broken line curve (Fig. 5.22) 

Fig 5.20. Illustration of computed maximum shear strain amplitude variation 
with loading condition. 
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II( 

Under FWD (Set Peak Force 
at 3000 Ibs) 

1.0...-_0::::::-.,---....,..----,. __ ---. 

~ 
0.8 

~0.6 
LIJ 

" LIJ 
0.4 

0.2 

0.0 "--:-4--~--...!.--=---~~-...1 
10-

Single Amplitude Shearing Strain in Percent 

Determine In.itu Moduli from Rasin 
Fitting Routine; Say EO i. tne Value 

of Strain Dependent Modulus 

Calculate Sbear Strain under FWD Load 
and tnen Find the btia, iF from 

the Appropriate Noraalized Modulus 
Curve (a) 

Yes 

Fig 5.21. Conceptual illustration of an approximate procedure 
to determine nonlinear moduli when FWD is used at a 
low amplitude of peak force. 
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where 

e • 
OCR 8: 

K .. 

o 8: 
m 

void rati(') , 

overconsolidation ratio, 
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a parameter dppending on plasticity index (Tabl~ 5.2), 

and 

mean effective principal stress, 

Om and Gmax are in psi. 

The above expression has also been used in the analysis of dynamic 

moduli for an airport pavement by Baird and Nash (Ref 91). 

For the purpose of this study, it is concluded that (a) an 

equivalent linear analysis should be applied to the moduli of 

unbound layers determined from a dynamic deflection basin measured 

by the Dynaflect (assumed to be low amplitude strain moduli) in 

order to derive appropriate insitu nonlinear strain-sensitive 

moduli of these layers, and (b) the Falling Weight Deflectometer 

can apply a variable peak force on the pavement surface. Assuming 

the test force of the FWD chosen is such that its maximum shear 

strain response is about 

moduli determined from the 

insitu nonlinear moduli 

the same as 

deflection 

of unbound 

the design 

basin fitting 

layers and 

load, then the 

method are the 

subgrade. The 

equivalent linear analysis can therefore be skipped in the case of 

FWD dynamic deflection data. 

Mathematical Modelling of Normalized Moduli versus Shearing Strain 

Curves. The basis of the equivalent linear analysis discussed until now is 

the normalizpd moduli versus shearing strain relationship such as shown in 

Fig 5.22. As compared to the large scatter in laboratory MR data (Fig 5.1 

and Table 5.1), E/Emax versus shear strain data always lie within a very 

narrow band for different types of soil and sand and gravelly material. Part 

of the data in the low amplitude strain range can be obtained in field t~sts 

(crosshole, SASW, Dynaflect). For th~ purposp of this study, two unique 

curves have been selected to use with an equivalent linear analysis. One 

RR387-1/05 
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TABLE 5.2. VALUES OF K FOR RARDIN AND 
DRENEVICH'S EQUATION (REF 84) 

PI K -
0 0 

20 0.18 

40 0.41 

60 0.41 

80 0.48 

c:100 0.50 
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curve is for granular layers (shown in solid lines) and the other is for 

fine-grained soil (typical of subgrad~, shown in broken lines) &s illustrated 

in Fig 5.22. 

Mathematical relationships are needed to define these curves: There are 

several approaches to developing predictive equations by which the E/Emax 

ratio, can be detennined corresponding to a known value of shear strain, y • 

Ramberg-Osgood curves (Ref 92) have been used by some researchers. The 

relationship can also be linearlized by transforming y (e.g., a hyperbolic 

function) and then fitting a regression line. Another statistical model is a 

logistical model using the nonlinear regression approach. All these 

approaches are discussed in detail in Appendix D, where several predictive 

equations are also developed. 

The predictive equations for granular materials and cohesive subgrades 

based on unique curves in Fig 5.22, which are currently included 1n this 

study as default procedures, are shown in Table 5.3. It is noted, howevpr, 

that these two curves are either a mean curve (Ref 82) or a smoothed curve 

over experimental data (Ref 87). The statistical fit inherent in the two 

equations, 5.19 and 5.20 (Table 5.3), are based on unique curves and not 

actual data points. Actual e~perimental data were not accessible during the 

present research. Regression if perfonned using actual experimental data is 

always more meaningful and the outcome will certainly be a more reliable 

predictive relationship. It is recommended that new predictive relationships 

should be developed as soon as enough eXpP.rimental data are available on both 

sands (or gravelly material) and fine-grained (cohesive) type material. 

Development ~~ Self-Iterative Procedure for Equivalent Linear Analysis 

A self-iterative procedure has been developed to apply equivalent linear 

analysis to determine nonlinear strain dependent moduli of the granular 

base/subbase layers and the subgrade after derivation of insitu linear 

Young's moduli of these layers from the analysis of the Dynaflect de flec t ion 

basin. Ideally. the nonlinear modulus should be detennined at the top, 

middle of midd Ie, 

subgrade 

and bottom 

sublayers 

RR387-1/05 
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)( 1.0 
c 
E 
~ 
CI 0.8 .. 
fI) 
::;, 
::;, 

"'C 

~ 0.6 
... 
c 
C1) 

~ 0.4 
"'C 
C1) 
N :a 0.2 
E ... 
o 

.......... 
...... 

...... 

" 

Seed-Idriss (Ref 82) 
(Sands) 

, 
, ..( Stokoe-Lodde(Ref 87) 

, (Cloys) , , , , , 

Z 0 
O~D-O~OI----O~O~O-I------O~O~I------~O~.I-------I.~O 

Single-Amplitude Shearing Strain in percent 

Fig 5.22. Summary of normalized shear modulus variation 
with shearing strain. 
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TA3LE 5.3. PREDICTIVE EQUATIONS FOR NORMALIZED MODULUS (EQUIVALENT 
LINEAR ANALYSIS) 

MATERIAL 

Granular 
Soils 

Subgrade 

RANGE OF 
Y 

(PERCENT) 

> 0.004 

!S 0.07 

:!£ 0.004 

> 0.001 

( Coh es i ve ~ 0 . 07 
So11s) 

* A = 

~0.001 

10&10 Y + 
(2.0) 

PREDICTIVE EQUATION 

E/E s 1.2697509 - 1.2072571 (A) 
max 

E/E = 1.0 max 

E/E • 1.3760883 - 1.2593853 (A) max 

E/E = 1.0 max 

2.0 

1 

(2.0) 10g10 Y 

where y = single amplitude shearing strain, percent 
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created in thp. original subgrade) and on top of the semi-infinite subgrade. 

The ideal system is shown in Fig 5.23. Because ELYSM5 is called to calculate 

the pavement response in each iteration thereforp. the idealizPd system will 

eventually result in a large number of ELSYM5 runs and become prohibitively 

expensive. Therefore a simplified pavement system is assumed for equivalent 

linear analysis, as illustrated in Fig 5.24. 

Assumptions. There are several simplified assumptions in the equivalent 

linear analysis adapted in this research. 

(1) Any pavement sublayer with stabilized material is assumed to be 

characterized by a (linear) strain independent modulus which can bp. 

derived from the inversp. analysis of a Dynaflect/FWD deflection 

basin. Examples of these materials are asphalt or cement-trp.ated 

base and subbase material or cement/ lime stabil ized subgrade 

materials. 

(2) The normalized modulus versus shear strain curves (Fig 5.22) can be 

uniquely applied to derive nonlinear insitu moduli of granular 

layers and cohesive subgrade using the pavement model of Fig 5.24. 

(3) All the assumptions made to use ELSYM5 for analyzing NDT dynamic 

deflection data are also applicable to this analysis. 

(4) Furthermore, tbe theoretical responses determined by ELSYM5 under 

the Dynaflect or design load are analogous to pP.ak-to-peak response 

due to any steady state or sinuso idal load. 

(5) The unique curves for dynamic response analysis (Fig 5.2·2) were 

devploped by using singlp amplitude shear strain in percent. In 

order to ensure compatibility for using thp maximum shear strain 

amplitude predicted by ELYSM5 in the equivalent linear analysis, 

the predicted shp.ar strain amplitude is to be halved and then 

multiplied by 100 to convert it into percent single amplitude shear 

strain. 

(6) Equivalent linear analysis is to be commenced from the first strain 

sensitive layer below the surface asphaltic concrete (flexible 

pavement) or portland cement concrete layer (rigid pavement). 

RR387-l/05 
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Surface ACor PC C layer 
r-------~--------~ Stabilized Bose 

Granular Subbase 

Subgrade 

---- _ .... _-____ -P ____ _ 

-----1--------t----
----;----

----1----

(Circles denote locations 
where computations 
are made 10 determine 
non-linear moduli.) 

Fig 5.23. An idealized pavement structure for evaluation of strain 
dependent moduli of granular layers and subgrade. 

RIGID PAVEMENT 

(a) :3 Layers 

P.C.C. 
Granular 
Subbase 

Sub grade 

(b) 4 Layers 

P.C.C. 
Sbta bili zed 

ase 
Gro.nular 
subbase 

Subgrade 

o 

FLEXIBLE PAVEMENT 

(c) :3 Layers 

A.C. Surface 

. Granular base 

Subgrade 

(d) 4 Layers 

Grsnular 
uase 

Granular 
Subbase 

J 

A.C. Surface 

o 

Subgrade 

Fig 5.24. Typical pavement configurations adapted in this study. 
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After obtaining a nonlinear modulus of that layer, this analytical 

procedure proceeds to the next underlying strain-sensitive layer, 

until all strain-sensitive layers are characterized by nonlinear 

modul i. One cycle of equivalent linear analysis is enough for 

providing acceptable results. 

(7) The final combination of moduli 1S assumed to be correct insitu 

(strain-dependen~) moduli. 

(8) Horizontal variability in moduli of any layer is ignored. 

Location(s) for Maximum Shear Strain Response. An investigation was 

made to ascertain the locations in pavement sublayers where maximum shear 

strain is caused by the design load of Fig 5.19. The locations in the 

vertical direction will depend on thicknesses of layers, using toe guidelines 

recommended in Fig 5.24. This section is concerned only with the horizontal 

plane. 

To compute pavement response under the design load, ELSYM5 uses the 

principle of superposition. Therefore, it is necessary to evaluate response 

to four locations on the pavement. They are (1) at the outside edge of one 

loaded plate, (2) under the center of one wheel, (3) at the edge of the 

hypothetical loaded area corresponding to 4500 lb on the wheel and 75 psi 

tire pressure, and (4) midway between the centers of the dual wheels. 

Toese locations in the (x, y) plane are A(O, 0), B(4.37. 0), C(S.75, 0) 

and D(1092, 0) respectively, as illustrated in Fig 5.25(a), 

Layered theory computations were made using ELYSM5 and assuming 

different pavement structures. Typical results are shown in Fig 5.25(b). It 

was found that maximum shear strain generally has the largest amplitude at 

location C, i.e., at the inner edge of a loading wheel. 

Procedure. A step-by-step procedure for applying 

equivalent linear analysis to determine nonlinear strain dependent moduli is 

presented in Fig 5.26 as a simplified flow diagram. 

procedure is described below. 

An outline of the 

(1) The initial inputs are pavement geometry information, insitu moduli 

calculated from Dynaflect deflection basin (Chapter 4), type of 

RR387-1/05 
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RIGID PAVEMENT CASE 

.! . . 

121 20" 10 in. P.C. Concrete 

1----+----+r--li---t--t----14 in. A. C. Bose 
6 in. Granular Subbase 

~-------.~~~--~ 

i I Semi-infinite Subgrade .. 
I' 
i ! I I 

DC BAy 

E (psi) 

4,000,000 

200,000 
75,000 

30,000 

(Dots denote locations 
where maximum shear 
strain is computed) x ........ -~ 

Coordinate system 
assumed in this 
figure 

z 

r .1" I FLEXIBLE PAVEMENT CASE 

t

o( li·1 )I i 
.1 . 

rmTm'nrmT'I I . 
6 in. A.C. Surfacing 

~~----~~~~--H 

! 261 
8 in. Stabi lized Bose 20" 

12 in. Granular Subbase 
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400,000 

I 10,000 

45,000 
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P. 

0.15 

0.35 
OAO 

OA5 

0.35 

0.35 

0.40 

i! 
-I 

Semi-infinite Subgrade 20,000 0.45 

I- I 

D'~ B A 

Fig 5.25(a) _ Pavement configurations assumed in maximum shear strain study . 
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6" 
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Cf.. of loaded 
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Fig 5.25(b). Maximum shear strain data under design load configuration. r 
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~.tabli.h O.ptb • .aere Ma1u.ua 
Shaar Straia i. to be Calculated. 

I ( ) • Moduli UDder IDT Load 

If nO ua., .peeified d •• L" load dlta, thea 
a •• uae default Ai.ilD load dati (tlble 5). 

Dynaflect Print! .0 Iquivileat 
Linear Analy.i. 

~p to COrreet Moduli froa IASINR 
Olio& Ionlinaar Straia softening Kodels 

'av ... nt 
.. apon •• under Oe.ilD Load 

Call SHSt~l to Seareb for tbe Lar,elt of 
Ma1i.ua Shaar Straia Valu. lAd COnvert It 

to Equivilent Sln,l. &aplitUde Value in 'ercent 

Call EQLIKl to Apply Equivelent Linear AGalyai. 
U.io, Hor.aliaed Kodulu. ver.u. Sbear Straic Curve. 

the Effective 'Koolinear' Modulua 
i. the Avera,e of Mo4ulu. ia thi. 

aod tbe'raceding"lteretion 

o (continued) 

Simplified flow diagram for equivalent analysis to 
determine non-linear strain sensitive moduli of 
granular subbase and subgrade (as used in RPEDDl). 
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E.tabli.h EFlKAL ( ) by 
U.ing Honlinear Moduli in Place of 

lnsitu MOQuli from BASINR 

Call ELSYH5 to Calculate 
Final ~e.pon.e Using EFlNAL l ) 

under tbe De.i8n Load 

1. Search for maximum .urfaee deflection (mil.). 

2. Searcb for maximum ten.ile .trel. at 
the bottom of eonerete layerl. 

3. Search for maximum bulk .trell computed 
from ELSYKS output (at middepth of lubbale layer). 

4. Search for maximum deviator .trell at tbe 
~ top of .ubgrade; computed internally 

from ELSYKS output. 

STOP 
and ~TUiN to 

lPEDD1 

Notes: For use in FPEDD1; folloving changes vere made 

1. Value of NFLAG equal to 1 (for 3 layers) or land 2 (for four 
layer) are used to correct for granular materials. 

Values NFLAG equal to 2 (for 3 layer) and 3 (for four layers) 
are used to correct subgrade modulus. 

2. Search is made for maximum tensile strain at the bottom of 
AC layer. 

3. Finally program is returned to FPEDDl 

Fig 5.26 (continued) 
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base or subbase, design load details, and (x, y) locations where 

maximum shear strain response is required (midway between Wheels). 

(2) Locations in z direction where a response is required are computed 

according to the guidelines of Fig 5.24. 

( a) 

( b) 

( c) 

If the base is stab i lized, this step is skipped. 

If the subbasp is stabilized, this step is again skipped. 

For the granular base/subbase the desired locat ions are 

middle of the layer under point C of Fig 5.25(a). 

the 

(d) For the subgrade, the desired location to compute response is 

also under point C of Fig 5.25(a) at the top of the subgrade. 

(3) If design load configuration is not entered by the user, default 

values are assumed (Fig 5.19). 

(4) The procedure starts from the top of the first granular layer. 

(5) ELSYM5 is called and thE' computed response is converted into a 

single amplitude shear strain, in percent, Y (subroutine SHSTRl). 

(6) Using the unique relationship of E/~ax versus Y for this matHial 

(subroutine EQLIN1), ratio EEl is obtained; this when multiplied by 

Emax (insitu modulus from the Dynaflect deflection basin for that 

layer) gives a new value of E' for this layer. If this was the 

first iteration, the program goes to Step 8. 

(7) The computed shear strain is compared with the valup in the 

previous iteration; if the absolute difference is within + 10 

percent, convergence is achieved and the program proceeds to 

Step 9. 

(8) Tbe old modulus is replaced by E'. This is the second iteration. 

RB.387-1/05 

The program goes to Steps 5, 6, and 7. If convergence is achieved, 

then the final nonlinear modulus, EF INAL. of that layer is 

calculated as 
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(9) 

EFINAL 

where 

E' 
1 + E. 1 1- (5.21) 

'" h . th·.. .. t P 1 1terat10n at wh1ch convergence 1S acn1eved. 

Equation 5.21 was found reasonablp. as a large change in E causes a 

very small change in Y This nonlinp.ar modulus val UI>. is used in 

further computations. If this was the last strain-sensitive layer 

(subgrade) I thp. program goes to Step 10. 

Equivalent linear analysis is applied to the next underlying 

strain-sensitive layer. 

are fo 11 owed. 

Iteration is initializp.d and Steps 5 to 8 

(10) Top. final combination of pavement moduli includes nonlinear, 

strain-sensitive moduli for sublayers and subgrade appropriate to 

design load considerations. 

Insitu Moduli ~ FWD.f!.!.!.!:. If the dynamic deflection basin data are 

generated by the Falling Weight Deflectometer, then in the present study the 

self-iterative procedure for obtaining the nonlinear sensitive modulus is 

skipped. It is assumed in this study that the FWD is capable of generating a 

peak force on a pavement surface which is equivalent to the design load. The 

largest maximum shear strain amplitudes at the appropriate depth in every 

strain-sensitive layer caused by both of these loading configurations are 

nearly the same (within + 10 percent). Therefore, in this case the 

equivalent linear analysis is omitted. 

However, FWD is capable of applying variable peak forc~s below the force 

level discussed in the preceding paragrapn. In these cases, it is necessary 

to use the equivalent linp.ar analysis. However, an estimate of low amplitude 

shear stra in modulus, Emax ' will be required for each strain-sensitive 

layer. The easiest and most reliable mp.thod is to obtain a profile of 

dynamic moduli by performing spectral analysis of surface waves (SASW) tests 

1n each test section (Refs 58, 66, 89, 90). A conceptual flow diagram to 
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determine nonlinear, strain-sensitive moduli corresponding to the design load 

conditions is presented in Fig 5.27. 

Applications of Self-Iterative Equivalent Linear Analysis 

Inservice Pavements. Several problems for insitu nonlinear mat~rial 

characterization have been solved using the procedures discussed up to now. 

Some, examples are presented in Tables 5.4(a) and (b) for typical inservice 

rigid and flexible pavements. Measured Dynaflect deflection basins were 

analyzed in all cases. 

This approach 

characterization of 

of insitu, nonlinear, strain-sensitive material 

unbound granular layers of pavement and subgrade is 

relatively new and according to available state of knowledge has never been 

applied ~n NDT evaluation of pavements. Overlay designs should be bas~ on 

insitu moduli determined using the approach of equivalent linear analysis. 

lnservice monitoring and performance data of such overlaid pavement, and 

comparisons with performance of the overlaid pavements designed using current 

conventional procedures of nonlinear characterization should be used to 

validate either of these approaches. 

Advantages Offered ~ Equivalent Linear Analysis. 

linear 

There are 

analysis 

several 

for NDT obvious advantages with the 

characterization of nonlinear 

subgrade as listed below. 

use of equivalent 

strain softening granular materials and 

(1) The inherent problem of handling tensile stresses or very low 

compressive stresses (for computation of bulk stress) ~s 

f!Oliminated. 

(2) Errors due to the assumption of weighless materials in any layered 

theory computations for use in conventional stress dependent MR 

relationships are handled by including gravity (self-weight) or 

overburden stresses. In the equivalent linear analysi s, thp 

critical response (maximum shear strain) to determine nonlinear 

modulus is required only due to the loading stress. 

RR387-1/05 
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Fig 5.27. 
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TABLE 5.4(a). EVALUATION OF NONLINEAR STRAIN DEPENDENT MODULI 
BASED ON DYNAFLECT DEFLECTION BASIN - RIGID 
PAVEMENTS (RPEDD1) 

PAVEMENT 

(1) Fig 4.23 (JRCP) 
10 in. PC Concrete 
.:, in. Cement Treated 

Base 
Semi-infinite Subgrade 

.: J'l CRCP 
10 in. PC Concrete 
4 in. AC Base 
6 In. Lime Treated 

Subbase 
Semi-infinite Sub grade 

YOUNG'S MODULI PREDICTED 
FROM DEFLECTION BASIN 

FITTING (PSI) 

5,398,000 

500,000 
31,030 

4,451,501 
457,180 
348,192 

23,288 

( 2) 
SH-71 (SB), Columbus Bypass, Texas 
Measured Deflections (mils): .33 
Ccmputed Deflections (mils): .333 

.32 

.321 

;; J S ; o,.~ 

YOUNG'S MODULI CORRECTED 
FOR NONLINEAR BEHAVJOR 

(PSn 

.29 

.290 

,------,- -, ,-

30,48d 

22,854 

.25 

.256 
.23 
.224 
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TABLE 5.4(b). EVALUATION OF NONLINEAR STRAIN DEPENDENT MODULI BASED ON 
DYNAFLECT DEFLECTION BASIN - FLEXIBLE PAVEMENTS (FPEDD1) 

P.·WE1'1ENT 

4.5 i8. AC Surface 

3.0 in. Bituminous Base 

S.:;mi·-infinitt:! Sub grade 

",.' ;,' 

YOUNG'S MODULI PREDICTED 
FROM DEFLECTION BASIN 

FITTING (PSI) 

292,900 

112,900 

28,280 

YO ONG 's liJDUU COle EO EL' 
FOR NONLlNEAF, B EHA \'J 01' 

(PSI) 

18,460 
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(3) Two different types of strp88 spnsitive models are used in the 

conventional approach. ThP propospd approach uses only onp typP of 

strain sensitive model for all unbound materials. 

(4) Maximum shear strain amplitudes generated in pavement layers by NDT 

tests or actual traffic conditions are generally 1n low to 

moderately high levels. These levels of maximum shear strains (y ) 

and their influence on HR are not addressed in the conventional 

approach. although y is the most important parameter to influence 

dynamic moduli (G or E). 

(5) Usp of effective or total stresses 1S a debatable question in thp 

use of laboratory HR relationships which correct insitu moduli. 

This dilemma is not present in the proposed equivalent linear 

analysis approach. 

(6) Tremendous variations in nonlinear moduli based on 

relationships may arise due to characteristics 

experimental scatter. and method of computing 

experimental scatter in developing G (E) versus Y 

seems to be relatively very low and E/~ax versus Y 

can be approximated as nearly unique curves for 

purposes. 

laboratory HR 

of material. 

stresses. The 

relationships 

relationships 

all pr ac t ica 1 

(7) To determine insitu stress dependent moduli, in thp conventional 

approach, either appropriate HR relationships are to be developed 

by extracting samples from sites and performing laboratory HR 

tests; or approximate HR relationship from experience (historical 

rl"cord) are assumed. In both cases, tilDe and money and risk. of 

uncertainty are involved. Moreover. the validity of applying 

RR.387-1/05 

laboratory M relationships in the field for NDT evaluation is open 

to question. 

In using the proposed iterative approach of E/~ax versus 

shear strain curves, which can be safely considered unique, any 

unnecessary voluminous laboratory work is eliminated without an 

apprec~able risk of uncertainty. This will result in savings of 

time and money. along with an increased efficiency and confidpnce 

in the desired nonl inear moduli.. Furthermore, an important 
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parameter used in thp. iterative procedure is low amplitude-strain­

modulus Emax (or Gmax ), which is determined as the insitu modulus 

from a Dynaflect deflection basin measured in the field or from a 

non-destructive surface wave test such as the SASW test; Emax can 

also be computed for the analysis of a FWD deflp.ction basin 

measurp.d at the lowest level of its ~ak forcp amplitude. 

VALIDITY OF ASSUMING PAVEMENT AS A LINEAR ELASTIC SYSTEM 

In thp structural dpsign of a new pavement the final design is built 

upon the assumptinn that thp. pavement behaves as a linearly elastic system. 

It is generally knnwn that a newly built pavempnt, particularly with stiff 

layers, does behave linearly. The proposed approach of strain sensitivity 

can be uSPd to makp a thporetically based judgement on the validity of linear 

behavior. 

Examples 

Figure 5.28 

pavemp.nt layers 

illustrates the example of determining 

using the iterative application of 

computations to match thp. measured Dynaflect deflection 

linear analyses were subsequently made to detp.rmine 

insi. tu moduli of 

layered theory 

basin. Equ i v alim t 

nonlinear strain-

dp.pend~nt subgradp. modulus. The eRe pavemp.nt was recently built with 10 

inches of concrete overlying 4 inches of aspnaltic concrete base and 6 inches 

of limp-treated sublayer. The equivalent single amplitude shear strain 

computed for this pavP.ment under (dp.fault) design load is very close to the 

threshold limit for this material, which implies that thp. subgrade is almost 

in the strain-independent range. In other words, thp. pavement behaves as a 

1 inear system. 

An older pavement does nnt behave as a linp.ar system. Analysis of a 

dp.flection basin is still carried out assuming a linear system, but 

p.quivalent 

illustrated 

RR387-1/05 

linear analysis results in nonlinear strain dependent moduli. 

in Fig 5.29. The nonlinear behavior of an old pavempnt 
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SH-71, Texas, 7 Aug.81 Young's Modulus (psi) 
CJ'oDifferenc e 

Corre cted (I) a (2) 
(2)* 

Columbus Bypass (Section I) Input 
Wheel path 10utside lane Seed In situ 

(I) 

10 in. p.e. Concrete o 6,000POO 

4 in. A.C. Base o 479,800 
6 in. Lime treated SubbosE o 291,500 

rF/ FA' , , " "'. 
Semi-infinite Subgrade o 

(* Strain dependent non-linear modulus) 

Fig 5.28. Analysis of a Dynaflect deflection basin measured on a newly 
constructed CRC pavement (prior opening to traffic). 
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Radial Distance from load, inches 

O 0 
10.0 15.6 26.0 37.4 49.0 GO. 0 . ~--~--~--~~--~----~~~~~---

Total Iterations = 2 
Best Iteration = No.2 

(/) 0.2 -
E .. 
(/) 

r::: 
o 0.4 -(.) 
Q.) --Q.) 

o 
0.6 

12 24 

IH-IO, East of Columbus, 
Texas. 23 Aug.84 EB., 
St. 1352+22 
Centerline, Outside lane 

Input 
Seed 

10 in JRCP 0 

0 

Semi-infinite Subgrade 0 

0---0 Measured 
!!:;, Computed 

36 48 60 72 

Young's Modulus (psi) 
0/0 difference 
between 

Insitu (I) Corrected (2) (I) and (2) 

3,515,000 

118,400 

18,490 17,530 5.20/0 

Fig 5.29. Analysis of a Dynaflect deflection basin measured on an old 
(around 20 years) JRC pavement. 
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possible du~ to one or more reasons, such as discontinuities, crp.ation of 

voids, and pumping in base/subbase, etc. The strain softening approach does 

provide an explanation of the nonlinear behavior of the pavement system. 

SUMMARY 

This chapter has dealt with nonlinear behavior of granular layers and 

subgrade in pavements. The current practices in thp. use of stress dependent 

nonlinear laboratory MR relationships werp. reviewed. Results of published 

research in recent years on improving nonlinear stress dependent material 

characterization procedures for granular layers were also presented. A brief 

discussion of strain dependent dynamic shear moduli used 1n dynamic/seismic 

response analysis was also presented. The concept of equivalent linear 

analysis for nonlinear strain dependent moduli is also discussed which is 

based on normalized modulus E/Emax (or G/Gmax ) versus shear etra in 

relationships. Default curves based on these relationships were presented 

for granular and cohesive materials. A self-iterative procedure is described 

to determine insitu moduli of nonlinear strain softening materials using the 

concept of an equivalent linear analysis. The procedure has been designed 

mainly for,NDT evaluation with the Dynaflect because back-calculated moduli 

from the Dynaflect defl~ction basins can be treated as low-amplitudp. moduli 

(Emax ). Values of Emax are then used in the equivalent linear analysis to 

convergp. to a corrected nonlinear modulus corresponding to the shear strain 

amplitude under the design load condition. For the FWD, the equivalent 

linear analysis is presently omitted in this study assuming a peak force can 

be generated by the FWD which results in shear strains in the granular layer 

or the subgrade comparable to that under the design load. However, if FWD is 

used at small loads, then the use of an equivalent linear analysis 18 

warranted. 

Several advantages of the equivalent linear analysis and discrepancies 

1n the currently used MR procedures were also presented and discussed. The 

self-iterative procedure for equivalent linear analysis for nonlinear, 

RR387-1/05 



210 

strain-sensitive mnduli nf 8ublayers has been implemented in the dynamic­

deflections-based structural evaluation system presented in Chapter 6. 

RR387-1/05 



CHAPTER 6. DEVELOPMENT OF COMPUTERIZED STRUCTURAL 

EVALUATION SYSTEMS FOR PAVEMENTS 

This chapter presents the comprehensive framework for the development of 

structural evaluation systems for pavements. Tne self-iterative procedures 

developed in Chapters 4 and 5 are the two important stepping stones in this 

framework. Structural evaluations of pavements based on dynamic deflection 

will be extpnded to include the estimate of fatigue life and remaining life. 

FRAMEWORK FOR STRUCTURAL EVALUATION SYSTEM 

Background 

Most of the existing structural evaluation methods basPd on insitu 

moduli derived from deflection basins fall in the first of the following 

categories. 

Average Deflection-Basin-Based Evaluation. In this method, an average 

deflection basin is computed by computing the mean of the deflections 

measured at each sensor of the NDT device in a test section. Insitu 

effective moduli are determined by using deflection basin parameters, 

graphical procedures, or basin fitting procedures (the inverse application of 

layered theory) which may be user-iterative or self-iterative (Chapter 3). 

Third, some methods allow correction of moduli of granular layers and 

subgrade by using nonlinear stress-dependent laboratory MR relationships. 

Temperature correction is also made for the modulus of the asphaltic concrete 

layer in the Case of flexible pavements. The final combination of moduli 

represents effective insitu moduli for the whole section, which are 

subsequently used for overlay design. Use of an average deflection basin 

raises the question of ignoring the primary theoretical considerations on 

which the iterative use of inverse applications of layered elastic theory is 

based. 

RR387-1/06 211 
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Individual Deflection Basin Category. In this approach each deflectinn 

basin is analyzed on an individual basin. Insitu moduli are then determined 

following the procedures outlined above. Uddin et al (Rpf 62) have 

recommended this approach. Design moduli for each design section then can be 

based on the summary statistic of moduli determined at each Dynaflpct test 

location in that section. This approach is more rational as the user 1S 

analyzing each measured basin and not a hypothetical average basin. The 

variations of moduli in each section represent the in-place variability in 

each pavement layer. 

In the above two approaches; a design (test) section is preselected and 

after the analysis of deflection basins the next step is to determine design 

modul i.. 

Det~rmination ~ Overlay Thickness ~ Individual Location of Deflection 

Basin. This is the approach employed in the recently developed FHWA-overlay 

design procedures (e.g.; Bef 19). Each deflection basin is analyzed 

individually to determine insitu moduli which are corrected for temperature 

(for asphalt concr~te modulus) and for nonlinear stress sensitive behavior of 

granular layers and subgrade. The final moduli at the test location are then 

used for the design of thp overlay thickness. 

The direct use of insitu moduli for overlay design of each test location 

results in prohibitively expensive computation at a cost ~ich may be 

unnecessary in certain instances. especially when the life of an existing 

pavement can be considerably extended by routine maintenance measures instead 

of embarking on sophisticated rehabilitation programs involving overlays. 

Alternatives for stage construction will also be difficult to design for 

the strengthening/upgrading of existing pavement. 

Proposed Approach 

The framework proposed in this study for a structural evaluation system 

using dynamic deflection basins is comprised of several stages; as summarized 

below. 
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(1) The measured deflection basin is analyzed on an individual basis. 

(2) lnsitu moduli are determined using the self-iterative inverse 

application of layered theory. The asphalt concrete modulus (for 

flexible pavement) is to be corrected for temperature effect. This 

stage has been covered in detail in Chapter 4. 

(3) Insitu moduli are then corrected by equivalent linear analysis to 

take into account nonlinear, strain-softening behavior of granular 

layers and conesive subgrade as discussed in Chapter 5. 

(4) The final combination of corrected insitu moduli are then to be 

used to predict critical responses under a given design load 

configuration to make a remaining life analysis as discussed in 

detail in this chapter. 

(5) Toe final output from the use of the computerized struc tural 

evaluation system is a tablF~ which summarizes the results of 

critical responses. fatigut,' life. remaining life and final 

comb ina t ion of corrected insitu moduli with respect to each test 

location along the roadway. 

(6) Separate computer programs are to be developed for rigid and 

flexible pavements. In the implementation/application phase of 

tnesp. computerized evaluation systems, plots of remaining life, 

subgrade modulus, and moduli of other layers with distance along 

the pavement are to be used to delineate areas in oeed of major 

rehabilitation for overlay design. Detailed discussions on 

implementation are included in the latter part of this chapter. 

COMPUTERIZED STRUCTURAL EVALUATION SYSTEM 

Different features considered for developing a computerized structural 

evaluation system are described in the following sections. 

Simplified Flow Diagram 

As outlined earlier, separate computer programs based on the proposed 

approach are to be developed for structural evaluation of rigid and flexible 

RR387-1/06 
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pavements. A simplified flow diagram of the framew~rk adapted in thp later 

development of the computer programs is presented in Fig 6.1 and discussed in 

thPsp sections. 

r 

". 

Basic Input Data ~ 

Design load specifications and configuration (see Fig 5.19 for default 

specifications) are required for nonlinear characterization, as discussed in 

Chapter 5. Additionally. past traffic data in terms of cumulative 18-kip 

equivalent single axle loads are required. Specific guidelines practiced by 

different user agencies or AASHTO Interim Guides (Ref 20) can be used for 

this purpose. 

Analysis ~ Deflection Basin 

Determination of Insitu Moduli. Insitu moduli of pavement layers are 

determined by the self-iterative inverse application of ELSYMS as discussed 

in detail in Chapter 4. Separate routines have been developed for rigid and 

flexible pavements. Except for minor differences, the algorithms used in 

these routines are basE!d on thp. procedure described in Chapter 4. The 

salient features of the self-iterative procedure are briefly repeated here. 

(1) Handling thE! finite thickness of the subgrade layer (including a 

default procedure for consideration of a rigid bottom). 

(2) Capability to analyze dynamic deflection basins measured either by 

the Dynaflect (standard configuration of five sensors) or by a 

Falling Weight Deflectometer (not more than seven or less than six 

sensors with one sensor under the center of load and the remaining 

placed one foot apart on a line extending outwards in perpendicular 

direction. 

(3) Handling a three or four-layered pavement model. 

(4) Capability to determinE! a unique set of insitu moduli by generating 

initial seed moduli through a default procedure. The predictive 

equations developed for this purpose are presented in Appendix B. 
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Simplified flow diagram of the proposed structural evaluation 
program based on dynamic deflection. 
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(5) Better effici~ncy and using a lesser number of iterations to keep 

the computational cost to a minimum are the over-riding criteria 

which are in SOmp instances possible only at the expense of less 

precision in the convergence process of measured and theoretical 

deflections. Improvements can be achieved by calibrating the 

procedure of successive corrections. However. at present it is 

recommended that the calibration of this model not be improved 

unless pnough experience is gained through a large number of 

applications of the computer programs. 

Temperature Correction. The iositu asphaltic concrete modulus 

determined from the analysis of the deflection basin measured On a flexible 

pavement is corrected for temperature sensitivity using the procedure 

described in the latter part of Chapter 4. The corrected modulus corresponds 

to asphaltic concrete stiffness at the design temperature. This step is 

performed after correcting the strain-dependent nonlinear moduli. 

Corrections for Nonlinear Behavior ~ Pavement Sublayers 

The self-iterature procedure for equivalent linear analysis developed 

in Chapter 5 is basically the same for rigid and flexible pavements. 

Nonlinear, Strain-Sensitive Moduli. The equivalent linear analysis 

approach is based on an iterativp. use of ELSYMS and "uniquell curves of E/Emax 

versus shear strain curves developed using the concept of nonlinear strain 

softening materials when the shear strain induced by the design load in these 

layers exceeds certain threshold strain values. This approach is drawn from 

the dynamic/seismic response analysis procedure well accepted in the field of 

geotechnical engineering. 

Insitu Moduli of Stabilized Layers. The insitu moduli determined for 

granular materials and cohesive soils which bave been stabilized by asphaltic 

materials, cement, or lime are considered to be insensitive to shear strain 

and not to exhibit nonlinear behavior. Therefore no corrections are applied 

to the insitu moduli of such pavement layers. 
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Results. A print out of all results is generated at this step after the 

completion of all analyses related to each deflection basin. 

Remaining ife Analysis 

The final combinations of (corrected) insitu pavement moduli 1S assumed 

to represent effective insitu stiffnesses (Young's moduli) under the design 

load. The existing pavement at this test location is again modelled as a 

layered "linearlyll elastic system for further evaluation. At this stage of 

structural evaluation p~isting pavement is analyzed for its remaining life at 

each test location. A simplified flow diagram of the remaining life analysis 

is illustrated in Fig 6.2 . 

Fatigue Life Prediction. The first step 1n the subroutines developed 

for the remaining life analysis is to predict the fatigue life of the 

existing pavement. The fatigue life of a pavement can simply be defined as 

the maximum number of repetitions of a standard load a pavement can sustain, 

associated with certain critical response parameters. Detailed treatment of 

the application of fatigue concepts to pavement analysis can be found in Refs 

19, 36, 68, 69 (for flexible pavements) and Refs 23, 38, and 93 (for rigid 

pavements). Conceptually a pred ictive relationship for fatigue life is 

expressed in the following form: 

where 

= 

= (6.1) 

maximum allowable number of repetitions of a standard load, 

critical response parameter (either tensile stress or tensile 

strain), 

and A and B are estimates of regression coefficients. 

There is a limiting value associated with the 

parameter which when exceeded can trigger fatigue cracking. 
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Fig 6.2. 

DOS 104 

Criti~al Par ... tar la.poa.e, C, at aottoa 
of &Ilda~e 1.a"ar I)ctaraiAad ill E1.LIIAL 

Maxiaua Iori.DDtal f.n.il~ Str ••• 
for li,id , ..... ot aDd Kaxi.u. 

tao.il. Straia for rlaxible Pavaacnt 

NO .---------------1 
I ror IiliA! , ...... Otl. I 

.... --.....; Cornct Val. of C b7 I 
Multipl"iac with Critical Itr ••• ractor .J 
~-------------

Pl£DICT '~tIGUl LIft, Ir 

GOHPUTt UHAIMIBC LIft. 11. 
11. • 100 (l - MA Ilir ) 

pun II.KI.lUBC 
LIn, ~. PlICUT 

(I A • Actual Cu.ulativ. 
18 lip. 'SAL ~pplicatioQ 

'ntand b7 Dur> 

A simplified flow diagram of remaining life analysis. 



'"I 

~I 

~I 

~I 

1 
1 

1 
1 
1 
1 
1 
1 

1 
1 

1 

219 

initiates at the bottom of either the asphaltic concrete layer (in flexible 

pavements) or the surface concrete layer (in rigid pavements) and later 

appears on the pavement surface. It should be emphasized that a cracked 

pavement can still carry axle applications wi thout reaching II fail ur .. lI • Here 

"failure" is r~ferring to functional failure of pavement (Ref 36). For this 

reason, the fatigue equations developed from the analysis of field data 

generated at the AASHO Road Test (Ref 94) hav~ been selected for use in this 

study. A more thorough discussion on the development of the selected fatigue 

equations is out of the scope of this study. 

references cited above for details. 

Readers can consult the 

Rigid Pavements 

Figure 6.3 illustrates different fatigue equations considered for use in 

the development of a Design System for Rigid Pavement Rehabilitation (RPRDS). 

for use in Tp.xas (Ref 38). The fatigue equation selP.cted for use in this 

study is expressed as: 

where 

Nl8 = 

S = 

0 .. 
c 

( ) 

3.0 

46000 oSc 
(6.2) 

maximum number of 18-kip equivalent single axle load (ESAL) 

appl ications. 

flexural str~ngth of pavement quality concrete, 

(included in the input data for rig id pavement s) "and, 

in psi 

critical tensile stress at the bottom of the concrete layer, 

in psi (Fig 6.4). 

Taute et al (Ref 23) have developed Eq 6.2 from the analysis of AASHO 

Road Test data (Rp.f 94) and a study of statewide condition survey data in 

Tp.xas (Ref 95). This equation presents several improvements over the ARE 
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equation (Rpf 93), which is also shown in Fig 6.3. ELSYM5 was used for 

layered theory computations in tbe development of these fatigue equations. 

Details of thp. assumptions involved and the derivation of this p.quation are 

presented in Refs 23 and 3S. 

In the subroutinp. of thp remaining life analysis developed in tnis 

study, ELSYMS is us~d to predict critical tensile stress at tbe bottom of the 

concrete layp.r. Recognizing that a pavemeat model based on layered theory 

does not take into account the influp.nce of discontinuities, such as cracks, 

joints, edges, etc., Seeds et al (Ref 38) recommend critical stress factors 

to adjust the critical tpasile stress computed by layered theory before 

computing N1S from Eq 6.2. These adjustment factors are based on 

computations based on finite elp.ment modelling and thpir derivation is 

described in R.-f 38. To ensure compatibility with RPRDS. the same approach 

is incorporated in this study. Therefore. critical tensile stress, a , c 
use in Eq 6.2 is computed by the following expression: 

... wh.-re 

a' = c 
C = 

P 

(J = C 
c p 

(J , 

c 

critical tensile stress computed by ELSYM5 and 

critical stress factor. 

(6.3) 

for 

Values of Cp recommended by SP.eds et al (Ref 38), are presentp.d in 

Table 6.1 together with the default values assumed in thP. present study. 

Flexible Pavements. The cri tical response parame ter used in the 

prediction of the fatigue liff" of an existing flexible pavement is the 

critical tensile strain ( e:) at tne bottom of the asphaltic concrete (AC) 

layer. as illustrated in Fig 6.S. Thf" FHWA-ARE's fatigue equation (Eq 6.4 in 

Fig 6.6) was developed from an analysis of data from the AASHO Road Test (Ref 

94) • 
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TABLE 6.1 EXISTING PAVEMENT CRITICAL STRESS FACTORS 

Existing 
Existing Pavement PCC 

Type Shoulders 

CRCP No 
Yes 

JCP (with load transfer) No 
Yes 

* (Ref. 38) 

005 006 

Range of Critical 
Stress Factor* 

1.20 - 1. 25 
1.05 - 1.10 
1. 25 - 1.30 
1.10 - 1.20 

Value Used 
in RPEDD1 

1.22 
1.08 
1.27 
1.15 

r 
r 
r 
r 
r 
r .. 

r 
r 
r 
r 
r 

i 

• 

• 
,. 

• , 

• ., 



II 
II 

'. 

ill . .. 

'. 

225 

computation of Crit ical Response Parameter. In the subrout ines 

study, critical developed for fa t igup life predictions in the present 

responsp parameters (maximum values of O"c' or·£: as discussed in the 

preceding sections) are computed at two locations at appropriate depths. As 

noted in Fig 6.7 (design load configuration), the responses are computed by 

ELSYM5 (1) at a point directly under the center of the hypothetical circular 

area representing a wheel, (2) at the inside edge of the loaded area, and (3) 

beneath 

largest 

the point midway between the wheels. A search is made to find the 

of the three responses for assigning to 0" ' c 
or £: • For some 

pavements no critical (tensile) response is predicted (e.g., no tensile 

strain in a thin AC layer over a stiff base). In such a case the fatiguE' 

life computation is simply skipped, as indicated by a message in the final 

output. 

Remaining Life Estimate. If fatigue life has been computed in terms of 

the allowablp number of l8-kip ESAL, N18 , then an estimate of the remaining 

life of the existing pavP.ment is determined using the following expression: 

where 

RL ... 
N18 

.. 
n18 .. 

= n18 ) 
- NIB 

x 100 (6.5) 

predicted remaining life of the existing pavement in percent, 

predicted fatigue life in l8-kip ESAL, and 

past cumulative 18-kip ESAL (entered in the input data) • 

In Eq 6.5, nIS/NI8 , represents theoretical damage to the existing 

pavement, which is an indication of pavement deterioration due to past 

repetitions of traffic, n18' Equation 6.5 is based on the validity of 

applying Miner's linear damage hypothesis to estimate fatigue damage in 

pavements. Thorough discussions of the applicability of this approach in 
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Surface layer 

St obilized 
Bose 

Granular 
Su bbase 

Subgrade 

'f.. of loaded area 
I (design load condition) 

i 

.-. - - . 
I I I . . 

Note: Dots show locations where appropriate pavement 
responses are computed and the largest value 
is selected for inclusion in the final output 

I. Sur-face deflections: on pavement surface 
2. Tensile stress (strain): At the bottom of surface layer 

3. Bulk stress: At the mid-depth of granular subbase 
layer 

4. Devi a tor stress: At the top of subgrade 

Fig 6.7. Configuration of locations for computation of pavement responses. 

005 :HO 

L 

L 
t 
I 
( 

r 
• r 
r 
r 
r 
r 
r 
r 

t r 
r 

'" 

r 
r 
r 
r 



I 

I 

I 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1--

1 
, 

.. 

227 

the analysis and for overlay design of pavements are presentPd elsewhere 

(Refs 37, 38, 68, and 93). 

Special Considerations. For the purpose of this study, a very detailed 

and refined type of remaining life analysis is neither necessary nor sought. 

Therefore the final output is generated using special provisions indicating 

that remaining life analysis at that test location was either not possible or 

skipped dup to one or a combination of the following reasons. 

(1) Accumulated past traffic data, n18 in l~-kip ESAL was not entered 

~n the input. The output will show 999 in tne R column if the 

output is in the detailed format. 

(2) Fatigue life, N18 , could not be predicted or set to zero. The 

remaining life analysis is skipped in this case and only a 

summarized version of the output is printed. 

(3) If the option for making a remaining life analysis is not entered 

by the user, then the default option is to omit the remaining life 

analysis and generate only summary output. 

(4) If RL is zero, it indicates that the pavement is in badly cracked 

condition (as specified by the user in aD input option about 

pavement condition), In such cases, the program internally assumes 

zero remaining life without attempting any remaining life analysis. 

Final Output 

Final output from the computer programs for structural evaluation is in 

tabular form. The programs are designed to generate output in either a 

detailed format or a short format, as dictated by the type of analysis 

discussP.ci earlier in special considerations. The programs can handle 50 

deflection basins in one batch at present, but the capability can be 

increased by adapting ELSYM5 to handle more tnan 50 problems. 

Table 6.2 presents a list of important output variables in the detailed 

format. Output variables included in the snort form are listed in Table 6.3. 

In summary, the short format is without the data related to the remaining 

life analysis. In both cases the moduli are the final combination corrected 
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TABLE 6.2. SUMMARY OF DETAILED OUTPUT 

OUTPUT VARIABLES DESCRIPTION 

Identification and 
Initial Informatlon 

Input System Parameters 

Layering Information 

E(MAX) 

E(MIN) 

UNWTI 
Sensor No. 

Measured Deflection 
Calculated Deflection 
HERRP tBased on 

Seed Moduli) 

ITERATIONS BEGIN 

ODS 291 

Problem No., Title, NDT Device (FWD/Dynaflect); 
Station, Test Date; No. of Layers; 
Type of Layer Above Subgrade (for Rigid Pavements) ; 
Type of Base and Subbase Layers (for Flexible 
Pavements) • 

Maximum No. of I tera tiona; 
Tolerances for Discrepency in Deflections (TOLRl 
and TOLR2); Tolerances for Change in Moduli (TOLR31, 
TOLR32, TOLR33). 

(Repeated for each layer, starting from the 
surface layer.) 
Layer No.; Thickness (Inches); Poisson's Ratio 
(No value in thickness indicates semi-infinite 
subgrade) • 

Input Seed Modulus in psi (if input is zero, then 
default seed modulus is printed) . 

Maximum allowable value of modulus in psi (default 
value is printed if there is no input). 

Minimum allowable value of modulus in psi (default 
value is printed if there is no input) . 

Unit weight of subgrade soil (lbs./cu. ft.) 
Sensor no. 1 assigned to the first sensor closest 
to the test load (5 sensors for Dynaflect and 
6 or 7 sensors for FWD). 

At each sensor in mils. 
At each sensor in mils. 
Largest absolute discrepency in measured and 
calculated deflections (in percent). 

Message when further iterations are stopped; 
also total number of iterations attempted in 
this run. 

( continued) 
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TABLE 6.2. (CONTINUED) 

OUTPUT VARIABLES DESCRIPTION 

Results of Iterations 

Young I s Moduli 
Measured Deflections 
Calculated Deflections 
HERRP 

Design Single Axle­
Load Data 

Other Pavement Data 

RESULTS OF 

EQUIVALENT LINEAR 
ANALYSIS 

TEMPERATURE 
CORRECTION 
(Only for Flexible 
Pavements) 

REI'1AINING LIFE 

NEXT PROBLEM 

SUMMARY OF 
STRUCTURAL EVALUATION 

005 292 

Message about skipping results of each iteration 
if IOPTI is zero. In that case. only summary of 
best iteration is printed. 
If IOPTI was 1, then summary of each iteration and 
finally of best iteration are presented. 
For each layer (in psi) . 
In mils. 
In mils. 
The largest discrepency in percent. 

Load per tire (lba.); Tire pressure (psi). 

For Rigid Pavements: flexural strength; rigid 
pavement type; shoulder type. 
For Flexible Pavemen~s: test temperature and 
design temperature (OF) 

Corrected values of Young's moduli. 

Corrected value of Young's modulus of AC surface. 

Printed in percent (only when IOPT2 was entered 
as 1). A value of 999.0 is printed if no positive 
value of remaining life could be determined. 

All the above output repeated for each successive 
problem. 

Following summary outputs printed for each 
deflection basin analyzed. 
(1) Station 
(2) Maximum Deflection (in mils; under design 

load) 
(3) Maximum critical response at bottom of 

surface layer 
(a) Tensile Stress (for rigid pavements) 
(b) Tensile Strain (for flexible pavements) 

(4) Deviator stress on top of subgrade, psi 

(continued) 
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OUTPUT VARIABLES 

Summary Statistics 

005 293 

TABLE 6.2. (CONTINUED) 

DESCRIPTION 

(5) Bulk stress in middle of subbase layer (psi) 
(6) Past traffic in 18 kips ESAL (as entered 

in input) 
(7) Maximum theoretical 18 kips ESAL applications 
(8) Remaining life, percent 
(9) Final values of Young's Moduli 

Mean, standard deviation and coefficient of 
variation (percent) for remaining life, and 
final moduli 

r 
r 
r 
r 
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TABLE 6.3. SUMMARY OF SHORT OUTPUT 

OUTPUT VARIABLES 

Identification and 
Initial Information 

Input System Parameters 

Layering Information 

ESEED 

E(MAX) 

UNWTI 
Sensor No. 

Measured Deflection 
Calculated Deflection 
HERRP (Based on 

Seed Moduli) 

ITERATIONS BEGIN 

Results of Iterations 

005 294 

DESCRIPTION 

Problem No., Title, NDT Device (FWD/Dynaflect); 
Station, Test Date; No. of Layers; 
Type of Layer Above Subgrade (for Rigid Pavement~ ; 
Type of Base and Subbase Layers (for Flexible 
Pavements). 

Maximum No. of Iterations; 
Tolerances for Discrepency in Deflections (TOLRI 
and TOLR2); Tolerances for Change in Moduli (TOLR31, 
TOLR32, TOLR33). 

(Repeated for each layer, starting from the 
surface layer.) 
Layer No.; Thickness (Inches); Poisson's Ratio 
(No value in thickness indicates semi-infinite 
subgrade) . 

Input Seed Modulus in psi (if input is zero, then 
default seed modulus is printed). 

Maximum allowable value of modulus in psi (default 
value is printed if there is no input). 

Uni t weight of subgrade soil (lbs. /cu. ft.) 
Sensor no. 1 assigned to the first sensor closest 
to the test load (5 sensors for Dynaflect and 
6 or 7 sensors for FWD). 

At each sensor in mi ls . 
At each sensor in mils. 
Largest absolute discrepency in measured and 
calculated deflections (in percent). 

Message when further iterations are stopped; 
also total number of iterations attempted in 
this run. 

Message about skipping results of each iteration 
if IOPTl is zero. In that case, only summary of 
best iteration is printed. 
If IOPTI was 1, then summary of each iteration and 
finally of best iteration are presented. 

(continued) 
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OUTPUT VARIABLES 

Young's Moduli 
Measured Deflections 
Calculated Deflections 
HERRP 

Design Single Axle­
Load Date 

Other Pavement Data 

RESULTS OF 
EQUIVALENT LINEAR 
ANALYSIS 

TEMPERATURE 
CORRECTION 
(Only for Flexible 
Pavements) 

REMAINING LIFE 

NEXT PROBLEM 

SUMMARY OF 
STRUCTURAL EVALUATIO~ 

SUMMARY STATISTICS 

OCl5 295 

TABLE 6.3. (CONTINUED) 

DESCRIPTION 

For each layer (in psi). 
In mils. 
In mils. 
The largest discrepency in percent. 

Load per tire (lbs.); Tire pressure (psi). 

For Rigid Pavements: flexural strength; rigid 
pavement type; shoulder type. 
For Flexible Pavements: test temperature and 
design temperature (OF) 

Corrected values of Young's moduli. 

Corrected value of Young's modulus of AC surface. 

Printed in percent (only when IOPT2 was entered 
as 1). A value of 999.0 is printed if no positive 
value of remaining life could be determined. 

All the above output repeated for each successive 
problem. 

Following summary outputs printed for each 
deflection basin analyzed. 
(1) Station 
(2) Maximum Deflection (under design load) 
(3) Maximum Critical Response 
(4) Deviator Stress, psi 
(5) Bulk Stress. psi 
(6) Final Values of Young's Moduli 

Mean, standard deviation and coefficient variation 
(percent) for final moduli. 
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for nonlinear behavior and temperature sensitivity, if necessary. The 

generation of results in tabular form facilitat~s plotting of the following 

output against the distance along the pavement (the test number or location) 

on the abscissa. 

(1) remaining life, RL, percent, and 

(2) young's moduli, E's, of pavement layers. 

APPLICAT 10NS/LKPLEMENTAT ION 

The final stage in a structural evaluation system is to identify the 

sections of the tested pavement for potential problems, to help in 

delineating areas in need of maintenance and/or rehabilitation, and to 

provide essential inputs for comprehensive thickness design for overlay. It 

is not desirable that a computer-generated output should provide all the 

information for pavement management at the project level. The engineering 

experience and judgement should playa vital role for the d@cision making 

process at the project level. A computerized structural evaluation system 

such as described in this chapter is designed to provide all the necessary 

information to the user/engineer. This section provides guidelines to 

processing and managing the information generated by the computer program for 

useful applications and implementation by the user/engineer. 

Application Areas 

The plotted output (as described earlier) can provide a visual 

diagnostic chart of the structural condition of the whole length of pavement 

on Which the dynamic deflection basins were collected. A conceptual 

illustration of these plots is presented in Fig 6.8. Examples of some 

specific applications are discussed below. 

Identification of Localized Problem Areas. Visual inspection of the 

remaining life profile can help to identify localized problem areas along the 

stretch of tested pavement. The final measures for rectification of these 

local areas should be based on a study of summary statistics of condition 

survey data corresponding to these locations. For example, certain measures 
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for correcting existing pavement may be beneficial on these areas before 

placement an overlay or a seal coat on portions of the pavement which 

include these localized weak spots. 

Assessment of Pavement Maintenance/Rehabilitation Needs. An important 

decision to be made on the project level has to do with delineating pavement 

sections according to their maintenance or rehabilitation needs. While 

maintenance strategies and timing can be based on the results of a condition 

surveyor roughness measurement, assessment of an overlay requirement and 

other rehabilitation needs is drawn primarily from deflection testing. As 

noted in Chapter 2, traditionally limiting deflection criteria had been 1n 

use to assess the need for an overlay. This procedure is of course based on 

empirical relationships developed from field performance data. There are 

obvious limitations to using a similar approach for dynamic deflection data. 

To provide a rational and mechanistic method for delinE'ation of pavement 

sections which are to be considered for structural stn~ngthening, thE' 

following approach is recommended. 

(1) Establish a thresnold value of remaining life (based on structural 

evaluation) below which consideration must be given to the 

designing of an overlay thickness. For example, for eRG pavements 

in Texas, it has been proposed to use 40 percent as the threshold 

limit of remaining life (Ref 96). 

(2) Delineate the sections along the length of the pavement for 

consideration of overlay design that in general show a computed 

remaining life equal to or less than the threshold value. This 

step is illustrated in Fig 6.8(a). 

(3) To achieve efficiency and cost reduction in designing overlays, 

several recently developed procedures rely on dividing the stretch 

of pavement to be overlaid into several design sections. Then, 

using the design values of insitu moduli and other parameters 

representative of each section. the overlay thickness is designed 

for that section. In general, a deflection parameter 1S used to 

identify the design section. For example, toe Dynaflect Sensor 5 
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deflection profile 1S reCOlDmf'!nded in Refs 6~ and 93. Use of 

profiles based on the Dynaflect Sensor 5 deflection and basin slope 

(SLOP) has been recommended to select design sections for rigid 

pavements in Tf'!xas (Rpfs 23, 96). 

The approach proposed in this study is to usp the subgrade modulus. ESG 

profile, as illustrated in Fig 6.S(b). ESG values in the final output are 

representative of insitu nonlinear moduli under design load condition. 

Guidelinps in thf'! selection of design sections are briefly described in the 

following. 

(a) Select preliminary design sf'!ctions for vi:ual examination of the 

ESG plot along the length of pavement considered for overlay 

df'!sign. This selection is basically based on an approximate 

graphical contrast observed in the relative stiffness of the 

subgrade as shown in Fig 6.SCb). 

(b) Compute the mean value and standard deviation of ESG for each 

design sec tion. 

Cc) Perform hypothesis testing to find if the difference in the means 

of two adjacent sections is statistically significant. Appropriate 

statistical tests are to be used, recognizing that thp variances of 

ESG in the two sections mayor may not be same, A detailed 

procedure of hypothesis testing is presented in Appendix E. If the 

difference in means is not significant, the two sections can be 

pooled into one combined section and then tested against the next 

"selected" section. 

Once tbe design sections have been established, the next step is to 

evaluate design moduli. 

Overlay Design-Evaluation ~ Insitu Design Moduli. Before proceeding to 

a comprehensive overlay design, design insitu moduli are to be evaluated for 

each established design section. The design values of insitu moduli are 

important input for any overlay design and field variability should be taken 

into account, using known statistical methods. The design modulus of each 
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layer of existing pavement in a design section can be determinPd from the 

mean value, standard deviation, and a preselected valuP of confidence level 

(say 95-97 percent). The recommended procedure for computing design moduli 

is also presented in Append ix E. 

Implementation ~ Structural Evaluation System 

The implementation phase of the output generated from the computerized 

structural evaluation system based on dynamic deflections and the ir 

applications warrants special emphasis. All the concepts and recommended 

procedures have already been discussed in preceding sections of this chapter. 

A self-explanatory summary is presented in the simplified flow diagram (Fig 

6.9). 

SUMMARY 

A complete framework for structural evaluation of pavements, applicable 

to both rig id and flexible types, has been presented in this chapter. 

Procedures are developed here for evaluation of the structural capacity of 

existing pavement on which dynamic deflection basins are to be measured. 

Methods for prediction of fatigue life and remaining life analysis have been 

based on the insitu material characterization developed in Chapters 4 and 5. 

Guidelines for processing and managing information related to the evaluated 

pavement are presented so that rational decisions can be made concerning 

rehabilitation needs. Methodolgies are also recommended for identifying 

design sections and determining design insitu moduli for subsequent use in 

comprehensive overlay design. 

Two computer programs have been developed which are based on the 

materials presented in Chapters 4, 5, and 6. Program RPEDDI is tile 

structural evaluation system for rigid pavements and l.S described in 

Chapter 7. A description of FPEDDl, the structural evaluation system for 

flexible pavements based on dynamic deflections, is presented in Chapter 8. 
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Structural Evaluation of 
Pavements 

,-

FLEXIBLE RIGID Define Test Plar; 
Define Test Plan 

and Frequency of Tests 
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PAVEMENT PAVEMENT Frequency of Test 

Select NDT Device (FWD 
or Dynaflect) 

Collect Dynamic Deflection Basin 
Data. (For FWD, Use Sensors at 

&adial Distances of O. 12, 24, 36, 48, 
62 and 72 in from Loading Plate of 

11.S in Diameter.) Also &ecord FWD 
Peak Force for Each Test. 

Collect Temperature Data for Flexible Pavements I 

Prepare Inputs for FPEDDl (Flexible Pavements) 
or llPEDDl (&igid Pavements). 

Analyze All Basins (50 Each Time). 

i OUTPUT: l. Tabulated results 6:7" 2. Plots of the following with Stations (Fig 
(a) Remaining Life 
(b) Insitu Moduli of Pavement Layers 

I 
APPLICATIONS: 
l. Existing Structural Capacity 
2. Selection of Design Sections for overlay, 

if Neceuary. and Design Moduli 
3. Evaluation of Structural Condition of 

Pavement Layers Based on Moduli. 

I 
r &ecommendations I 

I 
( STOP 

Fig 6.9. A conceptual flow diagram for implementation of the proposed 
structural evaluation systems. 
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CHAPTER 7. DESCRIPTION OF RPEDDI 

A computer program, RPEDDI, a rigid pavement structural evaluation 

system based 00 dynamic deflections, has been developed in this study, based 

on the analytical models and framework presented in Chapters 4, 5, and 6. 

This chapter is devoted to a general description of the program in addition 

to the salient features related only to rigid pavements. Guidelines on 

application and implementation of the program are also briefly discussed and 

improvements on the previously proposed evaluation procedures in Texas are 

presented. 

INTRODUCTION 

Tn familiarize the users with the monitoring and evaluation process of 

rigid pavements, a conceptual flow diagram is presented in Fig 7.1. The 

computer program RPEDD1 analyzes dynamic deflection basins to generate 

estimated in-insitu young's moduli of pavement layers and structural capacity 

in existing condition. The program is based on the standard American units 

of measurement. Information required for input to the programs is listed 

belew. 

Acquisition of NOT Data 

Data Related to NDT Device. Data related to dynamic loading and 

geophone configuration of a Standard Dynaflect are specified within the 

program (Fig 2.1). If the FWD is used for NDT evaluation, the configuration 

illustrated in Fig 2.5 is provided for within the program. However. the 

radius of the loading plate used in the NDT test should be recorded. The FWD 

peak force recorded during the measurement of each deflection basin is also 

required tater an an essential input. The number of geophones used with FWD 

is also required in input. 
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Fig 7.1. A conceptual flow diagram for the proposed framework of 
structural evaluation and insitu material characteriza­
tion based on dynamic deflection. 
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Dynamic Deflection Basins. During each test, dynamic deflections are 

measured at each geophone in both thp Dynaflect and the FWD to define the 

de flection bas in. The programs require de flec tions to be coded in mils 

(1/1000'5 of an inch). 

Acquisition of Pavement Data 

Pavement !1E! and Cross Section. This information includes rigid 

pavement type (jointed concrete pavement, continuously reinforced concrete 

pavement), shoulder type, and number of layers in the pavement structure. 

Layering information can be obtained from construction plans and design cross 

section but preferably should be supported by field evidence, such as from 

extracted cores. The SASW test is another method for obtaining layering 

information. If there is any evidence of the existence of a rock layer at a 

shallow depth (within 20 to 30 feet), then it is important to know thp 

precise depth, for the reasons discussed in Chapter 4. 

Pavement Condition Data. Pavement condition should also be recorded at 

each test location, especially if signs of severe distress are obvious on thp 

pavement surface. Information obtained from a recently performed condition 

survey can also be utilized for this purpose. 

Material Data. Information should be acquired about t he type of 

material used in intermediate layers (basp and/or subbase materials). It is 

essential to know whether these materials are stabilized or can be considered 

as unbound granular materials. This information is used in the basin fitting 

routine as well as for nonlinear characterization. Any data available from 

laboratory characterization of all materials will also be useful later to 

ascertain allowable ranges of maximum and minimum moduli for each layer. 

Overlaid Pavements. The program is basically designed to evaluate non­

overlaid pavements. If the deflections test is made on overlaid pavement, it 

can still be. evaluated by specifying thp total thicknE"sS of concrete layers 

~n the input as the first layer if the overlay is bonded concrete overlay 

type. In the case of unbonded overlay, the user should provide the initial 

seed and permissible ranges of moduli for this layer. The ways actual 
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overlaid pavements are 

illustrated in Fig 7.2. 

to be idealized for input to 

In case of a flexible overlay. the 

the program are 

FPEDD 1 program 

(Chapter 8) should be used to analyze measured de flec tion basins. 

Traffic Information 

Past traffic data should be converted to IS-kip ESAL. If RPEDDl is 

being used only for insitu material characterization, then traffic data are 

not required and thp option for the remaining life analysis need not be used. 

Design ~ Configuration 

thE' 

for 

If thp. usp.r wants to specify a design load other than 

configuration (Fig 5.19), that is possible by using the option 

specified design load. For example, truckers frequently use an 

pressure higher than 75 psi (Ref 97). The detailed input guide is 

debul t 

user-

in the User's Manual (Appp.nd ix F). 

PROGRAM DESCRIPTION 

General 

inflation 

presented 

RPEDDI. the Rigid Pavement Structural Evaluation System using Dynamic 

DP.fle.ctions (version 1.0), analyzes a measured dynamic deflection basin using 

a- self-itPrative procedure to derive insitu Young's mOduli for a three or 

four-layer pavement, Nonlinear moduli of granular layers and subgrade are 

then computed using an equivalent linear analysis based on the strain­

sensitivity concept. An option for remaining life analysis is also provided. 

Thp. program is capable of analyzing up to 50 deflection basins ~n one run. A 

user's manual with example application ~s included in Appendix F. 

Input Variables 

A maximum of 14 lines (cards) of input must be provided to analyze 

deflection basin with RPEDD1. A detailed input guide is presented 
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(a) Bonded PC. Concrete Overlay 

Existing Pavement 
( 5 Layers) 

0
1 

Thin Bonded Concrete rlay 

D2 Original P.C.C. 

D3 Base 

04 

(b) Un banded PC. Concrete Overlay 

E xis ting Pavement 
(5 Layers) 

-

. 

. 

Pavement Model for 
Analysis{ 4 Layers) 

PC. Concrete Layer 

Base 

Subbase 

, Subgrade 

Pavement Model for 
Analysis (4 Layers) 
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'" 

Unbonded Overlay 0, Unbonded Overlay 
~~----------------~ 

Original PC.C. 

Bose 

Subbase 

.<II Subgrade til! 

Assumed as Stabilized 
Base (Seed Modulus 
Must be Entered) 
ASSlJ'Tled as Subbase &. 
Stabilized if Base is 

tabilized 

Subgrade 

Fig 7.2. Idealized pavement models for rigid pavements overlaid ~ith 
concrete layer. 
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Appendix F, which also identifies variables with default values. Ooly a list 

of input variables is given here. 

(1) Number of total deflection basins to be analyzed. 

(2) Test site and date of test. 

(3) Station (test location); name of NDT device. 

(4) Code for NDT device; number of deflection sensors; peak force, peak 

stress of FWD and radius of loading plate. 

(5) Opt ions for 

(a) summary output, 

(b) remaining life analysis, 

(c) the default procedure for creating a rigid bottom, 

(d) type of rigid pavement, 

(e) type of shoulder, 

(f) type of layer above subgrade, 

(g) unit weignt of subgrade soil, 

(h) surface condition, and 

(i) deleting equivalent linear analysis and remaining 

analysis. 

(6) Keasured deflections (in mils). 

(7) Number of layers including subgrade layer. 

Hfl'! 

(8) Information about each layer; starting from the top layer (one 

line/card per layer) 

RR387-1/07 

(a) layer number, 

(b) thickness, 

(c) Poisson's ration, 

(d) initial seed modulus (generally zero should be entered here), 

(e) maximum allowable limit of modulus, .and 

(f) minimum permissible value of modulus. 
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(9) Maximum number of iterations; five types of tolerances for use in 

the self-iterative basin filling subroutine. 

(10) Option for uspr specified dE'sign load configuration; design load 

per tire and tire pressure, flexural strength of concrete and past 

18-kip ESAL applications. 

(11) Design load configuration if user specified option is enforced. 

All the cards except the first one all other cards are again required 

for each subsequent problem . 

Flow Chart and Analysis Models 

The different subroutines used in RPEDD1 are summarized in Table 7.1. 

Whenever· theoretical deflections, stresses, or strains are required in the 

program, subroutine ELSYM5 (specifically adopted for efficient computations 

in this program) is called. A simplified flow chart of RPEDD1 is presented 

in Fig 7.3. Different analytical models used in RPEDD1 are based on 

materials presented in Chapters 4, 5, and 6. Only primary analysis models 

are briefly described here to illustrate the sequence in which different 

analyses are perforlllE>d in RPEDD1. 

BASINR.- This subroutine is the focal point of RPEDDI. It 18 called by 

RPEDD1 to determine insitu moduli by using a self-iterative procedure of 

deflection basin fitting based on successive corrections. The basic logic 

used in BASINR has been discussed in great detail in Chapter 4. The limited 

experience of using RPEDD1 for evaluation of actually measured deflection 

basins indicates that not more than eight to ten iterations with ELSYM5 are 

needed to aChieve· convergence (most of the time it took less than five 

iterations to converge). 

ELANAL. This subroutine is called by RPEDD1 to correct the insitu 

moduli determined by BASINR for nonlinear behavior of granular subbase/base 

and fine-grained subgrade soils. It employs a self-iterative procedure for 

conv·ergence of nonlinear strain-sensitive moduli under the design load 

configuration. The approach of equivalent linear analysis employed in this 

subroutine is discussed in detail in Chapter 5. 
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READ NUMBER OF PROBLEMS, NSYM 

r---------....-..{ IU:AD 1 NPllT DATA 

CALL BASINR 
(SELF ITERATIVE PROCEDURE 

TO CALCULATE YOUNG I S MODULI) 

PRINT ITERATIONS AND SUMMAI{Y 
OF BEST ITERATION 

CALL F:LANAL 
~ E(lllIVALENT LINF.AR ANALSIS OF SUBGRADE, 

GI{ANliLAR SUBBASE MODULI 

NO L..-.. ____ _ 

CALL RRLIFE 
REMAIN1NG LIFE ANALYSIS 

NSY '" NSY + 1 

PRINT TABULATED RESULTS 
FOR EACH TEST LOCATION 

Fig 7.3. Simplified flow chart of RPEDD1. 
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TABLE 7.1. SUMMARY OF SUBROUTINES USED IN RPEDDl 

SUBROUTINE DESCRIPTION 

BASINR Self-iterative basin fitting model; called by 
RPEDD1. 

EDFALT Default procedure for maximum and minimum values 
of pavement moduli; called by BASINR. 

ERIGID Default procedure to generate seed moduli; 
called by BASINR. 

SORTD Called by BASINR to sort the discrepencies in 
theoretical and measured deflections in 
decreasing order. 

ELANAL Self-iterative procedure for equivalent linear 
analysis; called by RPEDD 1. 

SHSTRI Called by ELANAL to search for the largest of 
maximum shear straina computed by ELSYM5. 

EQLINI Called by ELANAL to estimate nonlinear modulus 
of a granular layer or subgrade. 

RRLIFE Called by RPEDDI for remaining life analysis. 

247 

ROUNDM Called by RPEDDI to round off values of remaining 
life and final moduli. 

SSTAT Called by RPEDDI to calculate summary statistics 
for remaining life and final Young's modull. 

ELSYMS This subroutine contains ELSYMS computer package 
called by BASINR and ELANAL to compute pavement 
response. 
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RRLIFE. Subroutine RRLIFE is called by RPEDDl to compute fatigue life. 

and remaining lif~ analysis it thp. option for rp.maining life is used. It is 

described in Chapter 6. 

Output 

The format of output generated by RPEDDl is described, in Chapter 6 and 

example outputs are presented in Appendix F. The sequence in which results 

are printed is described below. 

(1) Initial 

default 

information based 

procedures before 

on input data or data 

starting the converge 

deflection basin fitting procedure. 

generated 

loop for 

by 

the 

(2) Output from BASINR is essentially tbe results of all iterations 

made in basin filling loop. In tbe case of tbe option used for 

summarized output, only tbe summary of tne best iteration (witb tbe 

least convergence error) will be printed. 

(3) Output from ELANAL is tbe results of nonlinear moduli if equivalent 

linear analysis bas been used. 

(4) Output from RRLIFE. remaining life, is also included in tbe final 

tabulated output. 

(5) The final tabulated summary of output is similar to Table 6.2 or 

6.3. 

APPLICATION/IMPLEMENTATION 

The application and implementation aspects of RPEDDl are presented in 

detail in Cbapter 6. Fig 7.4 presents a flow diagram of Texas rigid pavement 

overlay design procedure proposed in earlier reports (Ref 38). Considering 

the implementation phase of a structural evaluation system (such as RPEDDl) 

suggested in Cnapter 6 (Fig 6.8), an improved framework is proposed in this 

study for selection of tbe design section and estimation of design moduli 

b~fore using an overlay design program, such as &PROSl (Ref 38). This 

proposed framework is illustrated in Fig 7.5. 
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TEXAS SDHPT 
RIGID PAVEMENT OVERLAY DESIGN 

PROCEDURE 

'4' 

SELECT DESIGN CRITERIA 

+ .. 
CONDITION SURVEY DEFLECTION TESTING 

I 
~ 

SELECTION OF DESIGN SECTIONS 

~, 

MATERIALS CHARACTERIZATION 

~r 

REMAtNING LIFE ESTIMATES 
FOR EACH DESIGN SECTION 

+ 
DEVELOP OVERLAY THICKNESS 

DESIGN CURVES (RPOD) 

+ 
THtCKNES 5 SELECTION 

Fig 7.4. Flowchart of the Texas SDHPT rigid pavement 
overlay design procedure (Ref 38). 
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nus IDIlPT 
11GID p&'1MIMT OVllLAY DlSlGI 

I'IIOCI.DUl! 

l SlLlCT DlSle. ClITlU.A 

I COLLECT IIIrOIlU.T1011 01 P&VIKlIIT 1 LA TltllllC AII1l TUPrIC (111 11 III'S IS.tJ.) 

t 
t 

I COIIDlTIOI SUIVEY DATA 
II&AIUU DlrUCTIOIi IASDI DAn 

VIIIC lOT DEVICES 
( PWl)/DYIlU'LlCT 

I .uw.YZE TO OIUI. All I .YALtZi DlfUCTlOli IASI.S 1 
ISTlKAT& or IlKAIIIIIG LIFE VSlIIC 1PI.I)D1 

DELINIATION 0' OVIlLAY H 1\E.lU.1NIIIC LIFE, iL PlOPILE I 
SECTIOIS lASED 01 'IL c 400 PEleEJIT BID OVEILAY) 

LOWEi iL I5TIlI.t.nS , r I'lOrILES or MODULOS or -I 
uca LAna IIITIl DISTUez: 

STOP SE~llOiS IECOMKENOEO FOi I SECTIONS COIISIDIIID rOi I 
1UlIITIIWfCE ovr.ILAY 

SELECTION or DESIGN 
SICTIOIS I4Sr.D ON 

'IOrlLE or SUIGlADr. MODULUS 

DlTllltlD .SIal MOOULI POi 
uca DISlal IICTIOR I 

OV!aL4Y TBIC~aSS .SIGII 
(I.I'OD/lPlDS) 

Fig 7.5. A conceptual framework of rigid pavement overlay design 
procedure proposed for Texas SDHPT. 
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SUMMARY 

This chapter describ~s computer program RPEDDl, a rigid pavement 

structural evaluation system based on dynamic deflections. The program has 

been developed using several evaluation procedures described earlier in 

detail in Chapters 4, 5, and 6. A list of subroutines used in the program, a 

simplified flow chart, analysis modpls, and brief descriptions of input 

variables and outputs are also presented. A detailed user's manual and an 

example of RPEDDI are presented in Appendix F. 
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CHAPTER 8. DESCRIPTION OF FPEDDl 

FPEDDI is the computer program for flexible .pavements and is very 

similar to RPEDDI. It is based on the evaluation models discussed 1n Chapters 

4, 5, and 6. This chapter presents a general description of FPEDDl, a 

flexible pavement structural evaluation system based on dynamic deflection. 

INTRODUCT ION 

The conceptual flow 

evaluation purposes 1S 

FPEDDI is also designed 

diagram shown in Fig 7.1 

also generally applicable to 

to analyze dynamic de fl ec t ion 

for monitoring and 

flexible pavements. 

basins measured by 

characterization and 

structural evaluation. It also employs a self-iterative procedure to derivp 

insitu moduli by fitting a measured deflection basin which is developed based 

on th~ discussions of Chapter 4. All input data and output are designed on 

the basis of standard U. S. units of measurement. FPEDDI is designed to 

analyze a three or four-layered pavement model and is applicable to a wide 

variety of flexible pavement types. 

either the Dynaflect or FWD for insitu material 

Acquisition .£!. NDT Data 

The procedures for the acquisition of data relatpd to thp NDT device, 

(dynamic dp. fl ec t ion basin, pavement cross section, layering information, 

dppth of rigid rock, surface condition, and material data) are pr inc ipally 

the same as described for RPEDDI in Chapter 7. However, there is a basic 

diffp.rencp in thp. position of the NDT device relative to the pavement edge. 

For material characterization in rigid pavements. tne NDT device is generally 

positioned in thp interior taway from the edge and midway between transverse 

cracks or joints)>> i.e •• as recommended in Ref 62. However. for flexible 

pavements, NDT device is generally positioned in the wheelpath of the outer 

lane for deflection measurements. 
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Overlaid Pavements 

Overlaid flexible pavements can be handled simply by assuming one 

combined layer made up of all asphaltic layers. as illustrated in Fig 8.1. 

Those overlaid rigid pavements in which the cement concrete slab had been 

broken and seated placing an overlay was placed can also be analyzed uBing 

FPEDD1 by considering the original slab as a stabilized layer. 

Traffic, Design Load and Design Temperature 

The acquisition of past traffic information and specifications of tn~ 

design load is similar to that discussed for rigid pavements in Chapter 7. 

The aspnaltic concrete (AC) modulus in flexible pavement is temperature 

sensitive. The insitu derived AC modulus is based on the test temperature at 

which deflection basin was measured. For subsequent use in overlay design or 

even for making comparisons, it is recommended to correct the insitu modulus 

from test temperature to a design temperature. Tnerefore, it is necessary to 

obtain information about the design temperature (70°F is recommended in Ref 

68). The test temperature is taken as temperature at the mid-depth of AC 

layer. It can be estimated from a record of climatological data using 

computer program FTEMP, wnich is described in Appendix I. 

PROG~ DESCRIPTION 

A description of FPEDDl is presented in the following sections. 

General 

FPEDD1, the flexible pavement structural evaluation system using dynamic 

deflections (version 1.0), evaluates NOT data to determine insitu pavement 

moduli and applies rel~vant corrections for the temperature dependency of 

asphaltic concrete and the nonlinear strain softening behavior of granular 

layers and subgrade. An option for remaining life analysis is also provided. 
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Exi sting Pavement 
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Base 

Subbase 

<> Subgrade 
. 
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Pavement Model for 
Analysis (4 Loyers) 

Combined A.C. Loyer 

Base 

Subbase 

Subgrade 

Fig 8.1. Idealized pavement model for a flexible pavement overlaid 
with one or more AC layers. 
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The program is capable of analyzing up to fifty deflection basins in one run. 

A user's manual with example applications is presented in Appendix G. 

Input Variables 

As many as fourteen lines (cards) with input information are required to 

analyze and evaluate one deflection basin using FPEDDI. Except for the first 

card. all the cards are required to analyze each subsequent deflection basin. 

A detailed input guide is included in Appendix G. A summarized list of input 

variables is presented in the following. 

(1) Number of total deflection basins for analyses. 

(2) Test site and date. 

(3) Station (test location) and name of NDT device. 

(4) Switch for NOT device. number of deflection sensors; peak force, 

peak stress of FWD, and radius of loading plate. 

(5) Options for: 

(a) summary output of basin filling subroutine. 

(b) remaining life analysis, 

(c) default procedure of creating a rigid layer at finite depth of 

subgrade, 

(d) type of base material, 

(e) type of subbase material. 

(f) average unit weight of subgrade soil, 

(g) surface condition of pavement. 

(h) deleting the equivalent linear and remaining life analyses. 

(6) Measured deflections (in mils). 

(7) Number of layers including subgrade layer, 

temperature (OF), design temperature (OF). 

pavement test 

(S) Information about each layer, starting from the top layer (one 

line/card for each layer). Layer number, thickness. Poisson's 

ratio. initial seed modulus (generally zero should be entered 
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here), maximum allowable modulus, and m1nunum permissible value of 

modulus. 

(9) Maximum allowable number of iterations and five types of rolerances 

for use in self-iterative basin fitting procedure. 

(10) Indicator for user-specified design load configuration, design load 

per tire, tire pressure, and past traffic in cumulative lS-kip 

ESAL. 

Flow Chart and Analysis Modp.ls 

Table B.l briefly summarizes thp. different subroutioes used in FPEDDI. 

Subroutine ELSYMS is called each time for computations of deflections, 

stresses, and strains. A simplified flow chart of FPEDDI 1S presented 1n 

Fig B.2. The detailed discussions related to different analytical models 

used in FPEDDI are presented in Chapters 4, 5, and 6. Only the principal 

analysis models are briefly described here, to illustrate the analysis 

sequences used in FPEDDI. 

BASINF. This subroutine employs a self-iterative procedure to determine 

insitu Young's moduli of pavement layers by obtaining a best fit of the 

mf'asured deflection basin. Thf'. basic logic used here is discussed in Chapter 

4. A simpl{fied flow chart is presented in Fig 8.3. The efficiency of the 

convergence process is similar to that in BASINR for the rigid pavement 

program, RPEDDI (on an average, around five iterations, based on the limited 

experience in using FPEDDl). 

ELANAL. This subroutine is called by FPEDDI for nonlinear correction of 

insitu moduli of granular layers and subgrade. 

RPEDDI and FPEDDI ~ A self-iterative procedure 

It is almost the 

is used in 

same 

ELANAL 

for 

for 

convergence of nonlinear strain-sensitive moduli under the design load using 

thp. approach of equivalent linear analysis described in Chapter 5. 

TEMPTF. This subroutine is called by FPEDDI to adjust the insitu AC 

modulus to the design temperature condition using the logic presented 1n 

Chapter 4. 
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DOS 325 

READ NUtUlEIl. OF PIl0BLEKS, NSYM 

CALL IASINF 
(SELF ITERATIVE PlOctDUlE 

TO CALCULATE YOUNG' S I«>DULl) 

paINT ITERATIONS AND SUKHAaY 
OF BEST ITERATION 

CALL ELAHA.L 
EQUIVALENT LIK&Ai ANALYSIS OF SUBGiADE. 

GRANULAR SUBBASE MODULI 

CALL TBKPTF 
TEHPERATUlE COaaECTIOR PiDCEDUiE lOa AC MODULUS 

NO 

CALL 'ULIFE 
iEKAINING LIFE ANALYSIS 

PilNT TABULATED lESULTS 
FOR EACH TEST LOCATION 

Fig 8.2. Simplified flow chart of FPEDD1. 

r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
• r 
r 
r 
r 
r , 



,------ -------/. 
I Input Data frOll Itain Progr.... I 
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A •• ign • 12 in Thickne •• 
to Subgrade 

DOS 323 

If MEL - 3; ellAT! a 6 in Layer 

Default Procedure 
to Cenerate a Finlt. 
Thicknea. of Subgr.de 

frOll Sub,ucle; Alvay. I.eepilll SUle I-folN.;.:O;...._....I 
Hodulua aa for Subgrade MEL • 4 

Call &orALT to "'l,n Default Value. to 
MaltilaUII and Killiaua Lilaitl of Moduli 

Call 'FLEX to "aign Default Seed Moduli 

Call PAMODl to Cbeck Moduli to be Within 
Permi.sible Li.ita aDd lAtio of Cranular Subba'6 

Kodulul to Sub,rade Kodulua not to Exceed 3.0 

Print Initial Information 

IT • 0, .COUK! • 0 
aNEW ( ) • 0.0 I ( ) • ISEED ( 

Loop for Sa.in Fittilll Convergence 

( con tinued) 

Fig 8.3. Simplified flow diagram of BASINF. 

259 



260 

Call ELSYM5 to Calculate Theoretical 
Deflectiona, DEl ( ) in Mila 

Calculate diacrepenciea EiiDP ( ). Percent, Between DIrK ( ) 
and DEr (). EBDK· Maximum Ablolute Di.crepancy in Mill, 

HEllP • Maximum of UiDP ( ) 

Print Initial 
Result. 

'ITERATIONS BEGIN' 

--------------------------~~ NO 

Call SORTD to Sort Dilcrepanci.1 
in Deacending Order 

. Loop for Succeaaive Corrections 
in Moduli 

NO 
Correct Subgrade Modulus 

Fig 8.3. (continued) 
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Correct Interaediate Layers Moduli 
aDd PC Concrete Kodulul 

YES 

CALL PAtm2 to 
Cbeck aNEW ( ) witb Per.i.si~l. Limit. 

lea •• ign I ( ) - aNEW ( ) 

IT-IT·l 
IlCOURT - JlCOUllT • 1; IlEUP 2 ( IT ) 

Search for kat Iteration, lTl' 
.. sociated witb tbe Leaat value 

of UUP2 ( ) • HEIlIPL 

PriDt ".ulta of All Iteratioaa 
and/or Sw.aary of Beat Iteration 

Fig 8.3. 

STOP alld 
nTUlIJI to 

FrEDDl 

(continued). 
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TABLE 8.1. SUMMARY OF SUBROUTINES USED IN FPEDD1 

SUBROUTINE DESCRIPTION 

BASINF 

EDFALT 

EFLEX 

PAMOD1 

SORTD 

PAMOD2 

ELANAL 

SHSTRI 

EQLINI 

TEMPTF 

RRLIFE 

ROUNDM 

SSTAT 

ELSYM5 

DOS 297 

Self-iterative basin fitting model; called by 
FPEDD1. 

Default procedure for maximum and minimum 
values of pavement mduli; called by BASINF. 

Default procedure to generate seed moduli: 
called by BASINF. 

Called by BASINF to check values of moduli 
ranges and seed moduli. 

Called by BASINF to sort the discrepencies in 
theoretical and measured deflections in 
decreasing order. 

Called by BASINF to check the values of new 
moduli to make sure that these are within 
permissible ranges. 

Self-iterative procedure for equivalent linear 
analysis to correct strain dependent moduli of 
granular layers and subgrade; called by FPEDDl. 

Called by ELANAL to search for the largest of 
maximum shear strains computed by ELSYM5. 

Called by ELANAL to estimate nonlinear modulus 
of a granular layer or sub grade. 

Temperature correction procedure for AC modulus; 
called by FPEDD 1. 

Called by FPEDDI for remaining life analysis. 

Called by FPEDD1,to round off the computed values 
of remaining life and final Young's moduli. 

Called by FPEDDI to calculate summary statistics 
for remaining life and final Young's moduli. 

This subroutine contains ELSYM5 computer package 
called by BASINF and ELANAL to compute pavement 
responses. 
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RRLIFE. Tbis subroutine performs tbe remaining life 

predicting AC fatigup lifp. and using past traffic information. 

procedure is presented in Chapter 6. 

analysis by 

Tne de ta ilpd 

Output 

A summary of tbe output format has been presented in Chapter 6. Thp. 

outputs generated by the programs are almost the same. An example output of 

FPEDD1 is includfld in Appendix G. Following is a presentation of the 

sequence in which the results of are printed by FPEDD1. 

(1) Initial information based on input data or data related to moduli 

generated by default procedures before the convergence process of 

BASINF is commenced. 

(2) Output trom BASINF is essentially the results of all iterations or 

a summary of the best iteration, as specified by thp. user. 

(3) The output from ELANAL is tbe moduli corrected for nonlinear strain 

softening behavior of granular layers and subgrade. 

(4) Th!" corrected AC modulus is genp.rated from TEMPTF. The temperature 

correction is skipped if the pavement is in a severely cracked 

condition. The final combination of moduli from this step is 

included in the final tabulated output. 

(5 ) The final tabulated output contains predicted fatigue life and 

rf!lllaining life from RRLIFE, in addition to a summary of final 

moduli and other results (as shown in Tables 6.2 and 6.3). 

APPLICATION/IMPLEMENTATION 

The guidelines presented in Cbapter 6 are fully applicable for flexible 

pavements. Flexible pavfl~ents can be evaluated by FPEDD1 using the concepts 

based on Fig 6.8. An arbitrarily selpcted value for the threShold of 

remaining life is 40 percent. It is recommended that this value should be 

based on the judgement and experience of thp. individual user (or uSl'.!r 

agency). A framework for use of the output generated by FPEDD1 for overlay 
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dpsign is presented in Fig 8.4. It is emphasized that the functional faiLur~ 

of 11 flF.!xible pavement can also be attributed to excp.s.sive rutting, which 

should b~ given equal consideration in assessing any rehabilitation needs. 

SUMMARY 

A brief description of computer program FPEDD1, the flexible pavement 

structural evaluation system based on dynamic deflection, has been presented 

in this chapter. The program utilizes several analysis models which have 

been discussed in detail in Chapters 4, 5. and 6. In this chapter, the 

procedure for acquisition of input information, the list of subroutines used 

in the program, a simplified flow chart, analysis models, and a list of 

output variabll"s have been presented. A detailed user's manual and an 

example output of FPEDDl are included in Appendix G. 
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FLEXIBLE PAVEMENT OVERLAY 

DESIGN PROCEDURE 

I SELECT DESIGN CB.lTERlA 

COLLECT INFORMATION ON 
PAVEMENT LAYERING AND 

TB.AFFIC (IN 18 ~IPS ESAL) 
l' 
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I CONDITION SURVEY DA.TA f 
KEA.SUiE DEFLECTION RASIN 

DArA USING NDT DEVICES 
(FWD/DYNAFLECT) 

DELINEATION OF 
OVERLAY SECTIONS 

ANALYZE DEFLECTION 
RASINS USING FPEDDI 

PROFILES OF KODULUS 
OF EACH LA YEB. 
WITH DISTANCE 

STOPl----I SECTIONS RECOMMENDED 
FOR MAINTENANCE 

SECTIONS CONSIDEB.!D 
FOR OVEJU.AY 

Fig 8.4. 
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SELECTIONS OF DESIGN 
SECTIONS RASED ON 

PROFILE or SUBGiADE MODULUS 

DETEiKINE DESIGN MODULI FOR 
EACH DESIGN SECTION 
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CHAPTER 9: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

SUMMARY 

Tnp. primary objective of this study was to develop a self iterative 

computerized 

deflec tioa 

deflec tion 

structural evaluation system for pavements based on dynamic 

basins. Research was designed principally to analyze dynamic 

data measured by the Falling Weight De flectOIDp.ter , (FWD), or 

Dynaflect for NDT evaluation of rigid pavements. A computer program, RPEDDl, 

a rigid pavement structural evaluation system based on dynamic deflections, 

was developed. The research work was extended to flexible pavements, using a 

similar framework resulting in another computer program, FPEDDl, a flexible 

pavement structural evaluation system based on dynamic deflections. A 

summary of different evaluation methodologies developed during the course of 

this research and incorporated in RPEDDI and FPEDDI is presented here. 

A sp.lf-iterative procedure has been developed to analyze deflection 

basins measured by the Dynaflect or the FWD. The procedure is based on toe 

inverse application of layered elastic theory to estimate insitu moduli of 

pavement layers. Consideration of a rigid layer and formulation of a 

methodology to obtain a unique solution are significant contributions to the 

state of the art. The concept of strain dependent dynamic moduli and its 

applicability to model nonlinear behavior of granular layers and subgrade 

have bp.en used to develop a self-itp.rative procedurp. of the equivalent linear 

analysis to make corrections for the nonlinear strain softening behavior of 

such pavement materials. 

CONCLOSIONS 

The principal conclusions based on research performed in this study are 

presented in the following sections. 
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(1) A sP-lf-itp-rative procedurp- has been d~veloped to derive insitu 

young's moduli by using a multilayered linearly elastic model of 

toe pavement. The procedurp- has been designed to analyze dynamic 

deflection basins mpasured by a FWD or a Dynaflect. Important 

conclusions are stated below. 

(a) The ELYSM5 computer program can be reasonably us~d for inverse 

self-iterative applications to determine theoretical response. 

This is based on comparisons mad~ with tbe results of the 

dynamic model at zero frequency and also comparing with the 

responses computed using the BISAR computer program. 

(b) Results of the parametric studies to investigate the influence 

of thickness and moduli on theoretical deflection basins have 

been used to develop the procedure of successive corrections 

for formulation of the convergence methodology. 

(c) Different tolerances related to moduli and discrepancies in 

deflections are used in the procedure to ensure efficiency, 

accuracy, and reliability of the self-iterative model. 

Convergencp 

iterations. 

is generally achieved in less than eight 

(d) Top methodology used in the procedure to determine a unique 

set of moduli is based on the default procedure of seed 

moduli. The predictive equations developed for seed moduli in 

this study are associated with very high R2 values (generally 

ranging between 0.8 and 0.99). ThP default seed moduli 

procedure has also resulted generally in reducing the number 

of iterations and in the elimination of thp user dependency on 

the derived insitu moduli. 

(e) The default procedure of creating a rigid layer in the 

subgrade is 

propagation 

also incorporated using concepts from 

thpory. Limited experience with the 

the wave 

c omput P. r 

programs developed in this study indicated that consideration 
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of a rigid layer results in obtaining a better fit of a 

measured deflection basin. 

(2) The strain-dependent models developed in this study to explain the 

nonlinear behavior of all unbound granular and cohesive materials 

present a rational approach for use in NDT evaluation of pavements. 

It is concluded that: 

(a) There are threshold limits of shear strain amplitude below 

which dynamic moduli are strain independent. 

(b) Unique relationships of the normalized modulus, (E/Emax)' 

versus shear strain amplitude can be found for granular 

materials and typical subgrade soils. 

(c) Emax is the maximum dynamic modulus which can be obtained in 

the field using the surface wave test (SASW) or other wave 

propagation teconiques. The modulus determined from the 

analysis of a Dynaflect deflection basin falls in the same 

category, as theoretical shear strains under the Dynaflect 

loading are below the threshold limits. 

Cd) An equivalent linear analysis has been used in this study to 

correct the NDT-based moduli of granular layers and subgrade 

for nonlinear, strain-softening behavior. A self-iterative 

model has been developed in this study for this purpose which 

ensures fast convergence. 

(e) It is assumed that thp peak load applied by the F'WD closely 

approximates the design load. Therefore the insitu moduli 

determinf>.dfrolIl the analysis of a FwD deflection basin 

represent the appropriate insitu moduli at toe strain levels 

associated with the design load. The procedure of equivalent 

linear analysis can therefore be omitted for F~D data measured 

at heavier loads. 

(3) The fatigue life prediction and remaining life estimate are also 

important steps in the structural evaluation methodology developed 
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1n this study. A comprehensive structural evaluation system is 

rather incomplete without remaining life analysis, as it is an 

indication of tbe structural capacity of an existing pavement. 

(4) Tbe computer programs RPEDDI (for rigid pavements) and FPEDDI (for 

flexible pavements) can be used on the project level for faster and 

more reliable analyses of dynamic deflection data of the FWD and 

Dynaflect. ThP outputs from th~se programs provide the user with a 

global look at the structural capacity of the tested pavements and 

the variability in insitu moduli. 

RECOMMENDATIONS 

Computer programs RPEDDI ana FPEDDI developed in this 

structural evaluation of pavements based on dynamic deflections 

recommended guidelines for their application and implementation 

further evaluated by analyzing extensive field deflection data. 

study for 

and the 

should be 

Deflection 

basin data snould be measured using both the FWD and Dynaflect on pavement 

sections based on sound statistical experiment design. Several areas related 

to thp concepts ~nd procedures us~d in developing the computer models of the 

structural evaluation system warrant future research, as recommended ~n the 

_ following. 

(1) The use of a test pavement with known material properties of the 

layers can provide the most suitable source of dynamic deflection 

basins for calibration and validation of the structural evaluation 

system developed in this study, especially as related to the insitu 

nonlinear material characterization. A rigid pavement research 

facility is at present under construction by the Center for 

Transportation Research, The University of Texas at Austin, as a 

part of ongoing research programs with tbe Texas State Department 

of Highways and Public Transportation (TSDHPT). Deflection data 

gpnerated from this facility under controlled test conditions 

sbould be analyzed by using RPEDDI. These analyses and independent 
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measurements of deflections under 18 kip-ESAL should then be uSPd 

to validate, and, if necessary, calibrate, the self-iterative model 

for determining insitu moduli (BASINR) and the nonlinpar strain 

sensitive models used to correct insitu moduli determined from thp 

Dynaflect deflection basins (ELANAL). 

(2) The nonlinear behavior of granular layers and conesivp subgrade has 

been modelled in this study using the strain-sensitivity approach. 

The E/~ax versus shear strain curves uspd in computer programs 

RPEDDl and FPEDDl were developed using thp publiShed research data. 

The general shape of these curves and most probably the threshold 

strain levels will not be significantly different if more 

laboratory tests are performed on local soils and granular 

materials. However, it is recommended that laboratory research be 

initiated on samples of subgrade soils and granular materials to 

validate and develop unique curves related to the strain-softening 

behavior of thesp. materials. 

Anotner improvement is rpcommpnded to the nonlinpar correction 

procedure for the subgrade modulus determined from a Dynaflect 

deflection basin. The only unique curve used in' thppresent 

versions of the computer program for the subgrade is based on the 

assumption of (normally consolidated) cohesive soil. If the 

subgrade soil is sand, gravelly, or generally classified as coarse­

grained, then the nonlinear subgradp. modulus may be somewhat 

overpredicted. It is recommended that in future versions of this 

program, 

type of 

annther option be provided in the input to 

the subgrade soil. Subroutines ELANAL and 

ind icate the 

EQLlNl could 

then be slightly modified 80 that, if tne subgrade 80il is not 

fine-grained, the program can switch to the same nonlinear unique 

curve as used for granular layers to correct the insitu subgrade 

modulus. 

(3) There are several self-iterative computer programs available to the 

Texas SDRPT for insitu material characteri~ation of flexible 

pavements using deflection data. FPEDDl should be evaluated along 
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with these programs using dynamic deflection basins measur~d by thp 
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APPENDIX A. A SIMPLIFIED DYNAMIC MODEL OF FWD 

This appendix presents a very simplified approach for dynamic analysis 

of FWD tests using the concepts based on the theory of wave propagation in a 

semi-infinite elastic medium. 

BASIC CONSIDERATiONS 

idealized Presentation of FWD Tests 

The basic principle of FWD testing 1S described in Chapter 2, and the 

generation of the FWD impulse is illustrated in Fig 2.3. Examples of 

measured deflection-time histories and stress-time histories are presented in 

Fig 2.4(a) and (b) using the published data (Ref 3). In this analysis, the 

FWD loading plate is assumed to be resting on the surface of a semi-infinite 

elastic subgrade. The material under the loading plate is assumed to be a 

hypothetical column. as illustrated in Fig A.1. The same figure also shows 

the idealized stress-time history of the impulse generated by the FWD. In 

this study a parabolic shape has been assumed. A triangular wave pattern 

could also have been used as idealized representation of the FWD force 

signal. A peak stress, Pm' of 100 psi is assumed to be applied on tne 

surface. The duration of the stress is assumed to be 0.033 second (based on 

Ref 3). In addition, the following assumptions are made: 

(1) Homogeneous, isotropic elastic half space. 

(2) No consideration is given to rebound after the transient signal 

dies out. 

(3) The duration ~f the FWD stress signal remains constant with depth. 

(4) The half space responds as a linearly elastic material. 

(5) Shearing stresses on the sides ~f the vertical soil column can be 

neglected. 
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(6) In the case assuming n~ attenuation ~f stresses, stress levels at 

each time increment remain c~n8tant with depth. 

DEVELOPMENT OF THE DYNAMIC MODEL 

The pr~pagati~n ~f elastic waves in an elastic half space is briefly 

discussed in Chapter 3. The generation and pr~pagation of compre8si~n waves 

(P-waves) tnr~ugh this c~lumn of s~il is the basis ~f the simplified dynamic 

model described in this section. The basic principle is to divide the 

idealized stress-time hist~ry signal int~ time increments (Fig A.I) and t~ 

study the propagation ~f the stress wave with time during the durati~n of the 

signal as well as after the signal dies out. Basic relati~nships used in the 

analysis are also presented in Fig A.I. 

No Stress Attenuation 

In the first phase of developing the model, stress attenuation with 

depth was neglected. In Fig A.I, the stress, P3 , at time interval 3 equals 

the peak vertical stress. PM' Figure A.2 illustrates the propagation ~f 

waves in the hypothetical column during top. duration of the force (stress) 

signal, i.e., 0.033 second. Equal time steps are used. At tne end ~f time 

step 5, the wave has travelled a distance of H in the half space. The 

calculation of surface deflections is also shown in Fig A.2. At 0.033 second 

the stress ~f the surface will be zero and the wave will have propagated to a 

depth, H, as illustrated in Fig A.3. An idealized peak stress versus depth 

relationship at 0.033 second is sh~wn in Fig A.4. 

Consideration of Stress Attenuation 

Fig A.5(a) illustrates the situation in which stress attenuation is 

neglected. However. it is important to consider stress attenuation. The 

approach adopted in this study is to use a hypothetical cone as illustrated 

in Fig A.S(b). Angle e can be altered to change tne rate of attenuation. 

For e equal to I5degrees, examples of attenuated stress signals at 
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different depths are presented in Fig A.6. The resulting deflection-time 

history at the surface is sh'Own in Fig A.7. N'Ote that the ppak deflection 

d'.)es not occur at tne same tilDe as thp peak stress; 

deflecti'.)n lags behind the peak stress ('Or peak f'Orce). 

rather the peak 

This finding is 

very interesting, because in the currp.nt FWD models 'Only peak f'.)rcp. at the 

surface and "peak" deflections are recorded. And the criterion '.)n which 

"peak" values are samplpd bec'Omes very important. Figure A.8 illustrates 

variations in peak stress distributi'On at different time intervals. 

Figure A.9 illustrates a comparis'On '.)f stress attenuati'On at 'Of 11. 6 

degrees t'O geometrical and material damping, There is a l'Oss 'Of energy by 

radiati'On of elastic waves from the l'Oading plate. 

through pr'.)pagati'On 'Of elastic waves is dependent 

Amplitudes '.)f b'.)dy waves decrease in prop'Ortion 

expressed in the f'Oll'Owing (Ref 57): 

where 

... frl 
'1.'='1.' V-==--

1 r 

This l'Oss 'Of energy 

'On geometric damping. 

t'.) the rati'O 1 /r. as 

(A.l) 

r
1 

... distance from source t'O point 'Of known amplitude, 

r lit distance from source to point 1.n question, 

'1.'1 '" amplitude at distance rl from s'Ource, and 

'I.' amplitude at distance r fr'.l!ll s'Ource, 

Because s'Oil is n'Ot perfectly elastic, there is also internal damping 

within the mass. It has been found by field measurement that attenuation· is 

greater than w'Ould be pred icted by ge'Ometrical damping al'Onp (Ref 357). B'Oth 

ge~etrical and material damping can be expressed by the f'Oll'Owing 

ex pressi.,n: 
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= (A.2) 

where 

a c c~efficip.nt ~f attenuati~n (l!ft). 

Pp.ak strpss distributions using equations A.l and A.2 are 6h~wn in Fig A.9. 

Diff~rent values ~f a wer~ used in this study. It appears that an a valup 

~f 0.0047 produces a curve ~f stress distributi~n which is similar t~ th~ 

str~6ses computed by assuming a value of 11.6 degrees for e • 

SUMMARY 

The study described above is by no means the only approach to the 

dynamic analysis of the FWD. However, it demonstrates that concepts fr~ 

elastic wave propagation theory can be effectively used t~ predict the 

response under an FWD impUlse. The analysis described above can be easily 

extended to layered elastic media. 
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APPENDIX B. DEVELOPMENT OF PREDICTIVE EQUATIONS FOR 

DEFAULT SEED MODULI 

This appendix presents methodology used in developing predictivl" 

equations for use in the default pr~c"dure for generating sped moduli. All 

predictive equations developed for programs RPEDD1 and FPEDD1 are also 

includpd hprp. 

FRACTIONAL FACTORIAL DESIGN 

As explained in Chaptt>r 4, it is known from Burmistpr' s layl"red tnpory 

that thicknesses of pavement layers and Young's moduli are the most important 

variables t~ influence surface deflections at kncwn radial distancesfrcm the 

center of load (assuming that load and P..,isson's ratios are held at fixed 

va 1 up.s) • Burmister's layered rhp.cry prpsents a mechanistic modp.1 for 

structural resp..,nsp. analysis of pavement s. An..,ther class ..,f mathematical 

m..,dels is the empirical modpl, which can bp very uspful and econ..,mical if it 

is desired tIJ approximate the response ..,nly over certain ranges ..,f thest> 

variablps. Onp methcd'Jlogy cmnm..,nly uspd fer this purp..,se involves the 

dpvel"'pment of a regressi..,n equati..,n empirically from experimental data (..,r, 

in this casp, data genprated fr"'m layered thp'Jry cIJmputati..,ns). 

Fact..,rial designs facilitate generation of useful data for later 

development of an apprcpriate modpl. Such a factorial design is illustrated 

in Fig B.1. The seVf!n factors selectf!d for this factorial are the 

thicknessF.'S of pavement layers (excluding thf! bottcm layer, which is kept 

fixed as a semi-infinite layer) and Young's moduli ..,f each layer. All other 

fact..,rs are kf!pt at fixed levpls. The seven factors are assigned thrE!e 

levels. The resulting arrangement is a 37 factorial design, which requires 

2187 ccmputarional runs. F..,r this study. it turnpd 'Jut that six such 

factorial designs will· be required, resulting eventually in a very large 

number ..,f computaticnal runs. A full fact..,rial arrangement is therefore 

prohibitively expensive and it is worthwhile t.., consider a fracti..,nal 
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factorial design. It turns out that the desired information can still be 

~btainpd by performing 'Jnly a fraction of thp full fact'Jrial if thp number of 

fact'Jrs is not small (Rp.f 98). A 'Jne-ninths replicate fracti"Jn of a 37 

fact'Jrial was selected in this study (in other w~rds, 243 runs). 

In order t"J generate de flec t ion bas ins. pavement res ponses were 

calculated at five (Dynaftecr.) or seven (FWD) bcati~ns, as illustratf"d in 

Fig B.2. The values "Jf thicknesses and moduli at low, medium. and high 

levels werp selected ''In thp basis of pnginpering judgement and ex.ppripncf'. 

Selected values for rigid pavements are presented in Table 4.8. F'Jr 

flex.ible pavpments, pavements with stabilized basf>s were trpated separately 

from those with granular bases. Tables B.1{a) and (b) present selected 

values of thpse factors for the FWD and the Dynaflect. The fracti~nal 

factorial arrangement rec~ended in Ref 64 has bef'n ad'Jpted in this study. 

Thl" combinations of levels t;)f the seven factors are presp.nted in TablP. B.2. 

In this table, zero refers t"J It;)w level, 1 is for medium, and 2 refers tt;) 

high levpl. A c'Jmputer pr~gram DBFITl was used t'.:) facilitate 

computati'.:lns, as described in "ie f 98. In the input files for this program, 

1, 2. and 3 have bpen used t'.:) indicate l~w. medium, and high levels (as snt;)wn 

in Table B.1 f'.:)r the 243 runs). 

DEVELOPING PREDICTIVE EQUATIONS 

The data t;)f dE'flection basins generated by each fractional fact'.:)rial 

(FWD or Dynaflect) were used tc build empirical equati"Jns. Multiplf" 

rpgressi6n analyses were perft;)rmpd f"Jr this purpt;)se. A detailpd discuBsit;)n 

'.:)f this technique and the statistical package used for this purp"Jse has been 

presentpd elsewnpre (Ref 7). 

Predictivp Equati"Jns ~ Deflecti"Jn Basins 

Thp. first stP.p in dp.velt;)ping regressit;)n equatit;)ns was to use deflectit;)n 

'Jr a functit;)n "Jf deflection as a dependent variable. The multivariate 

regression analysis pr'.:)cedure, MANOVA (Ref 65) was used because a Sf"t of 5 t;)r 

7 deflecti"Jn responses was computed in each run "Jf the fact.,rial. Ref 98 
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Thickness .. 
(in. ) 

/ Tes t Load (s). 
P 

Young's Modulus 
(psi) UUl1U 

Surface Course [RC.C. for Ri~id pvt. ] 
A.C. for FlexIble pvt. E, 

8ase 
E2 

Subbase 
E3 

"",,, ", .... ," "", ,,,"'''' 

Semi Infinite Subgra de E4 

Factors: (a) Thicknesses (3) at 3 levels each. 
(b) Young's moduli (4) at 3 levels each. 

Control Variables Dynaflect 

(5) (7) 

Poisson's 
Ratio 

0.15 (RC.C.) 
0.30 (A.C,) 

0.35 

0.40 

0.45 

(a) Radial Distances, ~" 

where surface deflections 10.0,15.62,26.0, 0,12,24.36,48, 

are to be computed 

(deflection basin) 

(b) Test Load, P 

(c) Poisson's Ratios 

Response Variables 

37.36, 49.03 inches 60, 72 inches 

2 Loads, 500 Ib 1,000 lb on 

each, 20 inches 

apart. 

loading plate of 

5.91-inch radius. 

Surface Deflections, Wk ' (mils) 5 locations 7 locations 
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TABLE B.1(a). FRACTIONAL FACTORIAL DESIGN - FLEXIBLE PAVEMENTS (FOR FWD) 

C> 

C> 

'" Factors 
" 

T1 T2 T3 E4 E3 
Base Type Levels (in. ) (in. ) (in. ) (psi) (psi) 

(0) Low 2 4 4 10,000 15,000 

Stabilized (1) Med ium 4 6.32 6.32 22,000 30,000 
Base 

(2) High 8 10 10 50,000 60,000 

Semi-inE inite AC Rase Subbase E E 
Subgrade Thickness Thickness l11ickness Subgrade Subbase 

(0) Low 2 4 4 10,000 15,000 

Granular (1) Hedium 4 6.32 6.32 22,000 30,000 
Base 

(2) High 8 10 10 50,000 60,000 

Semi-infinite AC Base Subbase E E 
Subgrade Thickness Thickness Thickness Subgrade Subbase 

Stabilized Base: 243 Combinations; Granular Base: 243 combinations 

E2 

(psi) 

25,000 

225,000 

600,000 

E 
Base 

22,500 

45,000 

80,000 

E 
Base 

E1 

(psi) 

100,000 

450,000 

800,000 

E 
flC 

100,000 

450,000 

800,000 

E 
AC 

- -

w 
o 
oo..-J 



TABLE B. Hb). FRACTIONAL FACTORIAL DESIGN - FLEXIBLE PAVEMENTS (FOR DYNAFLECT) 

Factors 

Tl T2 T) E4 E) E 2 
B.1se Type Levels (in. ) (in. ) (in. ) (psi) (ps i) (psi) 

(0) Low 2 4 4 10,000 2,800 25,000 

Slabilized (1)·Medium II 6.32 6.)2 22, )60 13 ,915 225, 000 
Base 

(2) lIigh 8 10 10 50,000 60,000 600,000 

SC'mi-Inr i nite fl.\. Base Subhase E E E 
SlIbgrade TIllckness Thickness TIlickness Subgrade Subbase Base 

(0) Low 2 I: I, 10 ,000 2,ROO ) ,920 

(;r .1nllla r (l) Nedium 4 6.32 6.32 22,)60 13,915 )0 ,613 
1I.1se 

(2) II1gh 8 10 10 50,000 60,000 180,000 

Semi-infinite fl.C Base Subbase E E E 
Stlbgrade Thickness 111ickness 111ickness Subgrade Subbase Base 

St.1hilized BOlse: 2/d CombinOltions; Granular Rase: 24) Combinations 

El 
(psi) 

100,000 

450,000 

800,000 

Efl.e 

100 ,000 

450,000 

800,000 

E 
fl.C 

w 
o 
00 
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TABLE B.2. FRACTIONAL Cl/gth) FACTORIAL EXPERIMENT DESIGN 
FOR SEVEN FACTORS AT THREE LEVELS CO, I, 2) 
(REF 64) 

11 

1 

0000000 
1212020 
2121010 
2200211 
0112201 
1021221 
1100122 
20121+2 
0221102 

o 
IOZZ122 
2201112 
0110102 
0222000 
lJOI020 
2010010 
212%211 
0001201 
1210221 

12 

2 
2011202 
0220222 
1102212 
1211110 
2120100 
0002120 
0111021 
1020011 
2202001 

7 -0000012 
-1212002 
2121022 
2200220 
0112210 
1021200 
1100101 
2012121 
OZZUll 

13 -

3 
1022101 
2201121 
OUOl11 
0222012 
1101002 
2010022 
2122220 
0001210 
1210200 

8 
2011211 
022'0201 
1102221 
1211122 
2120112 
0002102 
0111000 
1020020 
2202010 

... 
0000021 
1212011 
2121001 
2200202 
01l:m2 
1021212 
1100110 
2012100 
0221120 

9 -1022110 
2201100 
0110120 
0222021 
1101011 
2010001 
2122202 
0001222 
1210212 

15 

5 
2011220 
0220210 
1102200 
1211101 
2120121 
0002111 
0111012 
1020002 
2202022 

10 

0122110 
l00Uoo 
2210120 
2022021 
0201011 
1110001 
1222202 
21012%2 
0010212 

J6 

2100012 
0012002 
1221022 
1000220 
2212210 

~0121200 
0200101 
1112121 
2021111 

1111211 
2020201 
0202221 
0011122 
1220112 
2102102 
2211000 
0120020 
1002010 

0122101 
1001121 
22101ll 
2022012 
0201002 
1110022 
1222220 
2101210 
0010200 

14 

2100000 
0012020 
1221010 
1000211 
2212201 
0121221 
0200122 
1112112 
2021102 

1111202 
2020222 
0202212 
0011110 
1220100 
2102120 
2211021 
0120011 
1002001 

0122122 
1001112 
2210102 
2022000 
0201020 
1110010 
1222211 
2101201 
00IOZZ1-

17 

2100021 
0012011 
1221001 
1000202 
2212222 
0121212 
0200110 
1112100 
2021120 

23 

HI 

1111220 
2020210 
0202:l00 
0011101 
1220121 
2102111 
2211012 
0120002 
1002022 

:w 

HI 

0211220 
1120210 
2002200 
2111101 
0020121 
1202111 
1011012 
22"'»0002 
0102022 

25 

2(1 

222212:l 
0101112 
1010102 
1122000 
2001020 
0210010 
0022211 
120 1:''01 
2110221 

26 

21 

1200021 ' 
2112011 
tKI:!100 1 
0100202 
1012222 
2221212 
20()OllO 
0212100 
1121120 

21 

22 
0211211 
1120201 
2002221 
2111122 
0020112 
1202102 
1011000 
2220020 
0102010 

2222110 
0101100 
1010120 
1122021 
2001011 
0210001 
0022202 
1201222 
2110212 

1200012 
2112002 
0021022 
0100220 
1012210 
2221200 
2000101 
0212121 
1121111 

0211202 
1120222 
2002212 
2111110 
0020100 
1202120 
1011021 
222OO11 
0102001 

2222101 
0101121 
1010111 
1122012-
2001002 
0210022 
0022220 
1201210 
2110200 

1200000 
2112020 
0021010 
0100211 
1012201 
2221221 
2000122 
02121.12 
1121102 
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c':>ntains thp resulting rpgn~ssi.,n pquati'Ons f'Or Dynaflect deflpcti'On basins 

(rigid pavempnts). The generalized f'Orm 'Of the equati'On is: 

• deflpcti",n at the kth sens'Or (at radial distance Rk) 

(Other terms are dpfined in Fig B.l.) 

R2 values f'Or these equati'Ons are well ab",ve 0.90. 

(B .1) 

All ",ther regressi'On equatbns are als'J presented by Uddin (Ref 98). 

All thesp equati'Ons have the f~ll",wing general f'Orm: 

• (B.2) 

It is n'Otpd that: 

(1) F'Or tnP. pavement typP and dev ice type falling in ",ne 'Of the 

fact'Orial designs, k equati'Ons are available f",r use. 

(2) As ~, TI , T2 , and T3 are kn';)wn quanti ties, thpse equatbns are 

rpduCPd t", k simultaneous equati'Ons. 

(3) As deflecti'Ons Wk are also kn';)wn "measured" values, any four 

equations can bp solved t'O dptermine the f"'ur unkn",wns, E4, E3 , E2 , 

and E1, 
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H.,wever, this approach was not success ful as the values of moduli arf! 

v/>ry spnsitive to the 'Jrd~r in which equations are used in computations. 

Secondly, m.,duli were non unique and drastically different. Therefore thp 

attempts to use thpSf' equations in inverse "rd/>r (t., pr/>dict Els) wpre 

abandoned. However, these predictive equatbns are still valid for 

predicting df!flecti'Jn rf!sponses if thicknpsses and moduli are known values. 

If RPEDDI and FPEDDI are to be adapted for field use on micr':lcomputers, then 

these equati':lns can be used in plac/> of ELSYM5 1n thf! self-itf!rative 

deflecti':ln basin fitting procedures to predict insitu moduli. 

Use cf Transformed Variables ---- -
Nump.rcus transformati'.:lns were made in ordpr t':l dE'velcp rpgrf~ssi':ln 

equati':lns sb':lwing high R2 with thp modulus (E) ':lr a functi':ln 'Jf the m':ldulus 

as a de pendent variable and thicknesses and de flee t ions as independent 

variables. A list of the transformpd variablps which were f':lund to bp 

significant and appf!ar in thf! final equati':lns is presented by Uddin (Ref 98), 

Moduli Predictive !Suaticns 

The regressi..,n equat ions us ing transf':lrmed variables t':l pred ic t modul i 

are presented in detail by Uddin (Ref 98), The equation f':lr subgrade m':ldulus 

taKp.s thl> general form 

E4 or L0&:lo E 4 • (B.3) 

The generalized f':l~m f':lr m'Jduli of upper layers is one of the follcwing 

tW':l equations, 

. RR387-1 / AS 
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• (B.4 ) 

or 

(B.5) 

All thesE'! p.quati'Jns arE'! associated with high R2 values (generally well ab~)Vp 

0.80). The prediction of Young's moduli of pavpment layers using thpse 

equations is based on the assumption of a semi-infinite subgrade. 

lnfluenc~ of Rock Layer ~ Predict~d Subgrade Modulus 

This subject is discussed in Chapter 4. If a rock layer exists at 

considerable depth (say around 100 feet), the resulting deflection basin l.S 

not significantly different from the deflection basin in the case of a semi-

infin i te subgrade. Therefore, a subgrade modulus det~rmined from thp. 

predictive equations discussed earlier would not show any appreciable error. 

On thp '.:lther hand, in the cas'" of a rock layer f"xisting at a shallow depth, 

the default seed modulus of a subgrade using these equations may be 

significantly higher: This problem will becomp more complex if no 

information is available on the presence of a rock layer under the subgrade. 

Ex~rif"nce with the Dynaflect sh':lwS that, if thf" sensor 5 deflection is 

around or below 0.10 mil, therl'! is probably a very stiff layer (generally 

rock) at a shallow depth. An appropriate and realistic value for the depth 

at which the rock layer exists should be determined for proper input in thp. 

computer programs RPEDDI and FPEDD1. 

RR387-1/AB 
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A parametric study was made using different rigid and flexible pavements 

t~ investigate the influp.nc~ ~f variati~ns in the depth ~f subgrad p ~n spns~r 

The ratb ~f Dynaflect-sens~r S deflecti~n f'::lr D 

(subgradp thicknpss) at s~me finite valuF'! t~ thp df'flecti~n f~r a SF!m1-

infinite subgrade is defined as RATS. It is ':lbserved that this ratia 

apprcaches zer~ if a r~ck layer is at ~ne f~et cr a shall~wer depth belew thp 

pavp.ment. A p~wer functi~n was used t~ devel~p a regressi-:::n equati-:::n basp.d 

~n the values ~f RATS and D d~t~rmin~d fr~m the parametric study (R~f98) as 

presented in the f~ll~wing: 

Leg 10 (1.0 + RATS) • -0.11430156 + 0.13301293 L~glOD (B.6) 

Where D is in inches. 

Subreutines SGRIG (f~r RPEDDl) and SGFLEX (fer RPEDD1) havp bp.en WTittPn 

t~ cemputF'. RATS if thp. thickness 'Of the subgrade layer is entered by thp 

USIH. ThE' equivalent senS':lr S deflectbn t Ws I fer a semi-infinit!'> subgrade 

case is then calculated using the f'Oll~wing relati~nship: 

W I 
S 

.. (B.7) 

where 

Ws = measured sens~r S deflecti~n (FWD ~r Dynaflect) 

The regrpssi~n equati-:::n devel':lpp.d frem the -:::riginal partial fact'.:lrial 

design is then used te pred ict the subgrade m~dulus. These equaticns are 

based enly on sp.ns~r S deflectiens, as summarized in Table B.3. 

RR387-1/AB 
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y = 

TABLE B. 3. PREDICTIVE EQUATIONS FOR SUBGRADE MODULUS, E4 , USED 

IN DEFAULT SEED MODULUS PROCEDURE IN CASE OF A RIGID 

LAYER UNDERLYING A KNOWN THICKNESS OF SUBGRADE 

(a) Rigid pavement. 

Dynaflect FWD 

-2637.1187 + 119.6571 (R5/\"5) y '" 5.56172 

(R
2 = 0.98) 

E4 (psi) = (lO.O)Y = 

(b) Flexible pavement - stabilized base. 

Dynaflect* FWD ------------------------------------
y = 2.6088 - 0.90216 x LogIO (R5 x Ws) Y = S 41448 - 0.976 x LogIO (RS x W5) 

(R
2 = 0.95) (R2 ;: 0.99) 

E4 (psi) = = 

(c) Flexible pavement - granular base 

Dynaflect* FWD 

y = 2.5366 - 0.95488 x Log lO (RS x Ws) y = 5.38724 - 0.96041 x Log lO (R5 x W5) 

(R2 = 0.97) (R2 = 0.997) 

E4 (psi) = (lO.O)Y 

Note: 

005 32 

Ri is the radial distance of ith sensor from test loadi and Wi is the 

measured deflection at ith sensor (in mils except where * appears; 

deflection is in inches). 
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LABORATORY EVALUATION OF DYNAMIC SHEAR MODULUS 
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APPENDIX C. LABORATORY EVALUATION OF DYNAMIC SHEAR MODULUS 

S~ils exhibit n~nlinp.ar stress-strain bp.havi~r under repp.~ted ~r dynamic 

l~ading. Therp.fore, material characterization using appr~priatP laborat-::ry 

tpsts is Vf>ry imp~rtant if a reliable pavemf>nt rp.sp.,nse is t".:: bp. prpdictpd 

fr'Jlll mechanistic m-:>dels based -:>n the assumptbn of linear elasticity. As 

discusspd in Chapter 5, thp. stress-strain curve for soils in shear p.xhibits 

strain s~ftening behavior, as illustrated in Fig C.l. The initial shear 

m~dulus is c~nsidered to be the modulus at a lew amplitude shp.aring strain. 

This modulus represented by the slope of the stress-strain curve at the 

-;:,rigin is the tangent shear m~dulus, ~ax' At highpr levp.ls of shearing 

strain, the secant shear m-:>dulus, G, varies with incrp.asing shearing strain 

amplitude. As discussed in Chapter 5, thp design l8-kip-single-axlp loading 

is associated with low to intermediate amplitude shearing strains and the 

G/Gmax versus thp shf>aring strain curve can be used t~ evaluate thp. n".::nl inear 

(strain softening) modulus, G. R.P.sonant column tests have beC'Jllle standard 

laboratory devices t~ evaluate strain s~ftening behavior of dynamic shear 

meduli f~r geotechnical and earthquake p.nginpering applicatiens. 

RESONANT COLUMN TESTS 

Rp.s~nant c~h1lD.n tPst s arp pprfermed to detp.rminp. thp. shp.ar modulus, G, 

and the damping ratio, D, -:>f soil specimens at low t-;:, intermediate shearing 

strains (strains less than about 0.1 percent). Thp.se dynamic propp.rties are 

found by exciting s-:>lid cylindrical specimens in t-:>rsi-;:,n by a c-:>nstant-force 

type -;:,f excirati-:>n. Tne the~ry of elasticity is used t".:: calculate shp.ar wave 

velocities and shp.aring strain amplitudes fr'Jlll mp.asurP.ments -:>f the res-:>nant 

frequency, specimen lpngth, and amplitude -:>f drive plate motien. The 

material damping rati-;:, is calculated fr'Jlll free-vibration-decay-curves that 

are -:>btained by suddenly shutting -:>ff tne p-:>wer t-:: the drive system at 

res-:>nance. 
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The resonant c~lumn c~nfigurati~n described in this appendix c~nsists ef 

a fixf'!d-frpf'! c~lumn ~f seil that has a rigid end mass attachf"d te the fn'f" 

f'!nd. This arrangement is analyzed as a single-degree-~f-freed~ systf'!m and 

is illustrated in Fig C.2. Data rp.ductien tc detE'rminp. shear wavl'> vplccity 

is based on the wave equati~n in torsion. 

Res~nant Column Equipment 

Thf" rp.scnant c~lumn device designf"d by Pr~fess~r K, H. St~k~e and built 

at The University ~f Texas at Austin is described herein. The device 

ccnsists 'Of a ccnfining pressure systE'm, height-change measurpment systpm, 

drive system, and frequency measun~ment system. Thesf' systems are sh~wn 

sChematically in Fig C.3. The brief discussi...,n ...,f these systems c...,ntainf'!d 

in the f...,U...,wing sec t i...,ns is taken fr~ Rp.f 88,' 

ThE' c...,nfining chamber ...,f the res...,nant c'Olumn system is pressurizf'd by 

c~pressed air fr~ the building air supply. Before air reaches the cell, it 

first passE'S thrcugh an air filtf"r to rem...,ve any watpr 'Or ...,il in thp. air that 

could damage the regulatcr or instrumentation inside the cell. A Kf"ndall 

Model 30 regulator c...,ntr'Ols pressure within thE' cell, and an Ashcr'Oft 100-psi 

(690-kPa) pressure gage is used to measure it. 

If a • ...,it specimen is testf"d at its natural water contents, it is 

necessary to cover the sides ...,f the specimen with a membrane and silic...,n oil 

bath. To slow air migrati'On int..., the spp.cimen and kp.ep thf" specimf'n from 

being drip-d. Air pressure acts on the silicon oil bath. and a hydr...,static 

statp. 'Of stress is applied t'O thp. specimen. 

The height-change measurement system consists 'Of a linear variable 

differential transf'.:lrmer (LVDT), sinf' wave generator, fixed-gain amplifipr, 

and digital voltmeter. An excitati...,n frequency ...,f 500 Hz and an LVDT input 

v'Oltage of 4.77 volts are usp.d tc obtain a calibrati...,n factcr ~f 

appr~ximately ~ne volt per O.l-inch change in height. 

Thp. drive systp.m, attachp.d to the t...,p of the specimp.n. applies shearing 

stresses to the specimen by oscillating the free end (top) in torsion. The 

drive system consists of a drive platp., drive coils, sine wave generator, and 

power amplifier. The drive plate has f...,ur arms, each with a magnet attached. 
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10, Moss Polo r 
Moment of Inertia 

Frequency Equation: 

I, of Specimen 

Cross-sectional 
area, A 

Wn =Resonant frequency 

I - = WnLt wnL -an-
Vs Vs 

Fig C.2. Basic principle of fixed-free column of soil sample 
in resonant column test (Ref 82). 
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Fig C.3. Schematic diagram of resonant column system (Ref 88). 
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Thp ends ~f thp magnPts arp cpntered witnin pight plliptically shappd c~ils. 

An plliptical shapP. prevp.nts the magnets fr-::m t~uching the c-:lils as the 

sppcimp.n c-::ns-::lidatl'!s. The c-::ils arp. wired S~ tnat an alternating curr"'nt 

passing thr-::ugh thpm will cause the drive platp. t-:: ~scillatp. in pure t-::rsi-::n. 

Toe m~ti~n mp.asurempnt systp.m c~nsists ~f a piez~plectric accplpr~mptpr, 

chargp. amplifier. anal~g r~~t-mp.an-squar"l! (mS) v-::ltmeter. pp.d-::d c-::untl'!r, 

and st~ragp. -::scill':sc':pe. The acceler-::metp.r is attachpd to:: thp. drive platp 

s-:: that it is sp.nsitive t-:: t~rsi-:lnal vibrati~ns. Acceler-:meter ':lutput is 

linparizp.d by the chargp. c-:lndi.ti-:npr and is read -:n thp. anal-:g v-::ltmptpr. 

The R."1S vo::ltagf> mp.asured by the v~ltmeter is thp. square r~-:t -:f thp. average 

valul'> ~f toe squarl'! ':If thp v-:ltage (0.707 timps the pP.ak v-:ltagp). The 

st~ragp. ~scill-::sc~pP. is used t-:: rec-::rd the transient decay -::f free vibrati-::ns 

':If thp sppcimen s': that an equivalent visc-::us damping rati-::: can bp 

determined. 

Mpasurempnts madp wi th this systp.m arl> usp.d t-:; calculate the rp.s-:::nant 

frequency. shearing strain amplitude, and damping rati,: ,:f a s-:::il specimen. 

Thl'> res~nant frequency ~f the spl>cimen l.S f~und by s'Wp."l!ping thr~ugh thp 

excitaticn frequencies with the functi~n gp.nerat-::r until the largl'!st 

accplpr-::mp.tp.r ~utput is sep.n en thp anal~g vcltmeter. Tne rps~nant frequ~ncy 

is calculated fr~ the res-:nant pericd, which is accurat"l!ly measured t~ 0.01 

millispc~nd. rnp. res~nant ppri~d is thp averagp. ~f tw~ r~adings madp =n each 

side ~f the peak acceler':lmpter cutput ~f the rl'!sp~nse curve. Th ... 

accelpr~mptl>r ~utput and rpS':lnant peri~d arp used t':l calculat,. thp shp.aring 

strain amplitude. 

An p.quivalent visc':us damping is calculatp.d fr':lm mpasur"'ments ,:f three 

t-:: six c':lnsl?cutive cycles d the frpe-vibratl-::n-decay curve. At res-::nance, 

v-::ltagp. to:: thl'! drive co::ils is suddenly cut ~ff. and the stcragl'! ~scill-::sc~pe 

is triggered. The acceler-::meter -:;utput cf thl'! transient decay curve ~f frp.1'! 

vibratl-::n is reccrded cn thp -::scill~sc~pe. F-::r l~w-amplitude rp.s-::nant cclumn 

tl'!sts, singlf.>-amplitude shearing strains bel~w 0.001 percent, three sets -::f 

readings arp averagl'!d t':: ~btain damping rati~ valups. 
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Test Procedure 

First, thp- moisture contp-nt cans are weighed and thp-ir weights, al'Jng 

with other set-up information, arp. recorded en a data shp-p-t. The bottom of 

the base pp.destal is greaspd and then tightenp-d to thp- base platp.. A 

saturated porous stone is screwed into the top of the base pedp-stal, and an 

accumulator is used to saturate the drainage linp.s in thp. base and base 

pedestal. The O-rings and mp.mbrane are then fitted to their respective 

p-xpanders. Filter papp.r drains are prepared, and high-vacuum silicon grease 

is applied to thp. sides of the top cap and base pedestal. 

A hydraulic extruder 1S usp-d to extrude the samplp vertically. The 

sample is then placed on a glass platp. and carried to the laboratery to be 

trimmpd. OncP the sides are trimmed to the correct diametP-r, the soil 1S 

carefully placed in a mold, and the ends of the specimen are trimmed. While 

the sppcimen is bping trimmed, water content samplp.s are takpn of thp sidp.s 

and ends. 

After the SpF.'!C imen is trimmed to its final dimensions, beth the. weight 

and length are measured and recorded. The specimen is then placed on the 

base pedestal, and mp.asurements of tbe diameter are madp.. The top cap is set 

on the specimen, and filter paper strips are placed around the interfaces 

between thp. spec imp.n and thp top cap and thp. specimen and the base pedestal 

to prevent thp. membranp fr,om being damaged or pinched at these interfaces. 

Vertical strips are also placed appreximately O.5-inch apart along the sides 

of the specimen to allow radial drainage. The membrane is placed over the 

specimpn and sealed t'J thp. greased top cap and the base pedestal by O-rings. 

A 4.0-inch-diameter metal cylinder, to contain the silicon oil bath, is 

then placed around the specimp-n and sealp-d to the base pedestal by an O-ring. 

Silicon oil is poured into the cylinder until the length of the specimp.n is 

covered. 

The drive system is then placed over the spP.cimpn and the silicon oil 

bath. As gently as possible, the screws that connect the drive plate tc the 

top cap arp. tightP-ned. The mptal ring, to which the coils are attachp.d, is 

then leveled and placed so that the magnet ends are evenly surrounded by the 
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cdls. Thf' LVDT is centprE'd ar~und the c..::re at a height wi thin thf' linpar 

rangf'!. 

ThE" metal, cylindrical, c..::nfining chamber is then placed ..::ver thf' 

specimen. Connecti'::lns of the power, LVDT, and accelerometer arf' mad,. through 

the bulkhead connpct':;rs. Thf> tep plate is placed on thf' cyl indpr, and the 

confining chamber is spaled. A spat ing pressure '::If one half of the first 

c..::nfining pressure is thpn applied t..:: the specimen. 

DATA REDUCTION OF RESONANT COLUMN TEST 

The analysis of thp fixpd-frpe resonant column device and calculations 

'::If b'::lth the shp.ar m'::ldulus and thp material damping rati'!:l are discussPXl in 

this section. Thp following discussion is applicablp to data r,.duction fn 

both low- and high-amplitude test results. 

Dynamic Shear Modulus 

Shear modulus can be calculated at any time during consolidation if 

values '!:If the current unit weight, mass dp.nsity, void rati'!:l, and mass polar 

momp.nt -::f inp.rtia "'f thp specimen are known at that timf'. These values can 

be calculated from a measurement of the height Change (LVDT output) ana known 

initial properties such as spf'cific gravity, water contf'nt, degr~f' of 

saturati'::ln, and specimen diamE'ter, height, and weight. These calculations 

include a fpw assumptions: the volume '::If solids and thp degree of saturation 

remain constant for the entire duration of the test, and the radial strain 

and thp axial strain are equal for hydrostatic l-::ading. 

Once thesf' assumptions are made, calculations of void ratio, mass 

dpnsity, volum p.! and radial strain are elementary. The new void ratio can be 

determined as soon as the Change in the volume of voids is obtained. To 

calcuLate this changl'!. it is neCf'ssary to know thp. specimen dimpnsions s-:: 

that the new v':ilume can be f':iund. These dimensions are calculated by 

dptermining the amount of axial and radial strain the specimpn has 

experienced. The change in volumE" is then calculated, which equals the 

change in thp volume of veids. 
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The change in specim~n mass (due t'O expulsion 'Of water) is calculated by 

mUltiplying the volume change by the dE'gree 'Of saturati-::n and mUltiplying 

this quantity by the mass density of water. This value is then subtracted 

from the 'Original specimen mass to obtain the Dew specimen mass. Thp new 

sp~cimp.n mass and diameter are required t'O calculate a Dew mass p'Olar moment 

of inertia 'Of the specimen, I, from the equati'On 

where 

I • 
2 Jr dm 

r • specimen radius and 

m • specimen mass. 

(C .1) 

F'Or a specimen which is a s'Olid, right circular cylinder, Eq C.l reduces to 

I • (C.2) 

It is obvious that thp. unit weight and mass density can n'Ow be calculated 

since the new mass and v'Olume are known. 

A specimeD having the configurati'On of a fixed end and a free end with a 

rigid lumped mass attached t'O the free And is appr'Oximated by a siagle­

degrp.e-'Of-freedom system (SDOF) , Ref 82. The equati'On g'Overning this system 

is 

where 
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where 

• 

w • 
1 • 
v == 

f3 = 

mass p'Olar m'Om~nt 'Of inertia 'Of the drive plate t attached 

magnp.ts, and t'Op cap, and 

wi 
V 

s 

natural circular frequpncy, 

specimen length, and 

sh~ar wav~ vel'Ocity. 

(C.4) 

This relaticnship is the s'Oluti'OQ 'Of the wave equati'On f'Or an elastic r'Od 

excited in t-::>rsi'On for the spp.cified bcundary condition. The mass p-::>lar 

mom~nt of inertia 'Of the drive system, 1
0

, is a previ'Ously calibrated 

constant, and the mass p-::>lar moment -::>f inertia 'Of the specimen is eas ily 

calculated, as discussed earl ier in this section. Shear wave velocity is 

calculated from the definiti'On 'Of S given by Eq C.4. 

Once the shear wave velocity is detp.rmined, shear modulus, G, is 

calculated from 

where 

y 

g 

== 

== 

R.R387-1/AC 

G 

total unit weight '0£ the specimp.n and 

gravitati'Onal accelerati'On. 

(C .5) 
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Shearing Strain Amplitude 

ThP amplitud,.. of shp.aring strain is calculated fro::;m the measurpments o::;f 

acceler~eter output, resonant period, and specimp.n height and diameter. 

Torsi'!:lnal displacement of thp drive plate at thp p'.aition '!:If thp 

accelerometer is calculated by integrating the accelerometer output twicp 

with respect t'!:l time. If the angle '!:If twist is small, it can be calculated 

by dividing the torsional displacement at the periphery of the specimen by 

the If!ngth of thp specimen. Tbp. shearing strain is calculated at 0.667 of 

the radius of the specimen and refers to single-amplitude values of shp.aring 

strain as shown in Fig C.4. the equation used te calculate shearing strain 

amplitude of the specimen is 

where 

A 

P 

D 

L 

y • 

-
• 

• 
., 

-10 D 
(9.2204 x 10 • A· P • - ) 

L 

accelerometer output voltage in millivolts (rms), 

resonant period in milliseconds, 

specimp.n diameter in inches, and 

specimen length, in inches. 

Damping Ratio 

(C.6) 

As discussed earlier, damping ratio is calculated from free-vibration­

decay curves. These curves are obtained by exciting the specimen at its 

resonant frequency and suddenly stopping thp. power to the drive system. The 

soil specimen and attached drive system, modelled as a frep.1y vibrating SDOF 

system, arf' idealized as having linear viscous damping. the differential 

equation of m'!:ltion is then solved to determine the damping ratio. 
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x 

h---~ 

where 
h = sample height 

r = sample radius 

x = maximum motion of 
top outside fiber 

Y= single -amplitude 
shearing strain 

Y= (i-) 1;-

at Base 

Fig C.4. Single-amplitude shearing strain for a solid specimen (Ref 88). 
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NONLINEAR, STRAIN-SOFTENING MODELS FOR 

DYNAMIC MODULI OF GRANULAR MATERIALS AND SUBGRADE 



APPENDIX D. NONLINEAR, STRAIN-SOFTENING MODELS FOR DYNAMIC 

MODULI OF GRANULAR MATERIALS AND SUBGRADE 

This appendix presents a discussion on differf!nt approaches to 

dpveloping mathematical models for the uniqup. curves of G/Gmax (or E/~ax) 

versus shearing-strain relationships. The unique relationships (Curve A br 

clays and Curve B for sands and granular materials) are shown in Fig D.l. At 

this point, it is emphasized that thesp. are median curves based on a limited 

amount of data (investigation of actual data was not within the scope of this 

work). 

RAMBERG-OSGOOD CURVES 

This class of thecrptical curves is discussed by Richart and Wylie (Ref 

92) with example applications to actual G/Gmax· versus shearing strain 

relationships. The decrease in secant shear modulus, G (- T./'( ), with an 

incrE'as~ in shp.aring stress ratio, T./'Tmax is given by the following 

expression: 

G 
G max 

.. 1 (D .1) 

whE'r~ ex and Rare paramf'ters which adjust thp. position and shape of thp. 

curve, Cl is a fact-.::r related to the yield of th~ shearing stress, and G, 

Gmax ' 'T and 'T max are defined in Fig C.l. Richart and Wylie als-::: present 

secant modulus curves for the case of R • 3, ex· 1.0, and C1 • 0.4. 

This approach was not utilized in the present research. However, 

research work in progress at The University of Texas at Austin indicates thp. 
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Fig D.l. Summary of normalized shear modulus variation 
with shearing strain. 
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approach must be used to characterize different soils with i, a and Cl 
parameters. 

REGRESSION ANALYSIS 

A simpler appr~ach was to use regressi~n analysis to develop prpdictive 

equations. The G/Gmax versus shearing strain values for curves A (for clays) 

and B (f~r granular materials) are shown in Table D.1. 

Linear Regression Technique 

As illustrated in Fig D.l, the gpneralized curves are pl'.:ltted wi th a 

logrithmic scale as the abscissa (shearing strain). Clearly an appropriate 

transf'.:lrmaticn is neCPssary to linearize these curves. A p'.:lssiblp. 

mathematical functi'.:ln to define these curves, Sec h (x), is presented in the 

f~ll..,wing : 

where 

x 

X 2 - Sec h (x) = 2.0 

-
• 

1'.:lg10 (shearing strain in percent) and 

tbe transf'.:lrmed (independent) variable • 

(D.2) 

Using the values in Table D.1, tbe f'.:lliowing regression equations were 

developed: 

• 1.0908788 - 1.0513303 (x2) (D.3) 
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TABLE D .1. GIG VERSUS SHEARING STRAIN DATA USED TO 
max 

DEVELOP MATHEMATICAL MODELS (BASED ON FIG D.l.) 

GIG (or EIE ) 
max max 

Single Amplitude Subgrade Granular Material 
Shearing Strain, % (Curve A) (Curve B) 

0.004 1.00 

0.0010 1.00 0.98 

0.0020 0.98 0.93 

0.0030 0.95 0.89 

0.0050 0.91 0.83 

0.0070 0.78 

0.010 0.82 0.71 

0.020 0.72 0.56 

0.030 0.62 0.48 

0.050 o 51 0.39 

0.800 0.40 

0.1000 0.35 0.28 

0.2000 0.23 0.19 

0.3000 0.15 

0.5000 

0.7000 0.11 

1.0000 0.10 

DDS 33 
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and 

• 1.0039127 - 0.99086218 (x2 ) (D.4) 

Equati'On D.3 is f'Or curve A (clays) with an R2 'Of 0.98. Equation D.4 

represp.nts curve B (sands) with an R2 valul!' 'Of 0.95. These equati'Ons arp. 

valid fer the ranges 'Of shearing strain shewn in Table D.1. 

Imprevements in these equati'Ons were made by m'Odifying thp. 

transfermation. The genp.ralized ferm 'Of thfl\ final regression equations is 

expressed in the fellewing: 

GIG max 
= constant + f 

[ 
2.0 ] 

(2.0)x + _1_ 
(2.0)x 

(D.5) 

The equatiens are presented in Table 5.3 (Chapter 5). Beth equati'Ons 

are asseciated witn a (high) R2 valUfl\ 'Of 0.99. In pr'Ograms RPEDD1 and 

FPEDDl, these final equations are contained in subroutineEQLIN1 fer use in 

the self iterative precedure (subreutinp. ELANAL) t'O determinp. insitu strain­

s'Oftening nonlinear meduli when the Dynaflect is used to measure dynamic 

deflecti'On basin. 

Nenlinear Regression 

Thp. ferm 'Of the uniqup. curves closely appr.,ximates an invp.rsp. growth 

curve. An example 'Of'a suitable gr'Owth curve is a logistic curve, as 

expressed below: 

RR387-1/AD 
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where 

y (x) A 

1 + B -Cx 
e 

A, B, C m param~t~rs and 

x - indepf'.ndent variable. 

(D.6) 

Nonl in~ar regrE'ssi-:>n procedures (included in standard statistical packages) 

estimate the parameters which appear in the model in nonlinear fashion. 

N-:>nlinf'ar estimatien pr-:>cedures require initial estimates of the paramf'ters 

to achieve faster convergence to the fitted values. An'.:lther p'.:lssible growth 

model for consideration is G'.:lmpertz modpl which is presented in thf' 

folltlwing: 

y (x) = A.EXP {- B e - C x} (D.7) 

DISCUSSION 

There are a number tlf valid approachps to developing predictive 

equations (based tln mechanistic or empirical mtldels) for the G/Gmax versus 

shearing strain curves. It is rec'JlDDlended in Chapter 9 that research effort 

be devoted to performing a large number cf tests on samples of subgrade and 

granular materials for· subbase or base to evaluate G/Gmax versus shearing 

strain relationships. The resonant column teChnique would be well suited for 

thpse tests. The experimp.ntal data collected in this way could be used as 

the basis for developing 

appendix. 
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APPENDIX E. SELECTION OF DESIGN SECTION AND DESIGN MODULI 

Use of Dynaflect sensor 5 or basin slope (SLOP) prcfiles has be~n 

previously recommended for selection of d~sign sectiens for rigid pavem~nt 

overlay d~sign (Ref 23). A more direct and appropriate proc~dure recommended 

in tnis study relies on the tabulated outputs g~nerated by computer programs 

RPEDDI and FPEDD1. A plot of remaining life (preferably in conjunction with 

the analysis of condition survey data) versus distance helps tnp user to 

identify areas in need of renabilitation and requiring overlay design. The 

profile of the subgrade modulus is then used to delineate design sections. 

An example of such plots is conceptually presented in Fig E.l. 

SELECTION OF DESIGN SECTION 

Use of the subgrade modulus profile offers a more rational approacn for 

selection of design sections, as compared to the use of the deflection 

paramett'!r. The proc~dure for identifying sections for overlay design is 

similar to that described in Ref 23. The preliminary selection is based on 

the visual observation of a possible significant diff~rence in tht'! means of 

subgrade moduli. However, it is pointed out the selection is being made 

after completion of the structural evaluation of a pavement by analyzing all 

deflection basins, which could have been measured by either FWD or the 

Dynaflect. 

Adj acent design sections should be checked for statistically significant 

differenc~s in the means ':Jf their subgrade moduli data. A standard 

hypothesis test for equal means of two samples should be used for this 

purpose (based on student 1st-statistic). A computer program such as TVAL 

(Ref 69) developed for this test can also be adapted to handle subgradp 

modulus data. If the difference is statistically not significant then the 
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DESIGN MODULI 

Oncf' df'sign sp.cticns havE" bf'pn d€'linpatpd and tpstf'd f:::r statistical 

significancf', thf' next st€'p is to dptermin€' design mcduli 1.n pach design 

sp.cti-::n. Thf' rigid pavpmpnt cverlay dpsign pr-::cpdur p , RPOD, currpntly uSf'd 

by the Tf'xas SDHPT, rpc-:iDllDPnds that the pavplllAnt be dpsignpd f-:ir a cprtain 

co:nfidp.ncE" limit cnly with rpgard to thp subgrad p modulus. Howpvpr, in thf' 

currpnt study. means and standard d€'viations of all m~duli are readily 

availablf'. Thprpf-::rp a confidence limit can bp uspd f-:ir thp modulus -::f each 

laypr, using thp f-::ll-:iwing relati-:inShip, if it is assumed that the data comes 

from a n-::rmally distributpd population: 

wherE" 

S· 1. 

(E.) = E. 
~ ex ~ 

= 
= 

dp.sign modulus valuf' of ith laypr, 

mp.an modulus value ~f ith layer, and 

(LI) 

= standard deviation cf modulus valu!"s fer ito layer. 

Z values an' takpn from standard statistical tables, corresponding t-:: thp 

splected significance level. The value ~f Z is 1.96 c-:irrespcnding to 95 

pprcpnt dpsigo c-:infid€'ncp lev€'l ( a being 0.05 in this casp). 
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APPENDIX F. USER'S MANUAL OF RPEDDl 

A deta i If'd input guid p , summary f..,rmctts, and examples ..,f appl icati..,ns 

are presented in this appendix. 

INPUT GUIDE 

Input Data 

A summary ef f..,rmats f..,r input data appears in Fig F.l. Several ~f the 

input variables have built-in default values in the program. All the input 

variables are explained in this sectbn. All integers (l-f..,rmat) must bp 

right justified. F-formats are for rp.al values. Whenever default is 

menti-:.:np.d. thp. user can cho..,se n..,t to entp.r any value. Input sp.ed moduli 

sh"'uld be entered ..,nly if the user strongly feels that these values are 

reliable (based ..,n lab~rat..,ry ..,r field tests). All card types are explained 

in the f..,llowing. 

Card 1 

NSYM: 

Card 2 

NINE: 

TITLE: 

KTEST: 

RR387-1/AF 

Total number ..,f deflecti..,n basins t~ be entered f..,r analysis 

(maximum ..,f 50). 

999 (must be entered). It is a flag t.., indicate the start ..,f 

the next problem. 

Identificati~n inf..,rmati~n. 

Date ..,f test. 
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• .. 

<> 
<=> 

'" 
Column Numbers 

w 

~ CARD 1 10 20 30 40 50 SO 70 

'! .. 

TYPE I I I I I I I I 

1 NSYM 

~ 
2 NINE TITLE KTEST 7S 

1131 IX. 14A4 4A4 

3 STATN DEVICE 60 

I AIO lOX IOA4 I 
4 NDEV NXY FORCE FPSI RL OSIG 50 

I 15 115 I FIO.2 FIO.2 F10.2 I FIO.2 I 
rOPT2 RPTYPE BTYPE IOPT4 

5 IOPT1 IOPT3 ISHOL UNWT1 ICON1 50 

115 1 15 1 15 115 1 15 115 FlO.' 115 115 I 

S 0 E F M (K). K:: , , N X Y 70 

( F '0. 2 1 FlO. 2 I FlO. 2 FlO. 2 F , O. 2 FlO. 2 I FlO. 2 I 

7 NEL XP(t<l. K:: I. NXY 47 

115 I FS.2(FS.2I FS .2 1 FS.2 I FS.2 I FS.21 FS.21 

Fig F .1. Summary of formats of input data for RPEDDl. 

.. , 
• .. .. " .. ,,~ " 

,. 

(continued) 

W 
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C> 

<> 

'" 
w 
<> 
fJ' CARD 

TYPE 

8 LN (I) TH (I) V (I) ESEED (I) E MAX(I) EMIN(I) 60 

I IIO F10.2 F10.2 I FIO.O I FIO.O I FIO.O 
I I I I I 
I I I I I 

CARD TYPE 8 TO BE REPEATED FOR EACH LAYER (1=I,NEL) 
I I I I I 
I I I 1 I 

, I I I I 

9 MITER TOLR 1 I TOLR 2 TOLR 31 TOLR 32 TOLR33 55 

1151 FIO.3 I F10.3 I F10.3 I F10.3 I F10.3 I 
10 NDAXL DLOAD TI REP FLEST PTRAFF SO 

1151 F15.0 FIO.I FIO.I 120 

*" II 
~Nn ~ 

NDLOD DXUI) DYLU) DXL(2) OXL(2) DXP(I) DYPU) DXP(2) DYP(2) DXP(3) DYP(3) 

1131 F6.1 I FS.I I FS.I IF6.1 II31 FS.II F6.1 I F6.1 I FS.II FS.q FS.I ] 

* IF NDAXL :I:- I t SKIP CARD TYPE II. 

(FOR THE NEXT PROBLEM; REPEAT CARD TYPE 2 TO t1) . 

Fig F.1. (continued) 

W 
l:'­
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Card 3 

STATN: 

DEVICE: 

Card 4 

NDEV: 

Stati~n at which thp deflecti~n basin was mpasur~d. 

Name of NDT device. 

Code for NDT device 

(1 for Dynaflect; 2 for FWD). 

NXY: Number cf senscrs wb,prp deflpcti-:::ns werp mp.asurp.d (it shculd 

FORCE: 

FPS1: 

RL: 

DSIG: 

Card 5 

10PT1 : 

10PT2: 

lOPT3 : 

RRTYPE: 

ISHOL: 

BTYPE: 

UNWTl: 

ICON1 : 

RR387-1/ AF 

be entered only for FWD, at lp.ast 6). 

Peak forcp. ~f FWD-force signal (in lb). 

Peak stress of FWD at surface (can bp left blank if FORCE and 

RL arp entprpd). 

Radius of FWD loading plate (in inches). 

Duration of FWD force signal (default is 25 ms~c). 

Option for output of back-calculated Young's mcduli. 

(0 for summary only; 1 f-:::r dptailed output.) 

o to skip rpmaining life analysis, 1 to make remaining lifp 

analysis. 

o for ignoring the def"ult pr-:;cedur ... t-= create a rigid lay,:;r, 

1 to activate the default procedure to create a rigid layer at 

a finite thickness of subgradp. 

Type of rigid pavement (0 for JCP/JRCP, 1 for CRCP). 

Shoulder type (0 for JCP/JRCP, 1 for CRCP). 

Type of layer above subgrade Cl for granular, 2 for 

stabi lized). 

Unit weight of subgrade s~il (lb/cft). An appr-:::ximate valup 

can bp. used if nc test data are available. 

C~ndition of ccncretp pavpmpnt (0 normal, not severely 

damaged; 1 severely cracked). 

.. 

.. 

• 

• 

• 

I,· 

• 

• 

• 

• 

,. 



IOPT4: 

Card 6 

349 

o for making a completp. analysis, 1 to skip equivalp.nt linp.ar 

analysis as wpll as rpmaining lifp analysis (it ovprrides 

IOPT2) • 

DEFM(k): Heasurpd dp.fl",c tions in mils, starting from the first senser 

(not exceeding 7 sp.nsors). 

Card 7 

NEL: Numbpr of layers in thp idealized pavement medpl including 

subgrade (nct less than 2 and not exceeding 4; see additional 

discussion in the npxt spction). 

XP(k): 

Card 8 

Radial distance of FWD sensors from the center of the loading 

platP, starting from the first Sf."nsor and not excep.ding 7 

sensors. 

(Note: Card type 8 is to be rppeatPd for each pavement layer; starting 

from the surface layer). I ranges from 1 to NEL. 

:{..N(I): 

TH(r) : 

V( 1): 

Layer number (must bp entered). 

Thickness in inches (must be entered; blank or zero for semi­

infinitp. subgrade). 

Poisson's ratio (must be p.ntered; Tablp. 4.1 can bp censultpd 

for guidance). 

ESEED(I): Initial estimate (seed value) of Young's modulus in psi. 

(Generally 0 should be entert'~d here; this will ensure 

convp.rgence to a unique solution.) 

£MAX(r): Maximum allowable value of Young's modulus (see Table 4.5 fer 

default values). 

EMIN(I): Minimum allowable valu ... of Young's modulus (see Table 4.5 for 

default values). 

RR387-1/ AF 
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Card 9 

(Notp.: All values in this card can be entered as zero or lpft blank.) 

MITER: Maximum number of iterations for each trial (dp.fault is 10). 

TOLR1 : 

TOLR2: 

TOLR31: 

TULR32: 

TOLR33: 

Card 10 

NDAXL: 

DLOAD: 

TIREP: 

FLEST: 

PTRAFF: 

Card 11 

NDLOD: 

A sp.ccnd trial is activated if the maximum differpncp. is 

computed and measured deflection is greater than 10 percent. 

Tclerancp for individual deflections, in mils (default is 0.05 

mil) • 

Tolerance for absolute total error at all sensors is computed 

and measured deflections (default is 2 percent). 

Tolerance for modulus ef surface concrete layer ( default is 4 

percent) . 

TclE'rance for moduli of intermediatE' layers (default is 3 

percp.nt) • 

Tolerance for subgrade modulus (default is 0.005 pp.rcent). 

Zero or blank for default design load as illustrated in Fig 

5. 19 • (In this case, the next card, typ"! 11, is to be 

skipped.) Enter 1 fer the user specified design load. (Card 

type 11 must be completed.) 

Design load per tirf~ in lb (assuming singlE> axlE', dual tirE's). 

The default value is 4500 lb. 

Tire pressure in psi (default value is 75 psi). 

Flexural strength of concrete in psi (must be entered if 

remaining life calculation is asked by the user). 

Cumu lativp. past' traffic in 18-kip ESAL (must be entered if 

remaining life is to be computed). 

Number of leads (e.g., 2 for thp. dpfault design load 

simulating dual tires in Fig 5.19). 

RR387-1/ AF 



DXLO) : 

DYLO) : 

DXL(2) : 

DYL(2) : 

NDNXY: 

DXP(l) : 

DYPO) : 

DXP (2): 

DYP(2) : 

DXP (3): 

DYP(3) : 

351 

Position of x-coordinatp. for first load. 

position of y-coord inatll' fer first load. 

Position of x-coordinate for second load. 

position of y-coordinate for spcond load. 

Number of locations where pavemp.nt response is to bp. 

calculated under the user spec i fied des ign load (entpr 3). 

Position of x-coordinate of the nearest location for response. 

position of y-coordinate of th~ nearest location for responsp., 

Position of x-coordinate of the intermediate location for 

rl"sp'.:msp. 

Positbn of y-cocrdinate of thp. intermpdiatp location for 

response. 

position of x-coordinate 'Of thp. farthpst location for 

response. 

Position of y-coordinate of the farthpst location for 

response. 

(Note: All distances in Card 11 are in inches.) 

Idealizpd Pavement Structure 

A major aspect of thp RPEDD1 program is that it handlps a three or four 

layer pavement, Therefore, actual pavement structures are to be idealized by 

an I'!quivalent thrl"e or four layered pavement. Examples of somp. of these 

cases are illustrated in Fig 7.2. If the actual pavement is 'Of two layers 

only t then a third layer should be created out of thE" subgrade and BTYPE 

should be assigned a value of 1. For pavements of more than four layers. 

intermpdiate layers can bl'! combined into one layer so as to make four layered 

pavements. 

APPLICATION OF RPEDD1 

An pxample of input dat.a for four deflp.ctioIl, basins is presented in 

Table F.1. An example of partial output is presented in Table F.2. Results 

of the analysis of only the first basin are reproduced in this table. Table 

RR387-1/AF 
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TABLE F. 1. EXAMPLE INPUT FOR RPEDDl 

" 9~'J "'RCP - ['ST or ~H: rrrngl\f; 1\ IV~1' Iltl!' rf '.Ur..1 'J no 
:::~;;: r~fl 

: 7 '3:3:11.r,~ ~.11 
L' '.:' 1 ~ l"!.~.r: • 

~ .. " ~ .1" :..~r :.1>"'1 1 •• n 1.~ n l."~ ... "" '"' 
.3 r.CD l~.r~ ::~ • .,n ~. f., • f ... Ii 8.0C' f. C • ., ~ 7:'".:r 

1 1 r • ':If, 'oc .. ~ /). !j:I~r,""~. ~S !l '\"\ or • 
;: l: • :;~. • ~ r n • 5:r(,);,. 71"lr~. .. • ~ 5 f:I • '.:' " '" 

b 
4!:J GO. 75.11 6!:: o. r :";1":"1'1' 

.", JRCf - [AST Of !.AN fieF; tU.RO FiIV!:R IHlC Ell lUG.l'!CII 
c: ::: 0:1:3 rllD 

~ 7 CJ~!lI:'.O~ 5.91 '" 0 0 0 1 2 115.J , 
2.60 : .4i:l :- .~f\ 1 .. 9!'1 1.70 1.4 " 1.20 

3 O.OC l~."C 211.NI 36. or 4''-(li) 61!.~!l 72.!)O 
1 1 [ .cc, • 15 C • 55':1(1 !ll) t'. ~5 DJ,)DD. 
; 6.Ct • 3C fl • ~cr.!'Irr. 71)000. 
:3 r • 115 o • 0 f.) 

Ii 
450~'. 75.:1 6"'. fl. ~ 0')'0('0 

'" .,JR cr - ( AST or SAN r,CR NAR.D RIV:F. IHl\! [f:' lUG.1 '!IA4 
00 C 004 rliD 

~ 7 nil;: .N· S.91 .. 
l' 0 ., 1 1 ~ liS.!:! . 

" .::0 ". r" :3 .!it:' 3.CO 2.'5D :t.,,'! J.7tl 
.3 D.:!::! l~.C: :4. iHl ~6. "I' 4 B. iI!) 60. [j;) 7:<.r.O 

1 1, .0C' .1 r o. 55:- 0 t'1j O. l?S o~~"o. 

= L.:n • ~ r. D. sr·t'O:lD. 70'00 • 
:3 ~ .1 ~ I). (l !'I 

B 
4~ !J:l. 7~.tI f~ 0.1' on:; rl'j!) 

"9 JRep - LAST Dr ~A" CrlUHiIW Run; IH1" n; AUG.19po 
D~ L D~5 FWD 

:< 1 91~~ .to !: .91 
t D D 1 ~ 115.0 r 

3.80 .3 .~v ::.'!.H ... £!' 2.1D 1.7!l 1.~ D 
.3 D.DD 1:2. r:· '4.ro ::6. ,:,~. ~ e .0' E;(l. H' 7".~' 

1 1" ,,~ .... '" .1 ~ D. 55£'crol'. 2Sl!n!)l!. 
; t:.!'t: • 3t· D • 5U;~(I!I. 71!10". 
3 .Il!) ::I. n ,. 

a 
~ ,:. IJ:. 7" ,. _ .. ~!j £I.C t'n~no, 

005 41 
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I 
, 

1 
1 
1 

1 
1 
1 
1 
1 
1 
1 

1 

TABLE F.2. EXAMPLE OF PARTIAL OUTPUT FOR RPEDDl 

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

Ilf[DDl 
• 
• 

••••••••••••••••••••••••••••••••• 

IIlGlD PuO·.[U EII4L&..A T "a. 'UGUII 
PRDGAAM WRITTEH IY ~AH[Lt UDOlh 

V[AS'ON : So.. APAlL a.u •• 
CE~T[R FOR tAAHSPORTATIOh atS[ARCH 
THe UNIVERSITY OF TEXAS AT AUSTIN 

~[4SURED DEFLECTION IASIN (FROBLE" No.2) 

JRCP - EAST OF SAH Btll~ARD 11111£11 Ihl0 £8 

DTNAFLtCT 

LATERS SnrEI! 

SUllON: 3 AI.'.UI4 

BrYPE z ~ ,rYPE OF LAYER ABOVE SUBGRADE :) 
, 1 • 'IlANULAIl • :I • STABILIZED ) 

•••••••• INPUT S'STE. FARARET£RS •••••••• 

ALLOWABLE NU"BE~ 
OF lTtRATIONS TOL/tl 10LIU 

Ie.EIlAHCn 
TOLAJl lGLlU2 lQLR:53 

8 4.0011 
,ucut 

a .... 
PEIiCElilt 

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

.110 
PEIiCeNT 

LATER NO. THICKNESS FOI$SONS UUO ElMU. UltUU 

005 1;2 

UNCHE$t "TID (flU IPIn 

1 111 .• 110 • 1S :51:5UU. '5GOODO • 
:I 6.00 • 30 :5U63I. 5IODOD • 
J .45 au". 1811111. 

UNIT WE: 1 'liT OF SUBGUCE soIL 1115.1 LBS. ptR cu • FT. 
•••••••••••••••• * •••••••• * •••••••• * •••• ~ ••••••••••• *. 

SENSO~ 1110. 

MEASURED DEFLECTIONS 
'''IU) 

CALCULU£,O DEFL£cnCiNS 

1 

•• 210 

("IL!' .336 

HERRP (FERCENT' u.ue 
(BAstD ON SEEt MOO~LI ~'LUl&. 

••••• • •••• 
..... ITERATJCNS BEUN ••••• 
••••• • •••• 

.2'0 .uo 

•. ne 

StOPPED - ~o FURTHLR OlCRt.s[ IN I!.XIMU" FRCENT ERROR IN OEFLLcrlON 

TOTAL ITERAIIONS ATTE,PTLD IN THIS R~N ARE J 
•••••••••••••••••••••••••••••••••••••••• 

CP$I) 

2.880011. 
2DODG. 

50011. 

IOPU = o ENFORCED I RESULT OF L.CH INtl~lDu.L IT(RATiON IS NOT PRINTED ••• 
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TABLE F.2. (CONTINUED) 

••••••• 'u~~AFr Of jL~1 llLAAliCh liu. .5 ) ••••••• 

lOUNGS MClCHllllPS U :'!;illl~.l :'01'101111.11 JlII a ... 1 

MHSUIli:.O OHL[eT 10 .. ' 
"'lLS) .280 .2~1i ."JII .220 .1111 

CAI-CULAftO C[fuel IONS 
"ILS) • :1II_ .212 .241 .211' .119 

KE..flIlP (F[lI.Crtil ) 4.'211 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
DtSI'" SIN'L[ 411.[ LOAC CATA 

LOAD PU< TlIl£ (1-IlS.) = .5011.1 
TIII[ Plt$5L_£ 'PSI) = 7~.1 

IIU1D PA\I[IIlIif JYPL: 1 
, II = .lC.P tR JIlCP ) 
( l = acp t 

'wOULDtR IlPt: a 
, • ~ .1THoul CONC.£lt iHOULDER t 

, 1 = WJ1H tONClett $HOULDtA J 

•••• SUdGIiAtE 'N'JUIAL $'11.) AGDULUS CORlEC1ED fOil NO~ LIN£A. 8£H'~IOuR •••• 

CGRUCltD ULULS 'f rGUN" IIOOL&..I ,PiU 
5lUll2. :'''IU(;. :so.a •• 

••••••••••••••••••••• SUMMAR! Of STIlUCTuIIAL E"ALlIAr ION •••••••• , ............. . 

STATION DEF.M'l.H. STIIESS CEII.STRESS 

1 
2. 
J 

• 

'MILS) IPSI) 'PSU 

2 2.7 .U1E+02- -.,2.17[-01 
3 20. • 659[+112 -.17Jt:-01 

• 5.11 .U.E+02 -.lnE.n , 4.3 .196[+02 -.210£-01 

••• III£A" 

STO DC. 

C W (I' 

RICIO PAV['t~r [VALUlrIOt PRO;RA. 
PROGlA" WRITT[. BI MA"[l~ UODI. 

. . 

VERSION : 1.0 APR.I\' K.19M . 
C[wrtl FOR lRANSPORTA110' ALSEAICH 
THE UNIVERSITY OF lEXAS AT AUSTIN 

unou. JU'U. 3"" • 
, 39.0l1li. 50.0"0. 3D •••• _ 
3U5.DII. 11."1111. 17130. 
."OUIO. ..,50 •• 12"'". 
"UUID. 2(,110 •• z .. , •• 

''1.2618.3 U.'I1t1.S .555.0 

'3.' '4.3 31 •• 

005 .. 3 

... 
I 

.. 

,. 

, , ,,.. 
'I 
! 

.r 
I 

.r 
r 
r 
r 
r 

r 

il 
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F. 2 alse includes thp final tabulated summary output. Figure F. 2 i llustutes 

piets ef meduli along the test seetien basPd on thp tabulatpd eutput. Thpsp 

plets shew the analysis of FWD as well as Dynaflpct deflection basins 

measurpd almost at the same time, 

RR387-1/ AF 
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JRCP -
.~ 

Q. 6000 
~ ,...., 
Q 
'" 

ttl 5000 -Q) ... 
u c 4000 0 
u 

w 

3000 ttl 

'" 600 0 
a:> 
'0 
ttl .... 
"!: Ui 400 
./::10. 
o ---v>rt') 
_0 
f,.! 200 
E 
Q) 

U 
W 0 

.~ 

0. 
50 -,..., Q 

)( 
40 -Q) 

'0 
0 30 .... 
0' 
./::I 

Ji 20 
w 

10 
.~ 

0. 
.-.::- 50 ,...., 
Q 
.!! 40 

Q) 

-g 30 ... 
0' 
./::I 
:::l 20 

V> 
w 

10 
1350+00 

10-in PC Concrete (60- fl Joint Spor' .g ) 
6-in Cement Stabilized Bose 
Semi· Infinite Subgrade 

Dynoflect 
----.... Meon : 4,070,500 .... 

"- .... CV, %: 239 .... 

" \ \, Dynoflect \, 
\, FWD ------\, 

D~noflecl 

Mean : 285,000 

CV, %: 871 

Dynoflect 

Mean ..: 26,698 
CV, %-: 318 

1 _______ 1 

Uncorrected Subgrode Modulus 
.... From Dynaflect _._._ .. -..... 

:0-.. Noo-Ltnear Modulus 

I I I 
1351+00 1352.00 1353+00 1354+00 

S,ollOn 
( E 8, IH 10. East of COlumbus, Texos) 

CL of Outside Lone 

FWD 
4,608,750 

22.9 

FWD 
273,600 

95.6 

FWD 

30,353 
228 

Fig F.2. Example applications of RPEDDI on a JRC pavement. 
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APPENDIX G. USER'S MANUAL OF FPEDDI 

A dl>tailpd input guide, summary f':'rmats and examples 'Of applications are 

presented in this appendix. 

INPUT GUIDE 

Input Data 

A summary of f':'rmats for input data appears in Fig G.l. Several ef the 

input variables have built-in default values in the program. All the input 

variabhs are explainfl'd in this section. All integers (I-fermat) must be 

right justified. F-formats are for real values. Whenever default is 

mp.nti':'ned, thp user can ch':'':)se n':)t t':) enter any value. Input sped m':'dul i 

should be entered 'Only if the user strongly feels that these values are 

reliable (based en lab~rat,:,ry 'Or field tests). All card types are explained 

in the foll':)wing. 

Card 1 

NSYM: 

Card 2 

NINE: 

TITLE: 

KTEST: 

RR387-l/AG 

Total number 'Of deflecti':)n basins to be entered fer analysis 

(maximum cf 50). 

999 (must be entered). It is a flag t':' indicate the start cf 

the next preblem. 

Identificati,:,n infermati,:,n. 

Date of test. 

359 
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<:> 
<:> 
1ft 

, 
Column Numbers 

~ CAR 0 1 10 20 30 40 50 60 70 

i'IIiIIIia 

TYPE I I I I I I I I 
1 NSYM 

~ 
2 NINE TITLE K TEST 76 

1131 IX, 14A4 4A4 I 
3 STATN DEVICE 60 

I AIO 'I lOX IOA4 1 
4 NDEY NXY FORCE FPSI RL DSIG 50 

I I5 115 I F10.2 F10.2 F10.2 I F10.2 I 
I'OPT2 BTYPE IOPT4 

5 lOPT. IOPTa SBTYP UNWT' ICON 1 45 
I 15 I I5 I I5 I 15 I 15 I FIO.I I 15 I 15 I 

6 DE F M (K), Kilt. N XY 70 

I F10.2 I F10.2 I F10.2 I F10.2 F10.2 F10.2 F10.2 

7 N EL TEMPT TEMPO CFACT XP (K) K II' , NXY 70 

I I5 I FlO. I FlO. I FlO. 3 I F 5. if F 5.1) F 5. if F 5.1 I F 5.11 F 5.11 F 5.1 I 
, 

Fig G.l. Summary of formats of input data for FPEOOl . 

iiIIIIi-. .... ....... ....... ..... ........ -- ~ ...... ~ - ........ .0-

W 
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o 
<=> ..,. 

o 

" CARD 
TYPE 1 

8 IN (I) TH (I) V (I) ESEED(I) E MAX (I) EMIN(I) 60 

1110 F10.2 F10.2 I FIO.O I FIO.O I FIO.O 
i I I I I I 
: I I I I I 
I CARD TYPE 8 TO BE REPEATED FOR EACH lAYER (I=I.NEl) 
I I I I I I 
I I I I I I 
I I I I I 

9 MITER TOlR 1 I TOlR2 TOlR 31 TOlR 32 TOlR33 55 

115 1 F10.3 1 F10.3 I F10.3 1 F10.3 ) F10.3 I 
10 NDAXL DlOAD TI REP PTRAFF 50 

II51 F15.0 FIO.I 120 
NDNXY 66 

11'11 NDlOD DXL(I) DYL(I) DXl(2) DXL(2) DXPU) DYPU) DXP(2) DYP(2) DXP(3) DYP(3) 

1131 F 6. I I F 6 .1 I F 6.1 I F 6 . 1 113 I F6. 1 1 F 6.1 I F 6 . 1 I F 6 .1 I F 6. I 1 F 6 .1] 

* IF NDAXL :1= I ; SKIP CARD TYPE II. 

(FOR THE NEXT PROBLEM; REPEAT CARD TYPE 2 TO ") • 

Fig G.I. (continued) 
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Card 3 

STATN: 

DEVICE: 

Card 4 

NDEV: 

NXY: 

FORCE: 

FPSI: 

RL: 

DSIG: 

Card 5 

lOPTl: 

IOPT2: 

lOPT3 : 

BTYPE: 

SBTYP: 

UWlT1 : 

ICON1 : 

IOPT4: 

RR387-1/AG 

Stati~n at which thp. deflection basin was'measurE"d. 

NamE" ~f NDT device. 

C~df'l f~r NDT device (1 f~r Dynaflect, 2 f~r FWD). 

Number ef senS'.:lrs where dp.flectiens were measured. (It sh~uld 

be enterpd 'Only f'.:lr FWD, at least 6.) 

Peak ferce ~f FWD-f~rce signal (in lb). 

Peak stress of FWD at surface (can be left blank if FORCE and 

ilL are entered). 

Radius 'Of FWD l~ading plate (in inches). 

Durati~n of FWD ferce signal (default is 25 msec). 

Option for output of back-calculated Yeung's moduli (0 f'Jr 

summary ~nly, 1 fer detailed 'Output). 

o to skip remaining tifp. analysis, 1 te make remaining tiff> 

analysis. 

o for ign'.:lring the default pr~cedure to create a rigid layer, 

1 t'.:l activate the default precedure te create a rigid layer at 

a finite thickness ~f subgrade. 

Type 'Of base layer (1 fer granular. 2 f'.:lr stabilized). 

Type of subbase layer (above subgrade). (0 fer a three layer 

pavement, 1 for granular, 2 fer stabilized). 

Unit weight 'Of 8ubgradfl s'.:lil (lb/ eft) • An approximate value 

can be used if nc test data are available. 

C'Ondition of. the pavemf>nt; (0 for n'Ormal, net 8(;>verf'ly 

damaged; 1 f~r severely cracked, class 2 er 3 cracking). 

o for making a complp.te analysis, 1 tc skip p.quivalent linear 

analysis as wP.ll as remaining life analysis. (It ovprrides 

lOPT2. ) 

f 
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Card 6 

DEFMOt}: Kp&8urpd dE"flecti'::lnl in lIi18, .tarting from the first IPnsn 

(not exce~ding 7 .ensorl). 

Card 7 

NEL: 

TEMPT: 

TEMPD: 

CFACT: 

Card 8 

Number of layers in tbe idealizpd pavempnt m~del including 

subgrade (not len than 2 and n~t exceeding 4; lee additi'Onal 

discu6si~n in the next .ection). 

Test temperature of 8urface AC layer. OF. 

Design tem~rature of AC pavemPont, OF (default is 70°F). 

Ratio 'Of AC 8tiffneBS at dpsign temperature to the stiffness 

at test tem~rature baled on laborat'Ory K V8 temperature 

relationship. If n'Ot known, leave blank, the pr'::lgram will 

activate a default pr'::lcedur p t'O makp the temppraturf~ 

correction. 

Radial distancp of FWD sensors fr'Om the centpr of tbp loading 

plate, starting fran tne first sen80r and not exceeding 7 

sensors. 

(Note: Card type 8 is to be rppP.ated for each pavempnt layer atarting 

frem the surface layer,) I ranges from 1 to NEL. 

LN(I) : 

TH(I) : 

Layer number (must be entered). 

Thickness in inches (must be entered, blank or zero f'Or semi­

infinitf' subgradF!).· 

V( 1): Poisson I a ratb (muat be entered; Table 4.1 can bl! consulted 

for guidance.) 

ESEED( I): Initial patimate (seed val up) '.:If Young's modulus in psi, 

(Gp.nerally 0 sh'Ould be f!ntered here; this will ensur", 

convergpnce to a unique solution,) 

RR387-1/AG 
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EKA.X(I): Maximum all,::wable valu" ~f Y-::ung's m,::dulus (8P ,. Tabl,. 4.5 fo::r 

default valu,..). 

EMIN(I): Minimum all~wabl~ valuPs ~f Y~ung'. m'::dulus (8"" Tabl'" 4.5 fer 

dp.fault valups). 

Card 9 

(No::tp: All values in this card can b,. eoterpd as ZPcc ~r Ipf[ blank.) 

KITER: Maximum number d iterations foc each trial (dpiault is 10). 

TOLR1: 

TOLR2: 

TOLR31: 

TOLR32: 

TOLR33: 

Card 10 

NDAXL: 

DLOAD: 

TIREP: 

PTRAFF: 

A sp.ccnd trial is activated if th,. maximum diffprpoce is 

cnmputed and mpasured deflecti~ns are grpater than 10 percent. 

T~lprancp f~r individual deflecti~ns, in mils (d,.fault is 0.05 

mils) . 

T,::lerancp f-::r tnp abs-::lutp. t~tal p.rr~r at all sp.nscrs 1n 

c~puted and mpasured deflecti~ns (dp.fault is 2 pprcent). 

T~lp.rancp f'::r thp modulus -::f thp surfacl? asphaltic concrpte 

layp.r (default is 4 percpnt). 

Telprancp. f~r m,::duli ~f intprmpd ia te layers (dpfault is 3 

percent). 

Telerancp. f~r rhp subgrade medulus (dp.fault 1S 0.05 pprcpnr). 

Zpre or blank for default d~sign l~ad as illustratpd in Fig 

5.19. (In this case tbe next card, type 11, is t~ bp 

8kippp.d. ) 

DP.sign bad ~r tin" in lb (assuming single axle, dusl tires). 

The dp.fault valup. is 4500 lb. 

Tir" pressur p in psi (dp.fault valup. is 75 psi). 

Cumulative past traffic in I8-kip ESAL (must bE' entered if 

remaining lifp. is to bp c~mputed). 

1Ut387-1/AG 
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Card 11 

NDLOD: NumbE'r ':>f l'.::ads (I" • g • , 2 for thE' default dE'sign lo:ad 

simulating dual tir,". in Fig 5.19). 

DUO) : p':lsiti'.::n -;,f x-c':>ordinatp fn first lead. 

DYL(l): positicn -::f y-c':>ordinate fcr first bad. 

DXL(2) : Positicn -::f x-c':lordinate f'.::r sec':>nd l-:ad , 

DYL(2) : P':')siti-::n of y-coordinate for lecond l'!:lad. 

NDNXY : Number ':>f lccati-;,ns whP.rl" pavement rp.sp'!:lnse is t-:: bp 

calculated under thp. user apecifipd design l-;,ad (enter 3), 

DXPO) : Pesiti-;n ':>f x-c':>':>rdinatf! -;f the nparest lecaticn fer respcnSf>, 

DYP(l) : p':>siti':>n of y-coordinate ':>f the np. ares t l'Ocati'On fcr response. 

DXP(2) : P":Jsi ti'.::n -;,f x-ce':>rd ina til' 'Of the intermed iate 1 '!:lC at ien for 

response. 

DYP(2) : P..,siti'On ..,f y-cocrciinatf> 'Of thp intermediatf> lecaticn fo:r 

resp'Onse. 

DXP (3) : P':>siticn -::f x-c-::'.::rdinate cf the fartbest locati-::n f-:;r 

resp-::nse. 

DYP(3) : p-;,siti-;n ..,f y-cccrdinate ..,f tbE' fartbpst locati':>n fo: r 

response. 

(Note: All distancp.s in Card 11 are in incbes.) 

Idealized Pavement Structure 

Pavements wit h mo:re than f..,ur layers can be idealizf>d by a f-::ur layered 

pavement as illustrated in Fig 8.1. In the case 'Of a three layered pavement, 

thE' pr'.::gram genE'rates Ii 6-inch layer fr..,m tbp. subgradf! but thp ..,utput gives 

values of final m'Oduli, only f':>r tbe three originally specified values. A 

tv':> layered pavemp.nt, ah..,uld be cenverted t':> a three layp.red pavement using 

tbe f':>ll..,wing strategies. 

(1) A thick AC .urface (equal to 'Or exceeding 5 inches), can bF! dividf!c 

II intc tv':> layers and the pavement becomes a three layered pavement. 

I R.R.387-1/ AG 
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BTYPE in thf" input lluH be f'ntf"rf"d as 2 in card type 5. (SBTYP 

ehould bp zero.) 

(2) For a thin 8urfacing, one 6-incb laypr 8hould be crt'at~d from the 

subgrade and BTYPE should bt' assigned a value tif 1. {SBTYP should 

be zere. 

Composite Pavement 

Fer the insitu material characterization only, experip.nce has sbown that 

FPEnDl can still be successfully used, within the follewing constraints. 

(1) The tep layer should be a combined ovprlaid AC laypr. 

(2) Thp. second layer is a PC concrete layer. An ESEED value must be 

assignpd fer this layer (8ay 4,000,000 psi). :EKAX and DUN must 

also be entered by tbP. user. 

(3) BTYPE must be assignp.d a valuP. of 2. 

(4) IOPT2 must be zero, 

APPLICATION OF FPEDDI 

An example tlf a partial 'Output frem FPEDDI is presentpd in Tablp G.!. 

The basic form of output is similar t'O the output 'Of i..PEDDI. A summary 

detailed output '::)f FPEDDI is als'::) printed in Table G.I, which als'::) 

illustrates summary statistics. The results frail this output have been 

plottpd in Fig G.2. This paveoment bas shown signs of fatigue cracking as 

observed in c'::)ndition surveys. Figure G.Ha) sh':lwS the remaining life 

profile. In Fig G.2(b), th'" ESG symbol is for aubgrade moduli 'Obtaint'd aftE'r 

lIlaking correction f'::)r n'::)nlinear behavi'Or and ESG2 is the symbol f'Or 

uncorrected moduli. Surface uphal tic cencrete Iloduli are plcttf'd in Fig 

G.2(c), where broken linea (E12) &tand for insitu moduli at the test 

temperatur p and full lines (EI) are the estimated meduli at the dpsign 

tpmperature of 70°F. Figures G.2ed) and (e) illustrate profiles fer selected 

fill moduli (fill was divided into twe layers). ~re again broken lines art' 

f-:;;r uncorrected D'I':lduli and full 1 ines for meduli correc ted for nonl inear 

lUt387-I/AG 
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Example of plots based on the output of FPEDDl. 
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TABLE G.l. EXAMPLE OF PARTIAL OUTPUT FOR FPEDDl 

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

FPtODI 
• 
• 
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••••••••••••••••••••••••••••••••• 
f'Lt lL. Ply( "!':1Il tWilUI TID. 1111:0'11 '" 
".0;1110'" IIIIUTEN BY 111011[[0 UDDIN 

C:ftS!OIl : 1.0 IPItJl ".1'84 
C[IIT[1t 'Oft TIAIiSPOItTITIDI leS[III:" 
ftc: UIIl wrItS! TT OF T[US IT &aIlTlII 

III[lSIJIU:D or.rLtCTI ON BUIN "'ItUl[" .0. 1 • 

UJ-'~ •• (SIT[ ., liP 

DTllllfLtCT STIfIDII : 

• 'UPt & 1 CTP~! IF Ill! 'UTtIUl 

UT'"" 1 CTP!I O~ .... "It NTUUl I 

, 1 : sa ......... & :2 & 1n.11 llZED 
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1.50 D 
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TABLE G.l. ( CONTINUED) 

It£IUtP 'PC"CCNT, B.lDl! 
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• •••• ••••• 
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HeIlIlP 'PtRCENrI •• '~2 

.............................. -.............................................. . 
btU", sniLE AlIL£ lOAD Din '" IE IE If ttJPeUTUU 
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TIlt PIES SURe IPSI'= DtSll~ , •• e ID[5.F, 

.......... [.utVA.:.[IIIT UNtAIl l'l~rSlS F.I COllten_ Of' nUIUiS Il00 .... 1 ....... _ • 
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•••• 8UIIIULU !UI! BIS[ "OOJLUS CDllrCTtD ,,. 101 Lt lEU 1E"1'1 GUll •••• 

•••• SUB.IIAO[ (NlTUIAL !.Ot., "ODUL.US CIJIII!:rto FOil lOll Lllltla F.IlAWlIJU'. •••• 

C~II(CT(D WAlUCS OF TlUN'S "DDULI IPSI' 
1130: 1. SUU. 2TU3 • 

•••• Tt.IlPtlllTURt co~RtcrIO' lPPLltD TO '~4'Lr tONCttT[ "ODULUS •••• 
•••• Tlit CO\AEcTt.D .. OCULI IPSI) llll: •••• 
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behavicr. This pavpment has a cClIIbined thickne88 cf 10.75 inchf"s cf 

asphaltic material, 24.0 inch p 8 cf 8plpcted fill (dividpd int~ tw~ layf"rs ~f 

12 inch~8). and semi-infinite 8ubgrade. 
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APPENDIX H 

DESCRIPTION OF FTEKP, 

FLEXIBLE PAVEMENT TEMPERATURE PREDICTION PROGRAM 
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APPEND"oA H. DESCRIPTION OF FTEKP 

Th!? ITEMP computer program can bp used to predict temperaturp.s within an 

asphaltic concrete pavement. Thp program vaa originally written by Shahin 

and McCullough (Rpf 68). It is based on the pn~diction of temperatures in a 

24-hour cycle using climatological data. The .ame program has been adapted 

hp.rp t~ predict thp. test tempp.rature of AC .urfacing. Thp theorptical 

background and other details are presented elsewhere (7. 62, 68). Formats 

fer ioput data are shown in Fig B.l, which also illustrates thp npedpd 

informatien • 

bettom. The 

The program predicts tPmperature at thp. surface, mid-depth, and 

average of thpsp. thrpe computed tp.mperaturp.s is printed 1n 

output as the estimated test temperaturp.. 

A listing of thp. FORTRAN source ef FTEMP 1S also included in tbis 

appendix. 
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I'.'TOT 

[UJ One Card 

~~OT • Total number of problems (maximum of 5 problems) 

FOR EACH PROBLEM 

l'."PROB One Card 

[UJ 5 x 5 A 10 

NPROB = Problem number for identification 

TInE(I) = Date and Location (I = 1 to ~'TOT). 

TA TR 

Ino.3 FlO.3 One Card 

TA = Average air temperature (oF) : (From ~eather record) 

TR = Daily temperature range (oF) : (From ~eather record) 

v S AK B AL x 

F10.3 FlO.3 flO .3 FlO.3 FlO.3 FlO.3 One Card 

v = Wind speed (mph): (From weather record) 

W = Mix density (lb/cu.ft ): 

S = Specific heat (BTU/lg/oF): 

AK = Thermal conductivity (BTU/sq. ft./hour/oF/ft ): 

B = Absorptivity: 

AL = Solar radiation (Langley's/day): (From weather record) 

x = Depth (inches): (Equal to thickness of asphaltic concrete layer) 

Fig H.l. Input guide. 
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