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ABSTRACT 

Presented in this re.port are the results of an i nvesti'gation of the 

capability of linear elastic theory to predict measured displacements on 

the surface, within, and beneath flexible paverrent structures. In mea• 

suring predictive capability, the yardstick used was replication error. 

Sources of data were an NCHRP project, the AASHO Road Test, and the 

Texas transportation Institute's flexible Pavement Tes.t Factlity. Only the Texas 

source, which employed a vibrating surface load (the Dynaflect) and spe-

cially designed transducers lowered into sma 11-di a meter measurement ho1 es ~ 

furnished both horizontal and vertical displacements. These were measured 

at various depths ranging from zero to 65 inches beneath the pavement surface, 

and at horizontal distances ranging from 10 to 216 inches. 

An analysis of a selected portion of the Texas data, using the theory 

of elastic layered systems as a model, yielded prediction errors that were 

reasonably commensurate with replication error. 

Key words: Theory of layered systems. Flexible pavement design. In 

situ elastic moduli of road materials. Disp1acement vector field in 

pavement structures. 
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SUMMARY 

_p_u_rpo~~ 

The principal purpose of the work described in this report was to inves­

tigate the suitability of the theory of linear elastic layered systems for 

use as a model of dynamic displacements occurring throughout the body of flex­

ible pavement.structures as the result of a vibrating load applied to the sur­

face by a Dynaflect. 

Loading and Measurerrents System 

The Dynaflect applied an oscillating load varying sinusoidally with time 

at a frequency of 8 Hz and with a peak-to-peak amplitude of 1 OQO pounds. The 

resulting displacerrents, both horizontal and vertical, were measured at depths 

ranging from zero to 65 inches, and at horizontal distances from the load 

ranging from 10 to 216 inches, by means of geophones lowered into 1 3/4 in. 

diameter holes drilled verticallythrough the pavement structure, through an 

embankment, and one foot into the foundation material. 

Pavement Test Facility 

· The pavements tested were a set of 27 statistically designed section·s 

bui 1t at Texas A&M University • s Research Annex in 1965. Norma 1 Dynaflect 

surface deflections had been measured in 1966. The vertical and horizontal 

displacements at surface and subsurface elevations were measured in 1972. 

Since surface deflections (i..e., vertical displacements at the surface) were 

measured in both instances, and since only an occasinnal light vehicle traveled 

over the sections in the six-year interim, data were available for studying 

long-term environmental effects on deflections in the absence of traffic. 
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Envi ronrnantal Effects 

Some discrepancies were discovered between the .1966 a:tlQ the 1972 deflec­

tion data. After considerable study, discrepancies were ascribed to the en­

trapment of free water in pervious portions of the facility in the years 1966-

1971, and the subsequent drainage of the water just prior to the start of the 

1972 measurements program. 

Also ascribed to the entrapped water was the swelling of a plastic clay 

embankment included in the facility, and the appearance of longitudinal cracks 

in sections supported by that embankment. 

Side Studies 

As a side study in the investigation, published data from other sources 

(an NCHRP project and the AASHO Road Test} were used to estimate the speed of 

a 1000-lb. (dead weight) wheel load that would induce the same deflection in 

a flexible pavement surface as the vibrating rlOOO-lb. Dynaflect load. The 

purpose here was to show that Dynaflect loading is clearly related to ~igh­

speed traffic loading. 

In a second side study, published load-deflection data from the AASHO 

Road Test were used to establish the degree of linearity of the load-defiec­

tion relationship as a test of the hypothesis that the load supporting mate­

rials had linear elastic properties. In the analysis use was made of repli­

cation error as a practical yard stick for measuring the accuracy required 

of the linear elastic model. 

Analysis of Vertical and Horizontal Displacements 

Replication error was used for the same purpose in the analysis of the 

1972 displacement data measured at the A&M Pavement Facility. In this analysis 

it was necessary to find values for the elastic rroduli of eight materials that 
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would satisfy the requirement that the differences between computed and mea­

sured displacements were, on the whole, of about the same size as the replica­

tion error. Although the time and funds available limited the analysis to a 

fraction of the data available, it is believed that enough evidence was mus­

tered to support the findings. 

Findings 

The main report lists a number of findings of which the following are 

considered the most important. 

1. According to an analysis of previously published data the 1000-lb. 

Dynaflect can be expected to produce a surface deflection of about 45% of the 

deflection caused by a static load of 1000 lbs., or the same deflection as a 

dual wheel load of 1000 lbs. dead weight moving at high speed (roughly 50-60 rrph). 

2. Finding 1 implies that either materials supporting the load possessed 

visco-elastic properties, or the effect on deflections of the inertia of these 

materials was greater than has usually been assumed~ 

3. Results of load-deflection tests made on flexible pavements at the 

AASHO Road Test a few weeks after construction, but before the first freeze 

of the winter season, indicated that the load supporting materials behaved, 

on the average, in a manner in agreement with the assumptions of linear elas­

ticity. Variations from the average behavior were no greater than variations 

in the behavior of identical designs located in different traffic loops. How­

ever, shortly after a severe freeze-thaw cycle, the supporting materials be­

haved in a manner consistently contrary to the assumptions of linear elasticity. 

4. Linear elasticity was found to be an acceptable nndel for the vertical 

and horizontal components of the displacement vector measured in 1972 within 

the body of seven selected sections of the A&M pavement test facility, inasmuch 

as the combined prediction error in each component was about the same size as 
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the oorrespo:ndi·n·g combined replicatian· errdr f'or the sev'en s(k'tf0ms. 

The dynamic in situ m(fQt,lli determined in the a·f'lalysis ana used ln calcu­

lating predi:ction errors are given b:e'low in pounds p-er square "i·rrch. 

Recommendation 

Asphaltic ·C<lncr.ete l41 ;too· 
Limestone plus ceme.nt 

Limestone ·pltls Ume 

L intestone 

Sandy grav~1 

Sandy clay 

Plastic clay 

Dense clay 

469,800 

189,300 

86,000 

49,200 

3i '600 

1·2 ,4no 

47, 50n 

·It is recommended that a study be made to determine the reasibiHty or 

pre-computing and storing on tape an extensive table of stresses, strains~ and 

displacements for use in accomplishihg the double purpose of estimating in situ 

noduli, and of determining {in FPS) stresses; strains or displatelffints at 

crit i ca 1 points in trial des1 gns. Such a table, computed from the theory or 
linear elastic layered systems, Would be costly, but once computed and stored, 

the values would be available at minimal cost for use by researchers and 

designers alike. 
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IMPLEMENTATION STATEMENT 

This report presents evidence to show that linear elasticity apparently 

will, in an environment like that of most of Texas, predict the displacement 

vector field for flexible pavements with sufficient accuracy to warrant its 

trial, at an appropriate time; in the Texas Highway Department's FleXible 

Pavement Design System. How to make that trial is rriore difficult to define, 

but it seems fairly clear that one step toward implementation of the theory 

was made in 1973, with publication of Research Report 123-17, 11 The Optimization 

of a Flexible Pavei'I'Ent System Using Linear Elasticity 11
, (.!£). Another step 

in this direction, yet to be taken, would be to follow the recommendation, 

stated in the last chapter herein, to pre-compute and store an extensive table 

of stresses, strains and displacements for use in accomplishing the double 

purpose of estimating in situ moduli, and of determining (in FPS) stresses, 

strains and displacements at critical points in trial designs. A third step 

toward implementation would be the standardization in Texas of a method for 

estimating the teYJsile strength of both water bound and stabilized materials. 

Finally, if·full advantage is to be taken of the theory, the surface curva­

ture index (SCI)., would have to be replaced as an indicator of. pavement life, 

by parameters consistent with fatigue theory. 

The work involved in fully implementing linear elasticity as a subsystem 

of FPS may appear formidable, but the authors do not wish to. infer that it 

should not be done. 
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1. INTRODUCTION 

General Purpose 

The general purpose of the research work described in this report was 

to investigate, subject to the constraints of available time and funds, the 

suitability of the theory of linear elastic layered systems for use as a 

rodel of dynamic displaceroonts, or particle rotions, occurring at points on 

the surface, within, and beneath a flexible pavement structure as a result 

of dynamic surface loading. 

Sources of Data 

Although selected surface deflections measured by the Dynaflect and/or 

the Benkelnan Beam in an NCHRP research project (l) and at the AASHO Road 

Test (£) will be discussed in Chapters 2 and 3, the source of the vertical and 

horizontal dynamic displacement data used in the princi:pal analysis reported 

herein is a recently terminated Texas "Transportation Institute project, Study 

2-8~69-136, "Design and Evaluation of Flexible Pavements", jointly sponsored 

by the Texas Highway Department and the Federal Highway Administration (~). A 

more specific statement of the objective of the research work reported here can 

be made after a brief review is given of the measureroont p.ro gram fo 11 owed in 

the last mentioned project, Study 136 (4). 

Measuring Program, Study 136 

As a part of the work performed in Study 136 a Dynaflect load oscilla­

ting sinusoidally at 8Hz, with a total peak-to-peak magnitude of 1000 lbs, 

was applied through two 6.25-sq. in. loaded areas spaced at 20 inches c/c at 

se 1 ected pas it ions on the surfaces of 30-:-12 ft. x 40 ft.. test sections of 

various designs at the Flexible Pavement Test Facility located at Texas A&M 
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University•s ResearchA'nne){ (4). The facility, a drawing of which is shown 

in Figure l, contains a total of seven types of compacted materials founded 

on a layer of plastic clay overlying a bed of stiffer clay of unknown 

thickness. The amplitude of h0rizontal and vertical harmonic motions of the 

materials, excited by the oscillating loa·d, were. sensed by miniature geophones 

1 owe red to pre- se lee ted depths into a small diameter ( 1 3/4 il) ho 1 e drilled 

vertically through the pavement struct~:.~re ta depths of 65 in:ches or more. 

Two such geophones were required, one sensitive to vertical and the other to 

horizontal motion. 

By lowering into the hole to a selected dep>th a geophone sensitive to 

horizontal motion, clamping. it to th.e adjacent material by a specially desi.g;ned 

mechanism, and stationing the Dynaflect at selected distances from the hole, 

horizontal displacements were (in effect) measured in a vertical plane in 

each section at 117 points on a rectangular grid 9 points deep by 13 potnts 

long. Vertical displacements were measured in a similar manner at the same 

grid points and at 9 additional points (for a total of 126 points) on a 

vertical line passing midway between the two Dynaflect load wheels. (On this 

line horizontal displacements excited by the two loads were equal and oppo­

site in direction, with the result that a horizontal displacement could not 

be measured.) A typical 126-point grid, 9 points deep by 14 points long; is 

shown in Figure 2. 

The measurement procedure follow.ed was essentially equivalent to hold­

ing the Dynaflect stationary, and selecting measuring points along a hori­

zontal line that passed through the actual measuring point and paralleled 

the path actually followed by the Dynaflect. 
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The line of travel of the tJynafl;ett, as it was shifted from one position 

to the next away from the ;measliliferne:nt hole, was parallel to the longitudinal 

center-line of the te·st section, s.o that the 20-inch line connecting the 

centers of the two 1 oadea ·a·re.a·s was pe·rpehdicuh .. r to--and bisected by--the 

Dynaflect•s line of travel, ~ls shown in H•gure 3. The geophones were oriented 

in the measuring hole S'O that Nne ·meast:~re'cll horiZontal component {Mh in Figure 

3) of the dis;placement ·~ector was paralle~ to the Dynaflect's line of travel, 

while the measured vertkal component was ·perpendicular to it. Because of 

this configuration of gE!!op•t:lones ana loa·a wheels, the Study 136 research team 

decided to employ the ptindpl e of su.pe.rpusition tG rep1 ace the two 500-lb. 

loads by a theoretical :!Single 1000-lb. ioa.d located at either of the actual 

application points. Thlils, the word 11 loadl', when used in connection with 

Study 136 data, means a 1000-lb. single load (1~0 psi applied over an ar~a 

of 6.25 sq. in.), while the term 11ht>rizontal (or radial) fifistance 11 means the 

distance labelled r in f-"igure 3, i.e. the center ... to-center slant distance 

from one of the loaded are-as to the measu'reme-nt ho 1 e. Furthermore the term 

"measured horizcmtal (or ra·c;li.al) displacement .. means the corre.cted displace­

ment, u, indicated in Figure 3, rather than the displacement actually mea­

sured, Mt~· The term ''vertical displac:ement", or tne symbol w, means the 

vertical displa-cement actually measured~ since the vertical components due 

to the two loads were para 11 el and therefC:>re additive. It is pertinent to 

the objective of this report to point out that this use of the principle of 

superposition implies within itself the validity of linear elasticity as a 

model of the observed displacements. 
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Study 136 Replif:a:tion Error 

One other feature of the Study 136 measurement program needs mentioning, 

namely, replication of measurements used for evaluating experimental error. 

In each of the l2.;.ft. x 40-ft. test sections two measurement holes were 

drilled, one approximately two feet to the right of center"'"line near one 

end of the section, and the other approximately the same distance to the 

left of center.-line near the other end, as indica·tea in Figure 4. All mea­

surements taken in one hole with the Dynaflect travelling in one direction 

were repeated in the other hole with the Dynafelct travelling in the other 

direction. Thus,comparisons could be made betwe,en the two sets of measure­

ments and a replication (or experimental) error for each section could be 

(and was) calculated. The importance of the replication error to the objec­

tive of this research is pointed out by Moore and Swift in the following 

words: "Replication errors observed on a test section reflect not only the 

variability of the measuring process but also include the effects of varia­

tions in the structural properties of the section. The corobinecl variability 

will define theJ imi t i ng prediction aq;ur.acy fo.r the cji spl ac~ment 111odeJ being 

sought. (P. 7 of Reference 4, with emphasis added.) 

Specific Objective 

With the foregoing serving as background information, it is now possible 

to state more precisely the original objective of the research effort described 

in succeeding chapters. The objective, which paraphases statements appearing 

in the 1973-74 work plan of StUdy 123, is to provide an answer to the 

follwoing question: 

"Can it be shown that the theory of elastic layerea systems is adequate 

for use as a model of .dynamic displacements induced by a :Dynaflect and mea-
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sured within a'nd' bcmeath the pavements a<t the TTl FrexJble. Pa.vement Test 

Facility?" 

. Assuming that it C(Hl be extrapola;ted te. Texas n>ighways, ·the answer to 

this question could• lire important to th~ improvement of the Sjl~tems approaqh 

to the design and management o·f Texa·s p·ctvements, a. cont inl;ting goa 1 of the 

Texas· Highway D'epartment. 

The critedon adopted in thh ¥'e;port ·for accepting or ~ejecting 1 inear 

elasticity is based primarily on ~ompall'is.ons of pr€}d:ictio·n 'W·)!'or with repli­

catioR error. In sh,wt, the theo.ry is consir;tered: acc:epta,Qlfe if its predic­

tion error is of a!D'proximattlly tile same magnit~d;e as the measured replication 

error; otherwise, the th.eory is conshlered inad·eq~:Aate. 

Because of limitations of b:Gth time and funds available, only seven of 

the thirty te·st sectiotls w.ere analyzed in tfl:is study, and' o:r:lly a. portion of 

the voluminous data i·n the·se sections were tJ;s.ed. It is b~li~ved, however, 

that enough data were aRalyzed to accQIJlplish t.h.e ob.jective. The sections 

studied are indicated on the plan view of Figyre l by circle$. surrounding the 

section number. Typical grid points at .which me<1sured displacements were 

selected for anal'ys is are sh~wn in Figure 5. By COQlpari ng Fi gyre 5 with 

Figure 2, it can be seen that the amount of data actually analyzed was much 

less than the total amount of data available in each of the ~eve.n sections. 

The reason for limiting the data has already been st;ated. One reason for 

excluding grid points at large horizontal distan<;:es from the point of load 

application was the belief that if some data p.oints must be eliminated, one 

should retain points where the stresses and strains could be .~xp.ected to be 

the highest. Another reason for excluding the mQre di$tant p.pints (r>50 in.) 
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was the feeling that the symmetry of the measured data about the z..,.axis 

might be destroyed as the Dynaflect moved to positions more distant from the 

measuring hole than the shortest distance from the hole to an adjacent test 

section of differing design. The latter distance was about 4 feet. 

2. THE PAVEMENT SURFACE DEFLECTION INDUCED BY A DYNAFLECT COMPARED 
TO THAT PRODUCED BY A STATIC AND A MOVING WHEEL LOAD 

Since this report is concerned with the motion of particles within 

flexible pavements resulting from a loading device (the Dynaflect) that is 

radically different from the vehicles for which highway pavements are 

designed, the authors felt constrained to present some evidence from pre­

vious research that Dynaflect deflections can be related to surfa.ce deflec-

tions resulting from 11 real world 11 traffic. It is the purpose of this chapter 

to review briefly a part of such evidence that is readily available from an 

NCHRP Project Report (l) and an AASHO Road Test Re.port (_g). 

Dynaflect Deflections Versus Sti;itic Load Deflectio~s 

That the answer to the question posed in the objective on page 7 is 

not merely academic but is actually related to the effect of stationary or 

slowly moving heavy trucks on highways is borne out by correlation studies 

made in the field between surface deflections meas~red between the load 

wheels of the Dynaflect, and the deflection measur~d between the dual tires 

of a 9-kip truck wheel load by m,eans of the Benkelman Beam. One such 

correlation, displayed in ~igure 6, is based up~n 440 pairs of observations 

made on flexible pavements of a variety of designs in Northern Illinois and 

Minnesota in 1967 as part of an NCHRP project (l). The deflections, mea­

sured during a period of deep frost (February), a period of rapid strength 
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loss (April), and a period of slow strength recovery (August), are believed 

to be representive of the range of deflections measured on U.S. highway 

flexible pavements. According to the equation given in Figure 6, an esti­

mate of the surface deflection caused by a 9-kip wheel .load {18-kip single 

axle load) may be obtained by multiplying the corresponding Dynaflect 

deflection by 20, with a probability of about 2/3 that the error of the 

estimate will be less than 7/1000 of an inch. While this error may seem 

large, the squared correlation coefficient was 0.90: i.e., approximately 

90% of the variation in the Benkelman Beam deflections could be explained 

by theDynaflect Deflections. That two instruments of such widely varying 

characteristics should correlate this well can be accepted as evidence that 

both are accomplishing their common purpose - to provide an approximate 

measurement of the overall stiffness of pavement and subgrade. 

Dynaflect Deflections Versus Moving Load Deflections 

In the correlation study just described the Dynaflect load was 1-kip, 

while the truck wheel load was 9-kips: thus, one might expect that the 

slope of the best-fitting line shown in Figure 6 would be in the neighbor­

hood of 9 instead of 20 even if one makes allowance for the difference in 

the geometry of the two loads. But since the truck load was essentially 

static, while the Dynaflect load was vibrating, one is led to the hypothesis 

that the 1-kip Dynaflect load, applied and released in l/8 of a second, 

causes a deflection approximately 9/20, or 45%, of the deflection that a 

static load of the same magnitude (1-kip) would produce. 

Large scale experiments designed to determine the effect of vehicular 

speed-or rate of load application - on pavement deflections were conducted 

at the AASHO Road Test near Ottawa, Illinois, in late August, lateSeptember 

13 



and early December, 1959. Surface deflections, measured electronically, 

were produced by moving vehicles with single axle loads of 12, 18 and 30 

kips (or wheel loads of 6, 9 and 15 kips) travelling at speeds varying from 

2 mph to 50 mph on eight flexible pavements of various designs. 

The Road Test staff analyzed the data by means of linear regression 

using the logarithmic form of the following model: 

A + A v 
d(v) = 10 ° 1 {1) 

where d(v) = the deflection under the controid of a dual-tired wheel load 

moving at v mph while A
0 

and A1 were contants determined from the regression 

analysis. 

For a static load (v = o), the model reduces to 

A 
d(o) = 10 ° {2) 

and the ratio of the deflection produced by a moving wheel load to that 

caused by the same load at rest isb according to Equations 1 and 2, 

~ = lOAlv (3) 

The 11 Speed coefficient 11
, Al' was negative in all cases, indicating 

that a reduction in deflection always accompanied a decrease in the ti'me 

consumed in applying and withdrawing the load. Vahtes of A1, given in 

Table 1, were apparently related to load, but to none of the other measured 

variables (surfacing temperature as well as thickness of surfacing, base 

and subbase). 

As a first approximation let us ignore the apparent decrease of !All in 

Table 1 that accompanies an increase in load, and accept the average value, 

A1, given at the bottom of the table, as a constant that is independent of 

load. Then, for any load, we have (from Equation 3) the approximation 
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TABLE 1: VALUES OF Af IN EQUATION 3. DATA FROM 
AASHO ROAD EST DEFLECTION-SPEED STUDIES 

Surfacing Wheel . Values of A 
Temperature Date 

87°F Aug. 20, 1959 

62°F Sept. 30, 1959 

40°F Dec. 2, 1959 

Average of all values, A1 -:0063 

Standard deviation .0006 

Number of values averaged 12 

* No data taken. 

15 

Load 

6 
9 
15 

6 
9 

15 

6 
9 
15 

LOOj2 4 LOOj2 6 

-.0072 -.0070 
-.0058 * 

* -:-.0055 

-.0070 -.0075 
-.0062 * 

* -.0058 

-.0062 -.0060 
-.0058 * 

* -.0058 



d{d '1$1 r;~-. 0063v 
j'fO} v 

From ttte hypothesis, previously stated, that the vibrating 1-kip 

Dynaflect lo9;d causes a deflectl'an that is 45% af that caused by a 1-kip 

static load, we have for the Dynaflect 

~f6~ = 0.4§ 

{4) 

(5) 

where v is taken to rrean the speed at which a l•kip whe12l load would have 

to travel to produce the same deflection as a 1-klp load visrating at 8 cps. 

Remembering that Equation 4 has been assumelil to hold for any load, we 

find from Equations 4 and 5 that 

0.45 ~ 10-.0063v 

which, when solved for v yields 

v~ 55 mph 

(6) 

(7} 

Thus, by a round apout way, we have arrived at the conclusion that a 

1-kip load applied to, and released from, a small area of a pavem:ent surface 

in 1/8 of a second, apparently produces approximately the saroo deflection as 

a 1-kip wheel load moving at 55 mPh· 

It is not the intention of the authors to claim nilch precision in these 

calculations, not enough data being available to support such a claim, but 

rrerely to point out that full scale deflection - speed tests tend to confirm 

the following inequality observed in the field correlation study, previously 

mentioned, between Dynaflect and a 9-kip static load deflections: 

Dynaflect deflection 
Static 1 oad defl ett ion 
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Oynafl ect 1 oad 
Static load 



or, in round numbers 

1 1 
20 < 9 

This type of inequality, apparently arising from differences in the rate 

of load application, has been ascribed by a growing number of researchers 

to visco'-elastic properties possessed by pavement and subgrade materials. 

It also is possible that inertial effects on deflections are greater than 

has usually been assumed. 
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3. THE QUESTION OF LINEARITY BETWEEN STATIC OR 
SLOWLY MOVING WHEEL LOADS AND PAVEMENT SURFACE DEFLECTIONS 

Stress-Dependent Moduli 

The use of linear elastic layered theory in flexible pavement design 

involves a commitment to the assumf)tion that the material within each hori-

zontal layer, including layers in the underlying subgrade soils, has -

at least momentarily- a constant modulus of elasticity, E, and a constant 

Poi.ssons ratio,\l, at every point in the layer. Of these two constants, the 

one of greater importance is E. Thus, the results of the analysis of Study 

136 data to be described later depends/to a large extent,. upon the stability 

of the value of E, at least for short periods of time. It therefore is 

appropriate to examine some of the previous research that might throw ~orne 

light on this question. 

The literature on the subject seems to be replete with evidence. mostly 

from laboratory tests, that the modulus, E, is not constant for the kinds of 

materials found in road structures and their foundations. For example as 

early as 1962 Dunlap (i), and as late as 1973 Barker, Brabston and Townsend 

{~), reported that, in effect, a laboratory specimen of granular material 

subjected to repetitive loading does not exhibit a constant modulus as required 

by linear elastic theory: instead, the modulus of such a specimen usually 

increases when compressive stresses applied to the boundaries of the specime~ 

increase. By mentally extrapolating these results to field conditions one is 

led to the conclusion that as the distance from a moving wheel load to any 

selected point within or beneath a flexible pavement structure continuously 

changes, the modulus of the material immediately surrounding the po·i nt a 1 so 

continuously changes. Hence, at a given instant during the passage of a 
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vehi-c 1 e a long a pacv~ment ,0 the modulus at different Q9ol'tltS'~ within a-nd beneath 

the pavement structtJre a..ppa·rently would dtffer-, depending u.pon their distance 

and direction f·rom· the load''" 

By the same to·~en, it might be in'f;erred that the· imcreroent o.f surface 

defle,ctlon of a paN.ement re-~·ulting, from ch.aJtgJng. a· sta'b:fc wb.eel load· from, 

say,, 6 to 9 kiops, would· be greate.P than· the defl;ecti:on tmc·}';!ement caused by 

chang,ing the load from 9 to: 12 ldps, or from· 12 to 15 kips,, be;e_a1Jse of the 

accompanying increases in compress_j;ve stresses acting. on tht: ma::terfals within 

and beneath the p:av,ement structure under the load·. (The- su,nna,ce deflection 

spoken of here is intended·. as fn Chapter 2, to mean, the de~~l·eeti·o.n. of a 

point on the surface of the pavement directly beneath the centroid of a dual­

tire truck wheel load). Figure 7 compares the kind of l:O.adi-'deflection curve 

one. would expect from the· repoPted·. laboratory, tests (curv,e A:): w:'i·'th the 

straight 1 ine predicted by: linear elasttc theory, {'curve B). 

That 1 inear elasticity. cannot faithfully represent the~ nes-ponse of full­

scale airfield· flexible pav,ememt.s was concluded tw Btl~rker,. et. al (:§) in the 

report previ,ously mentioned.~ T'heJr conclusi-on was ®s.ed on some. comparisons 

of measured surface deflection·s, stresses and st.ra4·n8, w'i;th vaJues computed 

from linear elastic theerx~ The reoort als_o, rmes·en~ some evi;dence that if 

the conceot of a stress-deoendent modulus is ta;J(en iiJlto acco.unt- throuoh the 

use of a finite-element commuter or.oa·ram-. the beha:vin.r of ai;rf+eld f'1 exib 1 e 

oavements; heavilv lo~ded W'j·:th a sinal e. tire; can be;: simulated wi'th better 

accuracy. 

In another rec:ent repo:rt (1:973) of experimer:t~t$- on airfield pavements, 
. ' . 

Ah1v.in, c:,ou and Hutchi1iS01) en f·.)und that the. principle of S·Upe-rposition, 

denied by the concept of a stress~dependent moduJ us, held wdth rea·sonable 
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Figure 7: The shape of load-deflection curves as an indicator of the 
existence of stress-dependent moduli. Curve A apparently 
indicates stress-dependent moduli. Curve B, a straight 
line, indicates constant moduli. 
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accuracy when measured effects produced by separately applied loads were 

added. 11 Evidently, 11 the report says, "there is a strong contradiction 

between prototype field measurements and laboratory findings in material 

behavior 11
• Nevertheless, according to the same report, surface deflection 

basins computed from linear elasticity departed radically from the measured 

basins. 

Evidence will be presented in this chapter, based on a report from the 

AASHO Road Test (~), that while considerable variability in the shape of 

load-deflection curves exists, the concept of a stress-'dependent modulus 

appears to be supported by load-deflection data gathered shortly after a 

period duri:ng which the pavement and subgrade materials had been subjected 

to the disruptive action of a severe freeze-thaw cycle. On the other hand, 

other data from the same source will also be presented, and will tend to show 

that the same materials that appeared to have a stress-dependent modulus 

shortly after the spring thaw, were, on the average, behaving as if each had 

a constant (or nearly constant) modulus in the preceeding fall. 

Portions of the AASHO Road Test Facilities Used as Sources of Deflection Data 

It will be assumed that the. reader is generally familiar with the AASHO 

Road Test, but a few explanatory remarks are necessary prior to presenting 

the data treated in this thapter. 

Traffic at the Road Test consisted of both single-axle and tandem -axle 

vehicles, but only single axle trucks will be considered here because only 

these were used to generate the deflection data to be studied. 

The portion of the AASHO Road Test fac i1 ity considered here consisted 

of three numbered loops, each of which was a segment of a four-lane divided 

East-West highway whose parallel roadways were connected by turn-arounds 
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at each end. The flexible !l>GJ¥frnent seetiions cor~>sidared we.r~ lOG-ft. segments 

of the 12-feet with~ lanes {designa,tect as bane 1) of the rtcirth tangertts of 

Loops 4, s and 6. Each tanyent within a loup was: 6~~300 feet (1.3 miles) in 

length, and the th'ree lcmps, arran~d tn tand:em, spann€« a tat()l distance of 

approximately 5 1/2 miles. Orf tMs di'stante, a.fter excltt<Hng the turnarounds, 

20,400 feet (ap~roximately 3.9 miles) were flexible p.ave~nt tangents. 

Only loact-.deflection tlata from the t
1tnain factof'hl axp~rrimentn, desig­

nated 11 0esi gn 1 il' wii 1 be analyzed in this cha-r>ter. Within' each lt:JOf) Design l 

consisted of ?,7 test settHms, all diffrH'ing in thickness design, plus three 

replicate sections providea far measuring within .. 1o0p experimental error. 

Here we shall pay only passing attenti·on to within ... loop replication error, 

and instead will rely em across-loop error, using data frem several designs 

that were common to all three loops. It iS believed that the latter (i.e., 

differences in the shape of the load-deflection curves of su.pposedly i ndenti­

cal test S'ecti-ons located in different loops), rather than differences 

encountered at shorter distances within lQops, are not only more appropriate 

for testing mode1s fitted tu data ftam an three loops, but are a1so more 

representative of tmexplained differences that would 1lCcur in a normal high­

way project. 

The materials used for surfacing, base-, subbase, and ernhank:ment were, 

respectiv,ely, a hot-mix aspha1tit contr~te, a crushed limestone, a cohesionless 

uncrushed gravel, and a clay taken frbm three borrow pits along the right-of 

way. 

The thiCknesses -of surfacifl:g, base and s'Uhbas·e we-re varied between test 

sections, but the thi·ckness of t'he etrt~a~kment ,was .C'Ornsta,nt few all section$­

three feet. Although there was s:eme Q'verla,p of ,ch1~si-g:ns~ the ave:r·age witt:Ji;n-



loop design thickness increased in the same order as the 'loop numbers, 4, 5 

and 6. 

Unusually rigid moisture and density controls were excercised in 

constructing the facility. The achievement of uniformity, rather than 

unusually high strengths, was the principal goal in construction. 

Shape of Load-Deflection Curves in the Fall of 1958 at the AASHO Road Test 

On October 8 and again on November 19, 1958, shortly after construction, 

the AASHO Road Test staff measured, by means of the Benkelman Beam, the sur­

face deflections produced by two different single-axle loads moving at creep 

speed (about 2 mph) in Lane 1 of Loops 4,5 and 6. Averages of the deflections 

taken on the two days are given in Appendix C of Reference 2, and are repeated 

in Tables 2, 3 and 4 herein. 

These tables also show; section by section, the values of the quantities 

a and b appearing in the model 

where 

d = eaLb 

d = deflection(mils) observed on a section, 

e = the base of Napi eri an 1 ogarithms, 

L = axle load (kips), 

(8) 

a = a section constant supposedly dependent upon the design of the 

section and the properties of the materials, including materials in 

the foundation to an undetermined depth, and 

b = a section constant which, for the purposes of this study, is regarded 

simply as an indicator of the distance and direction of departure 

of the load-deflection curve from a straight line through the origin. 

Of the two section constants, only b is of concern here. 
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TABlE 2: FALL 1958 CREEP SPEED DEFLECTION DATA LOOP 4, 
LANE 1,· AASHO ROAD TEST WlTH CONSTANlS COMPUTED 
FROM DEFLECTIONS A'ND LOADS 

Thickness 
(tnches} 
O'f the 

Materials 
lndtcated 

Deflection 
d.( mils) 

Caused By The 
Axle Load, 
L(ldps) 

lndtcated 

Computed 
Constants 
in Model, 
d:::ear..b 

AC-LS-GR 

3-0-4 
3--0-8 
3-0-12 
3-3-4 
3·3-8 
3-3-12 
3-6-4 
3-6-8 
3 ... 6-12 
4-0 .. 4 
4-0-8 
4-0-12 
4-3-4 
4-3-8 
4-3-12 
4-6-4 
4-6-8 
4-6-12 
5-0-4 
5-0-8 
5-0-12 
5-3-4 
5.:..3-8 
5-3-12 
5-6-4 
5-6-8 
5-6-12 

12 

69 
46 
26 
39 
29 
20 
46 
32 
22 
39 
23 
22 
32 
28 
19 
34 
25 
23 
45 
29 
20 
25 
24 
24' 
25 
19 
19 

lS 

121 
72 
47 
62 
43 
30 
72 
47 
32 
77 
37 
32 
53 
42 
31 
57 
37 
31 
74 
50 
32 
36 
34 
32 
38 
33 
30 

a 

.792 
1.083 
-.370 

.823 

.953 

.511 
1.083 
1; 110 

.795 
-.505 
.222 
.795 
.374 
.847. 

-.056 
.360 
.816 

1.306 
.758 
.029 
.115 
.984 

1.043 
1. 415 

.653 
-.439 

.145 

Mean Value of b: 1.110 
Standard deviation, a: . 222 
No. test sections: 27 

Note: AC = asphaltic concrete 
LS c~ crushed 1 i mestone 
GR == uncrushed sandy gravel 

d "" base of Na pi eri an 1 ogari thi ms 

1.385 
1.105 
1.460 
1.143 

.971 
l.OQO 
1.105 

.948 
.• 924 
1.678 
1.173 

.924 
1.244 
] .000 
1.207 
1. 274 

.967 

.736 
1. 227 
1 .343 
1.159 

:899 
.859 
. 710 

1.033 
1.362 
l. 127 

Other symbols as defined in column headings 
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TABLE 3: FALL 1958 CREEP SPEED DEFLECTION DATA LOOP 5, 
LANE 1, AASHO ROAD TEST WITH CONSTANTS 
COMPUTED FROM DEFLECTIONS AND LOADS 

Deflections 
Thickness d(mils) Computed 
(inches) Caused By The Constants 
of the Axle Load, in Model, 

d=eaLb Materials L(kips), 
Indicated Indicated 
AC-LS-GR 12 22.4 a 

3-3-4 41 99 .884 
3-3-8 44 64 2.292 
3-3-12 23 35 1.464 
3-6-4 44 67 2.110 
3-6-8 30 54 1. 061 
3-6-12 24 33 . 1. 910 
3.-9-4 40 61 2.009 
3-9-8 33 51 1.763 
3-9-12 26 42 1.349 
4-3-4 65 130 1. 415 
4-3-8 24 47 .502 
4-3-12 27 43 1.443 
4-6-4 28 44 1. 533 
4-6-8 29 50 1 .199 
4-6-12 24 36 1.564 
4-9-4 34 57 1 .469 

. 4-9-8 28 45 1 .443 
4-9-12 19 30 1.126 
5-3-4 38 63 1.625 
5-3-8 28 49 1.104 
5-3-12 20 31 1.251 
5-6-4 35 66 1.030 
5-6-8 26 48 .817 
5-6-12 21 33 1.245 
5-9-4 23 41 .834 
5-9-8 23 35 . 1.464 
5-9-12 23 35 1.464 

Mean Vaiue of b: .801 
Standard deviation, cr: .167 
No. Test Sections: 27 

Note: AC = asphaltic concrete 
LS = Crushed limestone 
GR = uncrushed sandy gravel 

b 
1.194 

.600 

.673 

.674 

.942 

.510 

. 676 

.697 

. 768 
1.111 
1.077 

.746 

.724 

.873 

.650 

.828 

.760 

.732 

.810 

.897 

.702 
1. 016 

.982 

.724 

.926 

.673 

.673 

e = base of Napierian 1ogarithims 
Other symbols are as defined in column headings 
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TABLE 4: FALL 1958 CREEP SPEED DEFLECTION DATA LOOP 6, 
LANE 1, AASHO ROAD TEST WITH CONSTANTS 
COMPUTED FROM DEFLECTIONS AND LOADS 

Deflection 
Thickness d(mils) 
(inches) Caused By The 
of the Axle Load, 

Materials L(kips), 
Indicated, Indicated 

AC-LS-GR 12 30 

4-3-8 30 86 
4-3-12 13 33 
4-3-16 16 46 
4-6-8 18 47 
4-6-12 21 58 
4-6-16 16 37 
4-9-8 22 63 
4-9-12 18 57 
4-9-16 14 40 
5-3-8 18 58 
5-3-12 15 42 
5-3-16 15 41 
5-6-8 19 55 
5-6-12 11 35 
5-6-16 15 35 
5-9-8 15 44 
5-9-12 16 39 
5--,9-16 14 39 
6-3-8 13 40 
6-3-12 14 36 
6-3-16 13 36 
6-6-8 14 50 
6-6-12 12 .38 
6-6-16 10 30 
6-9-8 15 47 
6-9-12 12 35 
6-9-16 14 35 

Mean Value of b: 1.136 
Star.tdard de vi at ion, a: . 113 
No. test sections: 27 

Note: A'C = aspha 1 tic concrete 
LS =crushed limestone 
GR = uncrushed sandy gravel 

Computed 
Constants 
in Model 
d=eatb 

a b 

.545 1.149 

.039 :l. 017 
-.091 1.153 
.288 l.047 
.289 1.109 
.499 . 915 
.238 1.148 

-.. 236 1 .258 
-.208 Ll46 
-.283 1. 277 
-.084 l .124 
-.019 1.097 

.062 1.160 
-.741 1. 263 

.410 .925 
-. 210 1.174 

.356 .972 
-.139 1.118 
-.483 1. 227 

.078 1.031 
-.197 ·1.112 
-.813 1.389 
-. 641 1 .. 258 
-.677 1 .199 
-.389 1.246 
-.418 1 .168 

. 154 1.000 

e = base of Napi eri an 1 ogarithi ms 
Other symbols as defined in column headings 
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Values of a and b in Equation 8 were found for e.ach section from the 

1 ogarithmic form of the 100del, which can be written as follows: 

a+blnL.=d. (J'=l,2) J . J (9) 

The two values of 4 and the two corresponding values of d (given in Table 2, 

3 or 4) were substituted in Equation 9 for each section, resulting in two 

sitJJ,Jltaneous equations in two unknowns. These were then solved for the un­

knowns, a and b. 

Figure 8 illustrates how the value of b, referred to hereafter as the 
11 Shape factor 11

, influences the shape of the load,.;.deflection curve. Regardless 

of the value of the constant a, if b>l the slope of the curve increases as 

the load L increases; if b=l, the slope is constant: if b sol, the slope 

decreases as L increases. 

The cases of b=l and b <1 h~ve already been discussed in the context of 

stress-dependent rooduli (see Figure 7). The authors are not prepared to 

speculate on the physical infereAce of b>l beyond saying that this case seems 

to indicate that a significant thickness of the materials supporting the load 

loses stiffness as the load is increased. 

By scanning the last column of Tables 2,3 and 4, one can observe con­

siderable variation in the shape factor, b, as he glances down the column 

from one design to the next. At the bottom of the eolumn in each table he 

will find the mean value of b, and the standard deviation, a measure of 

within-loop variation of the shape factor. 

The same statistics (the mean and standard deviation), together with the 

range of variation of b within each loop, are shown graphically in Figure 9. 

Also displayed in this figure are similar statistics when the data from all 

loops are considered to belong to the same data set. 
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Figure 8: An indication of the influence of the value of b on the 
shape of load-deflection curves computed from Equation 8. 
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ALL 
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(kips) 
NO. SECTIONS 27 27 27 81 

DESIGNS 

WEAKEST 3-0-4 3-3-4 4-3-8 3-0-4 
STRONGEST 5-6-12 5-9-12 6-9-16 6-9-16 

Figure 9: Data from Tables 2, 3 and 4, for fall of 1958, AASHO Road Test. 
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That the shape .factors of Loops 4 and 6 belong ttr the same data set 

seems obvious from Figure 9, and can be inferred from an analysis of variance 

that indicates no significant difference in their means. On the other hand, 

analyses of variance indicate that the mean of Loop 5 is significantly less 

than that of both Loop 4 and Loop 6. Thus, fr.om the statistical point of 

view, the bar graph in Figure 9 grouping all data in one s·et cannot be 

justified. From a pra·ctical point of view, however, theauthors justify the 

combining of all data on the grounds of necessity: no data are available to 

explain the difference between loops. Moreover, the existence of unexplained 
. . ' 

spatia 1 variability in the behavior and performance of highway pavements is 

a matter of common knowledge in the profession; so that the variation of the 

mean values of the shape factors for the three loops shown in Figure 9 should 

surprise no one conversant with highway behavior. 

The mean value of b for the 81 sections studied was 1.02, tending to 

indicate linearity of the load-deflection curve, but the standard deviation 

was large (0.23) and the range was quite large (from 0.51 to 1.68). Although 

large unexplained variations were expected, it was decided nevertheless to 

investigate the. possibility that the known pavement design variables, o1, 

(surfacing thickness), o2 (base thickness}, and o3 (subbase thickness) might 

significantly influence the value of the shape factor, b. For this purpose 

a "select regression" computer program, developed at Texas A&M University by 

Lamotte and Hocking (§:.) , was employed, using as a model a second degree 

surface made up of squares and two-factor interactions of the three design 

variables. Thus, the full model contained the dependent variable, b, nine 

independent variables with their constant coefficients, and one constant term. 
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The select regression program operates as follows: it first uses the 

full model with N independent variables, printing out the coefficients of 

the variable terms, the constant term, the squared correlation coefficient, 

the standard error, and the probability of a Type 1 error for each independent 

variable. It then finds the optimum model containing N-1 independent variables, 

and prints out similar statistics for the reduced model. The process of 

identifying the optimum reduced model and performing a regression is continued, 

until the last model used contains one independent variable and a constant 

term. Models other than the optimum, as well as additional statistics for 

each model, are also chosen by the program and the results printed, but only 

the full model with 9 independent variables, and the remaining 8 optimum 

models containing fewer terms, will be considered here. The results are 

given in Table 5. 

Table 5 presents information based on a model which, though having no 

roots in mechanistic theory, nevertheless appears to be sufficiently flexible 

to warrant the following conclusion. 

No model based on the assumption that. the physical properties of each 

of the. five materials involved are constant for all test sections, can be 

expected to predict the shape factor, b, of the 81 sections an~lyzed, with 

an error much less than the standard deviation of b about its mean value. 

(The five materials referred to above are those composing the surfacing, base, 

subbase, embankment and foundation). This is tantamount to saying that the '· 

authors accept 1.0 as the best estimate of b, and ascribe deviations from 1.0 

as a combination of the effects of instrumental error and of unknown, 

unmeasured variations in the properties of all the materials that yielded 

under load and thus contributed to the measured deflections. 
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TABLE 5: RESULTS OF SELECT REGRESSION OF b ON 
PAVEMENT DESIGN VARAIBLES (FALL 1958 
DEFLECTIONS, ALL LOOPS) 

One dependent variable: Shape factor, b. 2 2 2 Nine independent variables: o1• D2, D3, D1 • o2 , D3 , 

o1 xo2, D1 xD3, D2xo3 

Independent Variab·les 
In Optimum Model 

Prob. of Tvoe 1 Error < 0.1 
No. in 

R2 Model No. Variables 

9(all) 2 02, o1 xD2 .32 

8 2 02, Ol x02 .32 

7 2 o2, D1xo2 • 31 

6 2 02, o1 x0 2 .31 

5 3 D?, 
'-

03, o1 xD2 . 3'1 

4 4 0," 
(. 

03, o1 xo 2, n2xo3 .29 

3 3 D?, Dz 2 o1 xD2 .27 > 

2 2 nz, Di xD2 .24 

1 l [)2 . 10 

() 0 .... ..., -- ·- - ~ ·- - - -·· -~ - --- ·- ¥•·-

*Standard deviation of the dependent variable, b, 
about its n~an value of 1.02 
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Sta.ndard 
Error 

.20 

.20 

.20 

.20 

.20 

.20 

.20 

.20 

.22 
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As another, and perhaps more convincing means of arriving at the 

conclusion that the best estimate of b is 1.0, consider the eight designs, 

shown in Table 6; that were common to all three loops. Each value of b 

given in the columns headed Loop 4, Loop 5 and Loop 6, represents the 

response of one test section. Ideally, the set of three numbers representing 

three test sections of the same design, would be identical. But theyare not, 

thus furnishing another example of unexplained spatial variability of highway 

pavements. 

The variability of the shape factor b, evident in Table 6, was quantified 

by computing the across-loopreplication error from the following formula 

applicable to n sets of replicate designs, where each set has three members 

(test sections): 

. 2 [n ( 2 2 2) 
Re = {9n f bli + b2i + b3i 

n · n n l/2 
- (E bl .b2. + E b2.b3. + Ebl .b3.)]} 
111111111 

( 10) 

wherein bli' b2i and b3i are the three values of b given in Table 6 for the 

ith design, andRe is the across-loop replication error. As shown at the 

bottom of Table 6, Re = 0.17. 

The across-loop replication error of 0.17 can be compared directly with 

the standard errors of the models indicated in Table 5, including the stan­

dard deviation of 0.23, shown in the last line of the table and associated 

with the mode 1 

b=b (11) 

where b represents the mean value of b for the 81 test sections. If all the 

errors of Table 5, as well as the across-loops replication error of Table 6, 
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Design 
Index, i 

1 

2 

3 

4 

5 

TABLE 6: VALUES OF b FOR THE EIGHT DESIGNS 
COMMGN TO ALL LOOPS (FALL 1958 
DEFLECT IONS ) 

Design Thickness (in. ) b 

Surface Base Subbase Loop 4 Loop 

4 3 8 1.000 1.077 

4 3 12 1.207 0. 746 

4 6 8 0.967 0.873 

4 6 12 0.736 0.650 

5 3 8 0.859 0.897 

5 

6 5 3 12 0.710 0. 702. 

7 5 6 8 

8 5 6 12 

Across-loop replication error= 0.17 
(Computed from Equation 10) 

Mean value of b = 0.99 
Standard Deviation (24 values) = 0.21 
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1.362 0.982 

1.127 0. 724 

Loop 6 

1 .149 

1.017 

1.047 

1.109 

1. 277 

1.124 

1. 160 

1.263 



are rounded to one decimal, it can be seen that all have the value 0.2. 

Under these conditions, and bearing in mind that~ model selected to repre­

sent the shape factor, b, cannot fit all the data with an error rruch less 

than the across-loop replication error, it appears that the mean value of b 

is a reasonable estimate for design purposes, i.e., b;~l.O. This is the same 

conclusion previously drawn from the results of the select regression program. 

Putting 1.0 forb in Equation 8, and recognizing the approximation in-

valved, we have 

( 12) 

or stated in words, the shape of the load-deflection curves observed in the 

fall of 1958 at the AASHO Road Test tended toward linearity. Moreover, while 

many of the observed curves were concave downward - apparently an indication 

of stress-dependent moduli - many others were concave upward. Thus, there 

appeared to be no consistent support, when all available data were considered, 

for complicating a model of pavement behavior with the concept of a stress­

dependent modulus. 

Before passing to the next sectiori, it should be repeated that Equation 

11 was accepted mainly on the basis that its associated error of 0.2 was of 

the same order of magnitude as the across-loops replication error. The with­

in-loops error, which is given at the bottom of Table 7, was smaller, as might 

be expected, being (to one decimal), 0.1. The reason for not using within­

loop replication error as a measure of the suitability ()fa model fitted to 

the data from all three loops has already been discussed. 

The formula used for computing within-loop replication error is given 

below: 
l n 

Re= {4n ~ 
2 1/2 

(bli -b2i)} 
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TABLE 7: VALUES OF b FOR DESIGNS THAT 
OCCI:JRRED TWICE IN EACH LOHP 

Design Thickness 
Design 

Loop No. No"" i Surface Ba:se 

4 1 3 0 

3 0 

2 4 3 

4 3 

3 5 6 

5 6 

5 4 3 3 

3 3 

5 4 6 

4 6 

6 5 9 

5 9 

6 7 4 3 

4 3 

8 5 6 

5 6 

n=9 6 9 

6 9 

Within-loop replication error= 0.12 
(Computed from Equation 13) 

(in.) 

Subbase 

12 

12R* 

8 

8R 

4 

4R 

12 

12R 

-8 

BR 

4 

4R 

16 

16R 

12 

12R 

8 

8R 

~-

~- ·-.- -

' 

' ' 

*R designates the second of a pair of replicate 
sections a,ppearing in the same loop. Its companion 
is listed in the line immediately above. 
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1.460 

.916 

1.000 

1.367 

1.033 

1.033 

0.673 

0.715 

0.873 

0.685 

0.926 

0.818 

l. 153 

1 . 011 

l. 263 

1.112 

l. 246 

1.199 



where b11 and b21 are the two values of b given in Table 7 for the ith 

design, and n is the total number of pairs of replicate sections in all loops 

( in this case, 9). 

Shape of Load-Deflection Curves in the Spring of 1959 at the AASHO Road Test 

On March 9 and again on March 31, 1959, deflection tests were repeated 

on those sections in the main factorial experiment that had survived the 

"spring breakup" period. Like the fall 1958 deflections, the spring data, 

averaged over the two testing days, were tabulated in Appendix C of Reference 2. 

These data, with the exception of some that had been labelled "estimated", 

are repeated in Tables 8, 9 and 10 in the same format as Tables 2, 3 and 4 

previously discussed.· Unlike the data shown in Tables 2, 3 and 4, replicate 

sections were included in Tables 8, 9 and 10 in order to make available for 

study as much of the spring 1959 deflections as possible, inasmuch as loss 

of test sections had already unbalanced the loop factorial experiments. 

The mean values of the shape factor, b, for Loops 4, 5 and 6, and for 

all data combined, together with standard deviations and ranges, are displayed 

graphically in Figure 10. It seems obvious from Figure 10 that the mean 

values of b for Loops 5 and 6 are not significantly different, while the . . 

mean for Loop 4 is· significantly smaller than the means of both Loop 5 and 

Loop 6: these conclusions were borne out by analyses of variance. As in the 

case of the fall 1958 deflections, and for the same reason - lack of infor­

mation as to why the loop means should vary in this way-the authors decided 

to pool all the data~ as had been done in the case of the fall deflections, 

and investigate the possibility that the pavement design variables, o1, D2 
and o3, could be used in a second-degree statistical model to predict the 

values of the shape factor b with a standard error substantially less than 

37 



TABLE 8: SPRING 1959 CREEP SPEED DEFLECTION DATA LOOP 4, 
LANE l, AASHO ROAD TEST WITH CONSTANTS COMPUTED 
FROM DEFLECTIONS AND LOADS 

Deflection 
Thickness d{mil s) 
(inches) Caused By The 
of the Axle Load, 

Materials L(kips) 
Indicated Indicated 

AC-:LS-GR 12 18 

3-0-12 52 77 
3,-0-l2R 48 56 
3-3-8 70 86 
3-3-12 36 45 
3-6-8 57 66 
3-6-12 34 48 
4-0-4 74 83 
4-0-8 32 44 
4-0-12 34 38 
4-3-4 65 79 
4-3-8 49 62 
4-3-8R 44 53 
4-3-12 35 42 
4-6-4 60 63 
4-6-8 36 47 
4-6-12 31 ' 40 
5-0-4 48 58 
5-0-8 38 41 
5-0-12 26 34 
5-3-4 38 44 
5-3-8 29 44 
5-3-12 28 36 
5-6-4 30 42 
5-6-4R 30 38 
5-6-8 30 36 
5-6-12 28 32 

Mean value of b: .533 
Standard deviation: .229 
No. test sections: 26 

Note: AC = asphaltic concrete 
LS = crushed limestone 
GR = uncrushed sandy gravel 

Computed 
Constants 
in Mod-51, 
d=eaL · 

a b .-. 

1.545 .968 
2.926 .380 
2.987 .508 
2.216 .550 
3.145 .362 
1.413 .850 
3.601 .283 
1. 514 .785 
2.845 .274 
2.979 .481 
2.450 .580 
2.644 .459 
2.438 .450 
3.795 . 120 
1. 949 .658 
1.872 .629 
2.711 .467 
3.172 .187 
1. 614 .662 
2.739 .362 

.812 1.028 
1.792 .620 
1.339 .830 
1. 952 .583 
2.284 .450 
2.514 .329 

e = base of Napierian logarithims 
Other symbols as defined in column headings 
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TABLE 9: SPRING 1959 CREEP SPEED DEFLECTION DATA LOOP 5, 
LANE 1, AASHO ROAD TEST WITH CONSTANTS COMPUTED 
FROM DEFLECTIONS AND LOADS 

Deflection 
Thickness d (mils) 
(inches) Caused By The 
of the Axle Load, 

Materials L(kips) 
Indicated Indicated 

AC-LS-GR 12 22.4 

4-3-8 50 80 
4-3-12 40 76 
4-6-4 71 90 
4-6-8 44 78 
4-6-8R 40 62 
4-6-12 32 50 
4-9-4 54 97 
4-9-8 40 71 
4-9-12 28 44 
5-3-4 51 95 
5-3-8 40 60 
5-3;..12 29 48 
5-6-4 46 72 
5-6-8 29 57 
5-6-12 24 43 
5-9-4 31 54 
5-9-4R 33 60 
5-9-8 21 47 
5-9-12 24 36 

Mean value of b: .845 
Standard deviation: .201 
No. test sections: 19 

Note: AC = asphaltic concrete 
. LS = crushed limestone 

GR = uncrushed sandy gravel 

COIJ1)Uted 
Constants 
in Model, 
d=eaLb 

a b 

2.041 .753 
l. 134 1. 028 
3.310 .380 
1.505 .917 
1. 944 .702 
1.689 .715 
1. 657 .938 
1.404 .919 
1. 533 .724 
1.455 . 997 
2.075 .650 
1. 361 .807 
2.045 . 718 

. 677 1. 083 

.856 .934 
1.224 .889 
1.116 .958 
-.162 1. 291 
1.564 .650 

e = base of Napierian logarithims 
Other symbols as defined in column headings 
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TABLE 10: SPRING 1959 CREEP SPEED DEFLECTION DATA LOOP 6, 
LANE 1, AASHO ROAD TEST WITH CONSTANTS COMPUTlO 
FROM DEFLECTIONS AND LOADS 

Deflection 
Thickness d(mils) 
(inches) Caused By The 
of the Axle Load, 

Materials L(kips) 
Inqicated Indicated 

AC~LS-::GR 12 30 

4-3-12 28 60 
4-3-16 42 92 
4-3-16R 46 97 
4-6-12 62 141 
4-6-16 37 59 
4-9-12 40 82 
4-9-16 27 56 
5-3-8 52 96 
5-3-12 37 76 
5-3-16 30 65 
5-6-8 44 87 
5-6-12 32 64 
5-6-12R 30 64 
5-6-16 22 47 
5-9-8 38 72 
5-9-12 28 54 
5-9-16 26 54 
6-3-8 25 56 
6-3-12 30 62 
6-3-16 24 58 
6-6-8 33 78 
6-6-12 25 54 
6-6-16 18 36 
6-9-8 31 66 
6 .. 9-SR 26 65 
6-9-12 23 51 
6-9-16 17 40 

Mean value of b: .813 
Standard <llev1ation: .099 
No. test sections: 27 

Note: AC = a$phaltic concrete 
LS = c:rushed 1 i mes tone 
GR = uncrushed sandy g,rave1 

.. , . 

Computed 
Constants 
in Mo~l, 
d::j:eaL 

a b .. ·~· .. . 

1.265 .832 
1 .;611 .• 856 
1 0 80'5 .814 
1.899 .897 
2.345 .509 
1.742 .7'83 
1.317 .T96 
2.289 .. 669 
1.659 .786 
1.304 .844 
1.935 .744 
1. 586 •. 756 
1.346 .827 
1.032 ~~l28 
1 . 9()4 ·.697 
1 . 551 :717 
1. 276 • 798 
1. 032 .88'0 
1.433 .792 

.785 .963 
1.1'64 .'939 
1.~30 .840 
l.OH .756 
1. 385 .825 

.773 1.000 

.976 .869 

.513 .'93'4 

e = :base of Napi eriar1 logaritihims 
Other symbols as defined in column headings 
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Figure 10: Data from Tables 8, 9 and 10, for spring of 1959, AASHO Road Test. 
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the standard deviation of b about its own mean. For this purpos·e the 

select reg.ression computer program (~) described in the preceeding section 

was used. The results are given in Table 11. 

The error column of Table 11, derived from the spring 1959 data, and 

that of Table 5, derived for the fall 1958 data, are almost identical. When 

rounded to one decimal, al1 the errors given in Table ll, including the 

standard deviation of b about its mean value, and (as will be shown later) 

the across loops replication error, are 0.2: This statement applies equally 

well to Table 5, as was pointed out in previous diScussion. Thus, as 

in the case of the fall deflections, we are led to the conc1usion that a 

satisfactory estimate of b for the spring deflections is its mean value, b. 

It is in the values of b that Tables 5 and 11 differ sufficiently to be 

highly signific.ant (according to an analysis of variance, F = 63.2). The 

difference is visible when one compares the "all data" bar graph of Figure 9 

with the corresponding bar graph of Figure 10. This comparison can be made 

by inspecting Figure 11, where the two bar graphs have been plotted Side-by­

side. 

The values of b, rounded to one decimal, were 1.0 for the fall and 0.7 

for the spring. If the premise stated earlier in this report and illustrated 

in Figure 7 is correct (the premise being that if b~, some or all of the 

materials supporting the load have stress-dependent moduli), one must conclude 

that in the spring of 1959 there was evidence to support the concept of 

stress-dependent moduli. Not only was the average of bless than l, but also­

according to Tables 8, 9 and 10 - in only 5 cases out of the 72 studied was 

b> 1. 
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TABU ll: RESULTS OF SELECT REGRESSION OF b ON 
PAVEMENT DESIGN VARIABLES (SPRING 1959 
DEFLECTIONS, ALL LOOPS) 

O~e ct·~pendent variab~e: Shap·e factor, b . 2 2 2 N1ne 1ndependent va~nables: 01, o2, 03, o1 , o2 , 03 , 

o1 xo2, o1 x03 , o2x03 

... 

Independent Variables 
In Opt irrum Mode 1 

Prob. of Type I Error < Qc, 1 
No. in 

R2 
Standard 

Model No. Variables 

9(a ll) 2 03, o2xo3 .31 

8 2 03, o2xo3 . 31 

.. 

7 1 03, 02, o2xo3' .31 
/ 

6 4 03, 02, u, 2 o2xo3 .31 ' 

5 4 o, 2 
02, 03, 02x03 .31 ' 

4 4 D 2 
02, 03' o2xo3 .29 1 ' 

3 3 D 
2 o2xo3, 03 .27 ' l ' 

2 2 1)1 x02' o1xo3 .22 

1 1 o1 xn2 .18 

0 -
_________ _,__ 

---

*Stalfl.dard deviation of the dependent variable, b, 
about its own mean of 0.72. 
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Error 

.20 

.20 

.20 

.20 

.20 

.20 

.20 

. 21. 

. 21 

.23* 

···•. 
····-· 
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Figure 11: Mean values of band other statistics for the fall 6f 1958 
compared with similar data for the spring of 1959, AASHO 
Road Test. Data from Figures q and 11. 
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But if stress-dependent moduli did, in fact, exist during the spring 

testing period, one is led to another conclusion, namely that disruption 

of the materials - including the 36-inch embankment - by a freeze-thaw 

cycle that ended a few days before the gathering of the spring deflection 

data began, was somehow responsible for significant increases in the 

degree to which material stiffness was increased by load-induced stress. 

How this could have happened - if in fact it did- the authors are not 

prepared to say. 

To complete the description of the differences between fall and 

spring deflections it should be mentioned that the latter were much 

greater than the former. This can most easily be demonstrated by examin­

ing the response of the six designs that were common to all loops in both 

the fall and the spring, to the one load - a 12-kip single ~xle load -

that was also common to all loops in both seasons. The designs and the 

response data for each of the 18 test sections involved are given in 

Table 12. 

In Table 12 Ute across-loops mean value for each design is selected 

for further attentions rather than individual section values, because ... 

as has been emphasized previously - no data are available for explaining 

across-loop variability. The across loop means are plotted in Figure 12. 

In that figure a straight line has been drawn through the origin and the 

mean of the data, to roughly quantify the ratio of spring to fall deflec­

tions. This ratio; as indicated by the slope of the line, is 5/3, or 1.8. 

The approximate ratio 0f 1.8 was confirmed 8 years later by-Dynaflect mea­

surements made in the spring and fall of 1967 on sections of highways 

located near the site of the AAHSO Road Test. In this experiment the 
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Design 

Surface 

4 

' 

4 

5 

5 

. '. 

5 

5 

TABLE 12: COMPARISON OF FALL 1958 AND SPRING 1959 
12-KIP SINGLE AXLE LOAD DEFLECTIONS 

Thickness (in. ) Fall Defl. (mils) Spring Defl. (mils) 

Section Across-Loops Section Across-Loops 
Base Subbase Loop Values Mean Values Mean 

4 19 35 

3 12 5 27 20 40 34 

6 13 28 
. 

4 23 31 

6 12 5 24 23 32 42 

6 21 62 
~ -

4- 24 29 

3 8 5 28 23 40 40 

6 18 52 
~,.,. .... -.,..,..-,_,. __ ...,~ 

-·~--·-='"'~ -·-
4 24 28 

3 12 5 20 20 29 31 

6 15 37 .. 

4 19 30 

6 8 5 26 21 29 34 

6 19 44 
-·-·---.. -· 1---· ·"'-·""'-"""""~"'--

4 19 28 

6 12 5 21 17 24 28 

6 11 32 
-· 

Overall Average 21 35 

46 



® 
40 

DESIGN 
35 CD 4-3-12 

® 4-6-12 

@ 5-3-S 

30 ® 5-3-12 - ® fl) 5-6-8 -·-E ® 5-6-12 -z 
0 25 
t-
(.) 
L&J 
...J 
LL 
L&J 
0 20 

m 
lO 
m 

(.!) 

z 15 -0::: 
0.. 
(/) 

10 

5 

0 L-------~------~------~~------~------~ 
0 5 10 15 20 25 

EAL.L l9_5_6_PE:f~-~GI19N_J_mils) .. 
Figure 12: Twelve-kip single axle load deflections in the fall of 1958 

compared with similar deflections in the spring of 1959, 
AASHO Road Test. Data from Table 12. · 
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ratios varied from 1.7 to 2.0 on 5 out -Q;f 6 sections tested. The si-ngle 

exception was a pavement constructed on a sand fill; in t'hJs case spring 

and fall defl actions were about equa 1. The remaining 5 sections had sub­

grades described as silty clay (l, Fig,. 13-7 tblrou.gl:l f3 ... 12). 

In this chapter it remains only to document the statement mQ;de earlier 

{page 42) that the across-loop replication error inthe shape factor, b, 

for the spring 1959 load-deflection curves was ap.f!lroximately 0.2. Table 13 

is the necessary documentation. As noted at the bott-om of the table only 6 

of the original 8 designs that appeared in all loops were available in the 

spring due to the destruction of some sections by the test traffic. 

48 



TABLE 13: VALUES OF b FOR THE SIX SURVIVING 
SECTIONS COMMON TO'ALL LOOPS 
(SPRING 1959 DEFLECTIONS) 

Design Thickness (in.) 

Design 
No., i Surface Base Subbase 

1 4 3 12 

2 4 6 12 

3 5 3 8 

4 5 3 12 

5 5 6 8 

6 5 6 12 

Across-Loop repli catio11 error = 0.199 
(Computed from Equation 10) 

Mean value of b:: 0.745 
Standard Deviation (18 values) = 0.208 

b 

Loop 4 Loop-5 

0.450 1.028 

0.629 0.715 

1.028 0.650 

0.620 0.807 

0.450 1.083 

0.329 0.934 

Note: Spring deflection data from only 6 of the original 
8 designs com100n to all loops were available due 
to destruction of sections by test traffic. 
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Loop 6 

0.832 

0.897 

0.669 

0.786 

0.744 

0.756 



4. ENVIRONMENTAL EFFECTS AT THE TTI PAVEMENT TEST FACILITY 

Discussed in the preceeding chapter were certain effects of local 

weather on the magnitude of pavement deflections and the shape of load­

deflection curves at the AASHO Road Test. It was assumed t.hqt these effects 

were caused by a disturbance of the structure of the load-bearing materials 

by deep frost penetration and subsequent thawing, and that im~diate1y 

following the spring thaw linear elasticity w:as not applicable, even when 

replication error was considered. 

Entrapment of Water in The TTI Facility 

. A disturbance of some of the construction materials is known to have 

also occurred at the TTI Pavement Test Facility, but by a different mechanism, 

namely, the unforseen entrance of large quantities of water into the embank­

ment materi·als, followed by the removal of a portion of the water by installa­

tion of a drainage system. The resulting changes, if any, in the shapes of 

load-deflection curves were not measured, but there can be no doubt, as will 

be shown, that radical changes from the "as-built" condition did occur in 

some of the materials. In view of their possible bearing on the applica­

bility of linear elasticity to the Study 136 data, these changes, and their 

effect on surface deflections, are described in this chapter in considerable 

detail. 

Materials and Test Section De?ign~ 

The materials composing the 460 1 
X 50 1 

X 53" main facility, a statis­

tically designed experiment, are described briefly in Table 14. The design 

thickness of the materials, and their vertical position in the structure of 

each test section, are given in Table 15. As indicated in Figure 1 of the 
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TABLE 14: MATERIALS USED IN EMBANKMENT, SUBBASE, BASE 
AND SURFACING OF TEST SECTIONS 

Abbreviation Unified Texas 
Used In AASHO Soi 1 Triaxial 

Description Table 15 Class Class Class 

Plastic Clay PC A-7-6(20} CH 5.0 

Sandy Clay sc A-2-6(1) sc 4.0 

Sandy Gravel GR A-1-6 sw 3.6 

Crushed Limestone LS A-1-a GS..;GM 1 . 7 

Crushed Limestone LS+L A-1-a GW-GM 1.0 + 2% Lime 

Crushed Limestone LS+C A-1-a GW-GM 1.0 + 4% Cement 

Hot Mix Asphalt AC Concrete 

*By Texas triaxial procedure, at a lateral pressure of 5 psi . 

Compressive 
Strength 

(psi}* 

22 . 

40 

43 

165 

430 

:2270 

Note: The natural material below the embankments was plastic clay 
similar tq that described above, changing to a denser clay at 
a depth of about 90 inches below the surface of the pavement. 
The dense clay is abbreviated DC; its prbperties were not 
determined in the laboratory. 
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TABLE 15: TEST SECTION D>ESIGNS, MAIN FACILITY 

Thickness (In.) Material Type (see also Table 14) 

Sec. Surf. Base Subb. Emb. Surf. < Base Sub b. Emb. _ 

1 5 4 4 40 AC LS+C • LS PC 

2 1 12 4 36 AC LS+C · LS PC 

3 1 4 12 36 AC LS+C LS PC 

4 5 12 12 24 AC LS+C LS PC 

5 5 4 4 40 AC LS LS+C . PC -
6 1 12 4 36 AC LS LS+C PC 

7 l 4 12 36 AC LS LS+C PC 

8 5 12 12 24 AC LS LS+C PC 

9 5 4 4 40 AC LS LS GR 

10 1 12 4 36 AC LS LS GR 

11 1 4 12 36 AC LS LS GR 

12 5 12 12 24 AC LS LS GR 

13 5 4 4 40 AC LS+C LS+C GR 

14 1 12 4 36 AC LS+C LS+C GR 

15 1 4 12 36 AC LS+C LS+C GR 

16 5 12 12 24 AC LS+C LS+C GR 

17 3 8 8 34 AC LS+L LS+L sc 
18 1 8 8 36 AC LS+L LS+L sc 
19 5 8 8 32 AC LS+L LS+L sc 
20 3 4 8 38 AC LS+L LS+L sc 
21 3 12 8 30 AC LS+L LS+L sc 
24 3 8 8 34 AC LS LS+L · sc 
25 3 8 8 34 AC LS+C LS+L sc 
26 3 8 8 34 AC LS+L LS sc 
27 3 8 8 34 AC LS+L LS+C. sc 
28 3 8 8 34 AC LS+L LS+L. PC 

29 3 8 8 34 AC LS+L LS+L. GR 
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introductory chapter, three embankments were built side by side, and the 

entire main facility was enveloped in an asphalt membrane intended to main­

tain the as-built moisture content. 

The protective membranes at the ends of the facility were installed 

after construction of the end ramps by digging a transverse ditch at each 

end, spraying its inner wall with liquid asphalt, and then backfilling. 

Since the ditch walls were vertical, these menbranes were thinner than 

desired, and may have been disturbed by the backfilling operation, permitting 

the entrance of water. In any event, watet did entet the embankments some­

how, as evidenced by the following series of events. 

Events Prior to Collection of Study 136 Data 

The test facility was constructed in the spring and summer of 1965 

(~, p. 3). In 1966, during the period from March 9 to March 14, inclusive, 

Dynaflect deflections were taken at six locations on each of the 27 test 

sections, and the results averaged to represent the deflection basins of the 

section (~~ p. 13). At that time there were no outward signs that moisture 

changes had occurred in any of the materials encased in the membrane. But 

on the other hand, no sarrples were taken, and there is no guarantee that 

water had not already entered the facility when the 1966 deflection tests 

were made seven months after construction. 

However, about a year later it was discovered that wide, longitudinal 

cracks had penetrated through the surface, base and subbase of several of 

the nine test sections constructed on the plastic clay embankment. These 

were sealed soon after their discovery, but new cracks, some of which were 

transverse, subsequently appeared and these, too, were sealed. In addition, 

cracks paralleling the pavement edge on the plastic clay e!Tbankment side 
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appeared in the shoulder for nearly tt;le entire length of the 460 ft. facility,· 

and a few cracks ()ccurred in sections constructed over the sandy gravel and 

sandy clay embank~nts, though the latter cracking was 1a$S severe than that 

associated with the plastic clay emb(}nkrrent. 

Eventually the appearcHlce of new cracks se~med to have ceased~ and in 

the early fall of 1971 preparations were made for measuring displace~mnts 

within the horly of the facility as a part of Resear~h Stud_y 13.6. The work 

plan required that 1 3/4'·• .,. diaJOOter vertical h.oles be drilled co,mpletely 

through tl'le faci 1 ity and 12 inches into the foundation ben~th the embq.nk­

ments. Many of the holes collapsed before the desired depth could be reached, 

and free water could be seen flowing into SfJJne Qf.them. It quickly beca~ 

apparent that free wate.r was entrapped. in th.e two pervious eni>ankllJi!nts and. 

that the plastic clay embankment was lll.lch wetter than at tln.e titre of cunstruc­

tion. 

Installation of Drainage System 

As a result of the discovery of entrapped water, the measurements 

program was temporarily halted and a drainag,e system, designed by D·r. 

Robert l. lytton, was installed irt the fall of 19.71 {10). lateral drains 

(3 in. - diameter slotted plastic pip.es) were laid just nelo,w the bottom of 

the sandy gravel and sancly cloY embankments. Surrounded b;Y a g.raded filter 

that penetrated upward th,rough tll.e asphalt membrane, the 1 atera 1 drains 

carried water from the two relatively permeable e.mbankments to a longitudinal 

pipe and thence to a nia.n hole c1Hld storm sewer near the north . .,..west corner of 

the facility. Plan and cross-section views of the system are sho.wn in 

Figure 13. 
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During construction of the drainage system in August and September 

1971, a considerable aroount of clear water drained out of the facility, 

but flow rate measurements could not be made until after installation was 

complete. During the first 40 days (October 10- November 20, 1971) after 

completion, it was observed that clear water flowed, into the manhole at 

rates varying from about 100 to 1200 ga 11 ons per day, apparently depending 

upon current rainfall intensity. From late 1971 to May, 1974, 

inspections made at random i11tervals have indi'cated that water continues 

to drain from the faci 1 ity. A measurement made on June 17, 197 4 indicated 

a rate of flow of 60 gallons per day. Evidently water is still entering. 

the facility, the so.urce, as previously mentioned, possibly being rain 

water somehow making its way through defective membranes at the north and/ 

o·r south ends. 

Volume Changes 

Whatever the source of the water, its effect on the c 1 ay embankment 

was observable over 2 l/2 years after the drainage system had been installed. 

Surface elevations measured at the center point of each test section on May 

3, 1974, showed. that points over the clay embankment were consistently higher 

(0.14 ft. or 1.7 in. on the average) than those on the sandy clay embank­

ment, although the construction plans called forall 18 p,oints (9 on each 

of the two outer embankments) to be built to the same elevation. 

Individual elevations, the meal'! elevation, the standard deviation, 

and the observed range of elevations measured over each embankment are given 

in Table 16. The last column shows s·imilar statistics for the difference 

between the points over the two outer embankments. An analysis of variance 

i 'l<iicated that the probability that the mean elevation of the plastic clay 
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TABLE 16: RELATIVE ELEVATIONS TAKEN MAY 3, 1974 ON A&M PAVEMENT TEST 
FACILITY SHOWING SWELLING OF.CLAY EMBANKMENT SINCE CONSTRUC-
TION IN SUMMER OF 1965. -

Swe 11 (ft. )-* 
Test Line A Line B Line C of Clay Enb. 

Sections (17' Left) (C. L. of Facility) (17 I Right) (Line A 
Station (Left to Right) Plastic Clay Gravel Sandy Clay -Line C ) 

0+30 

0+80 

1+30 

1+80 

2+30 

2+80 

3+30 

3+80 

4+30 

2, 10, 18 

3, 11, 20 

6, 14, 19 

7, 15, 21 

5, 13, 17 

1 ' 16, 24 

4, 12, 26 

8, 9, 27 

28' 29, 25 

Mean elevation 
Standard Deviation 
Range 

6.05 

6.05 

5.97 

6.07 

5.96 

5.99 

5.99 

5.99 

5.97 

6.00 
0.04 

5.96-6.07 

6.22 

6.19 

6.20 

6.17 

6.20 

6.20 

6.19 

6.19 

6.24 

6.20 
0.02 

6.17-6.24 

5.90 

5.89 

5.91 

5.93 

5.90 

5.80 
·' 

5.81 

5.78 

5.85 

5.86 
0.05 

5.78-5.90 

0.15 

0.16 

0.06 

0.14 

0.06 

0.19 

0.18 

0.21 

0.12 

0.14 
0.05 

0.06-0.21 

Note: Each elevation shown in body of table w~s taken on the surface rif 
the pavement at the central point of a test section. Station 0+00 
is at north end of Main Facility and elevation zero is axis of · 
drain pipeoutfall in manhole. · 

* - Assumed 

57 



embankment differ.red from thQ.t of the sandy clay embankment through pure 

chance, was negligible (F=38.3). 

While the plastic clay embankment underwent a volume increase that 

persists to this date, the water entrapped in the sandy gravel and sandy 

clay embankments apparently had no effect on their volume,as evidenced by 

the information given below. 

The pavements wer.e built with a transverse grade of -2% each way from 

the center-1 ine of the facility, which was also the center-1 i ne of the 

gravel embankment. Thus, in the 17 feet from the center-line of the gravel 

embankment (line Bin Table 16) to the center-line of the sandy clay embank­

ment (line C in Table 16) there was, at the time of construction, an average 

change in elevation of about -.02 x 17 = -0.34 ft. According to Table 16, 

eight years after construction, and in spite of water entrapment and subse­

quent partial drainage, the mean difference between line C and line B 

elevations was precisely -0.34 ft., as required by the original plans. We 

conclude that these two structures, (the sandy clay and the sandy gravel 

embankments), and the foundation beneath them, probably did not change in 

volume by any significant atrount fror.1 the fall of 1965 to May 1974. 

Probable Causes of Longitudinal Cracking 

After the rolling of the test sections just prior to the 1966 deflectio.n 

testing, only light test vehicles have travelled the pavements, and these 

only at infrequent intervals~ As a result it seems practically certain that 

after March 1966, the asphaltic concrete surfacing, lacking the kneading 

action of regular traffic to keep it ualive", gradually became brittle and 

subject to cracking as the result of any differential vertical ffiQVeroonts 

that might have occurred in the materlal beneath. it. Differential vertical 

roovements are believed to have occurred in the plastic clay embankment. 
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Th~ conclusion thqt ver~ical differential move.ments did occur in the 

plastic cl;ay emban~ment d4ring its period of expansion rests on th~ reason­

able assumption thqt spati&l variati.o~s in the time rate a"f expansion nust 

have existed throu~hout th.e ma.s~ of 'th,e plastic clay duri_nfil tbe ~xpansion 

period, producing eistor1dqn~ in the- s_hape o.f the t:c1p surfa.ce of the embank­

ment and leading eventually to the crac-king. qbserved in th~. Qv.erlying subbase, 

bas.e and surfacing. 

Another phenomennn .th~t rru~t ha.v.·e· contri.bute.d. ~o the· l.~~itudinaJ 

crackin.g was the, tendency of the plastic clay e;~ti;>ankment t<i); expand outward, 

towa-rd the adjacent shoulde-r; and side slope. (Movement in \he opposite 

direction would have b~en parti;!l}ly if not corrpletely blo,c~£t><t b_y the greater 

nass of sandy gravel and s-andy Glay). The tensile s,;,tresses i!n the overlying 

materials, indJ,Jced by lateral mo·ti-on of the swelli.ng; clay e.!Tlb~nkment on which 

they 1 ay, ~rust have Gontrtbuted to. the wtde opening, of the de,eg longi tudina 1 

cracks first observed. 

Distribution of CrackinR 

The d i stri buti on, a;s of March 1974, of surface .. cracking·. throughout the 

460 ft. x 50 ft. nl(lin facility, i:s shown schematically in Figu~e 14. The 

diagram indicates whethf:}.r vi,sH>le crack,ing hi:ld, Q.r had not, occurred within 

each of. four types of are(ls,: (1} a 12 ft. x. 40 f·t. test section, SUTfaced 

with- asphaltic concrete; (2}: a 1:0 ft. x 12 ft. lon:!litudinal transiti.on 

betw~en two sections, also sw:-.fae,~d. with asphaltic concr~t~~ (3} a 5 ft. x 

40 ft. surface-trea:ted tra:nsve~-se,, transiti'.on· betwe-en two s·ectJons; and 
. _,_ ~ ~ 

(4) a 2 ft. x 40 ft. surface, trf:}ated shoulder adjacent to a s,ection. 

The frequency of cr&cking wtthi n the fo~.r a:rea types def'ined in the 

preceeding paragraph is giv.en in Table 17, principally for the pu.rpose of 
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Figure 14: Schematic plan view of TTI Pavement Test Facility showing 
location of cracking. 
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TABLE 17: CRACKING WITHIN AND BETWEEN SECTIONS, BETWEEN 
EMBANKMENTS, AND IN SHOULDERS (MARCH 1972) 

Frequency of Cracking 

lype of PC and GR GR and sc' 
Area PC Emb. Errb. GR Errt>. Emb. 

Test Section .67 --- .22 ---
Long. Transition .50 --- . 10 ---
Trans. Transition --- .67 --- .40 

Shoulder .89 --- --- ---
"foi< .. ,,.,.~ ·w.~t f.<.-· 

Embankment .68 .16 
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comparing cracking associated with the expansive clay embankment with that 

associated with the two embankments composed of non-expansive materials. 

The frequency of cracking was calculated from Figure 14 simply by counting 

the nurrber of black circles occurring within a selected area type, and 

dividing the result by the total number of areas of the given type. Thus, 

a frequency of 1.0 for a given area type would mean that every area of that 

type exhibited some cracking. As will be readily apparent from examination 

of Table 17, each frequency calculation was confined to an area type on a 

specified embankment, except in the case of transverse transition areas. In 

the latter case, the areas lay over two adjacent embankments, as indicated 

in the table. 

To clarify the method of frequency determination, a sample calculation 

follows: according to Figure 14, there are 9 test sections on the plastic 

clay embankment, of which 6 contain a black circle indicating cracking; 

hence, 6/9, or 0.67 is the frequency of occurrence of cracking within sections 

on the plastic clay embankment. This result appears in the upper left corner 

of Table 17. 

The first four lines of data in Table 17 show that cracking frequency 

was greatest in each of the previously defined area types where these areas 

occurred over the swelling-clay embankment. 

The frequency of cracking within embankments (which includes cracking 

within sections, within longitudinal transitions, and-for the two outer 

embankments - within shoulders as well) appears in the last line of Table 17. 

It shows that the frequency of cracking of materials on the plastic clay 

embankment exceeded that of materials on the other two by a factor of 3 or 4. 
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Bearing in mind that this difference in behavior occurred practically in 

the absence of traffic, that nearly all the cracking was longitudinal, and 

that the plastic clay embankment underwent a si gnjficant increase in volume, 

·there is at least an inference that the swelling of clay subgrades on 

regular highways may contribute to the formation of longitudinal cracks. 

A mathematica 1 study of the mechanism involved i13 beyond the scope of this 

report, but it is recommended that such a study be made. 

Before terminating the discussion of crack distribution, it should be 

pointed out that the cracking frequency in the north half of the facility 

was roore than twice that in the south half, as may be verified by inspection 

of Figure 14. This fact may be an indication that water entered the facility 

at its north end. 

Changes of Material Stiffness with Time 

Mentioned earlier in this chapter was a series of surface deflections 

measured by the Dynaflect in March 1966, on each of the 27 test sections 

composing the main facility (1, p. 15-17). On the same sections, both sur­

face and internal displacements induced by the Dynaflect were measured in 

the period from mid-November 1971 to 1 ate March 1972; these measurements 

will be referred to hereafter as "Replication A'' data. A similar set of 

measurements, hereafter called "Replication B" data, was taken in the period 

from early June to late December 1972. Thus, it is possible, and even 

necessary to the proper documentation of this report, to compare the maximum 

surface deflection (i.e., the vertical displacement measured between the 

load wheels of the Dynaflect) on three (averaged) dates: March 1966, 

February 1972, and July 1972. 
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The comparison is presented graphically in Figure 15, wherein data from 

the nine test sections on each embankment have arbitrarily been arranged 

from left to right in descending order of their March 1966 deflection. 

(To assist the reader in interpreting this figure, it is pointed out that 

the vertical scale of the graph at the top of the figure is double that of 

the other two, while the three hori zonta 1 sea 1 es are the same). 

For sections on the plastic clay embankment, it can be seen in Figure 15 

that Replication B deflections, in 8 out of 9 cases, were less than the 

Replication A deflections measured earlier in the year, while for sections 

on the other two embankments the differences between the two sets of 1972 

data appear to be somewhat random, with the glaring exception of 3 of the 9 

sections on the sandy gravel embankment. 

Also apparent in Figure 15 is the fact that the deflections measured 

in 1972 on sections constructed on the plastic and sandy clay embankments 

were, with few exceptions, smaller than those measured approximately six 

years earlier (1966), while the 6-year differences in the case of sections 

on the sandy gravel embankment apparently were random. 

That the 1972 maxirrum surface deflections were, in the main, smaller 
. . 

for the two finer grained embankments is shown oore clearly in Figure 16, 

where Replication A and B data have been averaged and plotted as a single 

dashed line. It is equally clear from this figure that, with one exception, 

the nine sections on the sandy gravel embankment deflected (on the average) 

about the same amount in 1972 as they did six years earlier. 

Values of the differences in deflections visible in Figures 15 and 16 

are tabulated in Tables 18 and 19, respectively. A negative sign in the 
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Data 
Set 

1 

2 

3 

TABLE 18: SHORT-TERM CHANGES IN 'MAXIMUM SURFACE 
DEFLECTION AS A FUNCTION OF TIME AND 
EMBANKMENT MATERIAL . 

Algebraic Difference 

Embankment Test 
Material Section 

PC 1 
2 
3 
4 
5 
6 
7 
8 

28 
Mean 

sc 17 
18 
19 
20 
21 
24 
25 
26 
27 

Mean 

GR 9 
10 
ll 
12 
13 
14 
15 
16 
29 

Mean 

Overall Mean 
Overa 11 Range 

From 
To 

. 

Date Tested 

Rep. A Rep. B 

2-28-72 8- 9-72 
11-16-71 8-11-72 
3- 9-72 8-11-72 
3- 3-72 8- 8-72 

ll-30-71 8- 9-72 
11-18-71 8-10-72 
3- 8-72 8-10-72 

12-13-71 8- 7-72 
12-20-71 7-21-72 
1-12-72 8- 7-72 

1-21-72 6- 5-72 
2- 9-72 6-18-72 
2- 8-72 6-29-72 
2-10-72 6-16-72 
1-25-72 . 7- 3-72 
1-20-72 6:.. 6-72 
3-10-72 7-20-72 
1-17-72 7- 7-72 
1-13-72 7-12-72 
2- 1-72 6-25-72 

3-30-72 9-25-72 
3-23-72 8-14-72 
3-22-72 8-14-72 
3-29-72 9-22-72 
3-16-72 8-22-72 
3-21-72 8-21-72 
3-17-72 8-21-72. 
3-29-72 8-22-72 
1-12-72 7-14-72 
3-15-72 8-23-72 

2- 8-72 7-29-72 

11-]6-71 6- 5-72 
3-30-72 9-25-72 
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(Rep. B - Rep. A) 

Time(days) 

163 
270 
155 
158 
254 
267 
155 
239 
215 
208 

136 
130 
142 
127 
160 
138 
132 
172 
181 
146 

179 
144 
145 
177 
159 
153 
157 
146 
1~4 

161 

172 

127 
270 

Def1. (mils) 

-.14 
-.05 
-.40 
-.12 
-.18 
-.27 
-.12 
-.06 
.. on 
-.15 

-.10 
-.18 
+.03 
+.14 
-.07 
+.05 
+.06 
+. 12 
+.02 
+.01 

-.02 
-.33 
-.22 
-.26 
+.08 
+.04 
-.03 
-.04 
-.03 
-.09 

-.08 

-.40 
+.14 



TABLE 19: SIX-YEAR CHANGES IN MAXIMUM SURFACE DEFLECTIONS 
AS A FUNCTION OF EMBANKMENT MATERIAL 

Date Embankment Test Change In 
Set Material- Section Def1. (mi 1 s} _ 

-

l PC 1 -. 77 
2 -.10 
3 -.09 
4 -.10 
5 +.04 
6 -.30 
7 -.27 
8 -.23 

28 -.57 

Mean -.26 

2 sc 17 -.23 
18 -.23 
19 -.34 
20 -.19 
21 -.22 
24 -.15 
25 -.13 
26 -.10 
27 -.33 

Mean -.21 

3 GR 9 -. 01 
10 +.0'5 
11 +.04 
12 -.06 
13 +.03 
14 -.05 
15 .00 
16 -.04 
29 -.24 

Mean -.03 
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last column of either table denotes a decrease in deflection with time, 

while a positive sign indicates an increase. 

In Table 18, as in Figure 15, there may be noted a rather consistent 

decrease during 1972 that is associated with the plastic clay embankment, 

a tendency toward no change associated with the. sandy clay embankment, and 

an apparent decrease associated with the sandy gravel embankment. However, 

in the last case, as already mentioned in the discussion of Figure 15, only 

three sections (10, 11 and 12) of the nine sections on the sandy gravel 

embankment exhibited a significant decrease in deflection: in fact, the 

changes of the remaining !ix sections were small, and their net change was 

ni 1. 

Two other significant features of the 1972 testing program are brought 

out by the testing dates displayed in Table 18, the fir.st being the long 

time required to complete each of the two sets of replicate measurements, 

and the second being the considerable variability in the elapsed time 

between replicate measurements given in the next to last column of the table. 

As shown in the last line of this column, the time between two replicate 

measurements on a section ranged from 127 to 270 days, while there was a 

·lapse of 67 days (March 30 to June 5) between 'the last Replication A mea­

surement and the first Replication B measurement. The mean times of the 

two sets of measurements differed by 172 days. Thus, the replication error, 

an important decision criterion to be used in judging the applicability of 

linear elasticity later in this report, lumps together not only measurement 

error and spatial variability in material properties, but also temporal 

vari abi 1 i ty as well. 
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In Table 19, which presents long-range changes, each number in the 

column, 11 Change·in Deflection (mils) 11
, was computed for the indicated 

section by subtracting the mean value of Replication A and B measurements, 

from the March, 1966 deflection (itself the mean of 6 observations}: thus, 

as in Table 18, a negative sign in Table 19 denotes a decrease in deflection 

occurring over a period of time. 

The average 6-year change in deflection associated with each embankment 

shown in Table 19 was compared with the average for each of the other two 

embankments by performing analyses of variance. Results are shown below. 

Probability, P, that 
Mean Deflection Changes 

Embankments F are NOT Different 

PC and SC 0.34 p > 0.500 

PC and GR 6.70 p < 0.025 

SC and GR 20.56 p < 0. 001 

Thus, even when variations within each of the three sets of data given in 

Table 19 are considered, it may be concluded with little risk, that the 

average stiffness of the plastic clay and sandy clay embankments increased 

by approximately the same amount between 1966 and 1972, while the average 

change in stiffness of the sandy gravel was significantly less than that 

of the other finer grained materials, being practically zero. 

It is believed that the clearer distinction between the deflection 

behavior of the three groups of pavements achieved after averaging the 

Replication A and B data, resulted from "averaging out 11 the temporal com­

ponent of the replication error. 
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If the character of the embankrmnt matel"'ial is disregard.ed, the 1966 

and 1972 maxi·rttUll' deflections can be co~alt"ed section-by-section on a s5ngJ e 

plot, as shown in Figure rr. When the earlier deflections are used to· 

predict the later ones,. U're fanowfng eq~atio'n, obtained by simple linear 

regression, results: 

y = O.Otl24 + 0.7848x ( 14) 

where x = the avera·.ge tf six observati.ong; made h1 1966, and 

y = theaverage·e.f two o'hservations made in 1972. 

The squared· correlatiol\1 c.oefficient, R2, was- 0:·.66 and the standard error, 

a, was 0. 14. The cons~ant terrtJ.~ 0. 0024, i:s. obviously not s.i gni ficantly 

different fr0im zero, sO: that the equation may be written as follows: 

y = 0. 7 8 5 x ( 14a } 

with ne§ligibre· cl!lange· in the preGHcted value. Thus, we· conclude tbat when 

the type of emba•nkment material is igno·r·ed, the· average 1-972 deflectioms 

were approxi'mate-ly 78% of the 1966 deflecti-ons. Why? 

Possible Expla-nation .of Changes of Deflection with Tirre 

The question can be narrowed, accordi:ng to the p·revious discussion of 

Figure 16 and Table 19', to· include .only s,ections on the plasttc clay a.nd 

sandy clay enb~nKmeflts, since the average 6-year stiffness change of the 

gravel embankme'l'lt was near zero. Why, then, did the finer grained embankment 

materials sti'ffen, while the g.ravel embank~TEnt did not? The authors cannot 

be sure of th~ answer, because the materials were not examined in 1966, but 

if water had entered the faci 1 ity between completion of construction in 

August, 1965, and the beginning of the first deflection measurements program 

in March 1966, an answer to the question posed above is possible. The increase. 

in stiffness observed in 1972 may have been caused by the rapid drainage of 

the facility just before the 1972 measurements program began, which could 
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have resulted in a sudden stiffness increase in both of the fine'r grained 

embankments, similar to the quick increase in shear strength of an earth 

dam resulting from a "rapid drawdown". This sudden stiffness increase was 

followed by a further, gradual increase in the case of the plastic clay ma­

terial during the long 1972 testing period. Such a sequence of events could 

explain the deflection betlavior displayed in Figures 15 and 16. 

Remaining to be answered is the question: if free water were present 

in March, 1966, in the previous embankments, and had already softened the 

plastic clay embankment, why had the swelling of this embankment not produced 

visible cracking in March, 1966? The authors can only surmise that cracking 

had begun in the subbase, and perhaps also in the base, but had not·yet pene­

trated the surfacing material which, as previously mentioned, was an 

unusually 11 tender 11 mix that had been rolled just prior to the start of the 

1966 testing program. Such a mix could 'have yielded to larger lateral 

strains without cracking than a harder mix: furthermore, if cracking were 

present at the bottom of the mat~ the rolling could have closed them. Later, 

after sufficient exposure to air and actinic radiation from the sun had 

hardened the asphalt binder, and after some further shifting of the plastic 

clay embankment had presumably further increased the width of cracks in the 

underlying subbase and base, the longitudinal cracking of the surfacing 

material occurred. 

The theory that excess water was present in the embankments as of March, 

1966, requires that an ample supply of water was available from rainfall in 

the months of September, 1965, through February, 1966, i.e., in the peri ad 

following completion of construction to the beginning of the 1966 testing. 
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Weather records show that 30.6 inches of rain fell fn the vicinity of the 

pavement testing facility during this 6-roonth period, as opposed to a normal 

rainfall of 18.2 inches for the same period. Thus, actual rainfall was 

12.4 inches, or 69% , above normal. Near!Dy roadway drainage ditches across 

the north end and along the east edge of the facility could have been a 

major source of the water that, according to the theory proposed above, 

entered the gravel embankrrent, which then served as an aquafer to carry 

water to the adjacent materials. 

An alternate theory might be advanced, namely, that the measurements 

system read deflections that were too high in 1966, or too low in 1972, 

through an error in calibration. This explanation seems to be ruled out 

by the fact that 8 of the 9 sections on the embank~nt composed of sandy 

gravel - the one embankment material that would be least affected by water -

had average cteflections in 1972 that were nearly the same as in 1966. This , 

is clearly demonstrated in Figure 17, where 8 of the 9 circled points appear 

to cluster about the line of equality drawn on the graph. 
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5. LINEAR ELASTICITY APPLIED TO STUDY 136 DISPLACEMENT DATA 

Before launching an attack upon the problem. of how to analyze the dis­

placement data of Study 136 in the context of linear elasticity, it seems 

pertinent to review briefly the background information previously presented. 

Summary of Background ·Information 

In preceeding chapters the specially developed measurement system and the 

Dynaflect loading method used in Study 136 were described. An argument based 

on published data was presented with the intention of showing that the vibrating, 

1,000-lb. peak-to-peak Dynaflect load was equivalent to a fast-moving wheel load 

of 1000 pounds dead weight. a result suggesting that the supporting materials 

must have possessed visco-elastic rather than linear-elastic properties, or that 

the effect of inertia on the deflections was greater than is usually assumed. 

The rejection of linear elasticity in favor of visco-elasticity and/or non-lin­

ear elasticity by a number of pavement researchers, was reported. In favor of 

the use of linear elasticity, special analyses of AASHO Road Test published 

data were presented which indicated that in full scale experiments, pavement 

surface deflections can be regarded as directly proportional to load if repli­

cation error is accur~tely known, if this error is !JSed as a practical decision 

criterion, and if the materials have not recently been subjected to the disrup­

tive action of a severe freeze-thaw cycle. 

Also reported were disruptive forces acting on the materials in the TTI 

Pavement Test Facility-:.as evidenced by the following series of events: the 

early discovery of longitudinal cracking, the later discovery of free water in 

the more pervious materials, the swelling of the plastic clay embankment re­

sulting from the pres!;!nce of the free water, and the subsequent drainage of 

the facility prior to collection of the Study 136 d~ta. Based in part on these 

events, a theory was proposed (with some misgivings because of lack of certain 
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essential data) intended to explain, certain large discrepancies between sur­

face deflections measured on the TTI facility in 1966 and those measured in 

1972. Because some of these 1972 surface deflections form a small but impor~ 

tant subset of the displacement data to be analyzed in this chapter, the 

discrep>ahcies noted above--as well as the post-construction changes in the 

materials--seemed to point toward failure of linear elasticity as a model. 

Such, however, was not the case, at least in the opinion of the authors. 

Decisions Required Prior to Anal~sis 

The following decisions had to be made prior to performing the analysis. 

l. 'Selection of a Decision Criterion For Acceptance or Rejection of the 

Model: As stated in the introductory chapter, replication error was selected 

to define the allowable prediction error of the model. 

2. Choice of Type of Data (Rep. A, Rep. B, or The Mean of The Replicated 

Measurements}: It was decided to use the mean of the Replication A and Repli­

cation B data for the analysis. This decision automatically required that the 

replication error at a point be defined as one-half the algebraic difference 

between the values measured in the Replication A and the Replication B measure­

ment programs. 

The use of the mean of replicate measurements of the displacements, u and w, 

also led to use of the mean of replicate measurements of layer thickness, rather 

than the planned thickness. 

3. Choice of Data Points: Data points selected were located at the inter­

faces (excepting the interface at 90 11 between the plastic and the dense clay 

where measurements were not available), and in addition within the embankment 

at z=41 in., and within the plastic clay foundation at z=65 in. The r coordi­

nates were 10 in., 26 in., and 49 in. Figure 5 shows a typical grid of data 

points (page 10). 
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4. Choice of the Dependent Variable (u or w): A prior study of the dis­

placements indicated that measurements of w were latger and more reliable than 

measurements of u {p.29, Ref. 3). It was therefore decided to use the prediction 

error in w, rather than u, as the error to be minimized, although prediction 

errors in both variables would be used in making the decision to accept or re­

ject linear elasticity as a model. 

5. Choice of Layered System Computer Program: While a number of 1 inear 

elastic layered system computer programs were available, the authors' familiar­

ity with and confidence in BISTRO* led to the use of this program in the ana­

lysis (ll). 

6. Choice of Poisson's Ratio: Poisson•s ratio was taken as 0.40 for the 

plastic clay {PC), the dense clay (DC), and the sandy clay (SC), and as 0.25 

for the· remaining five materials (AC, LS, LS+Lg LS+C, and GR) •. 

7. Choice of Trial Values of Moduli: The analysis plan, an iterative 

process, required initial estimates of the moduli of eight materials. Estimates 

were made on the basis of past experience in the use of the Dynaflect for es­

timating the moduli of similar materials in two-layer systems (!l),and on the 

advice of Mr. Gilbert Swift, who had previously made estimates of the moduli of 

the materials in the test facility. It is reiterated her·e that these were , 

dynamic moduli of materials in situ, and were greater than would be!measured 

by some current laboratory procedures. 

8. Selection of Sections: The following restrictions were placed on the 

choice of sections. 

a. Th~ number of sections had to be limited to a fraction of the 27 

available in the statistically designed experiment, for reasons of 

economy already given. Seven were selected. 

* - Koninklijke/Shell-Laboratorium, Amsterdam. 
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b. Among the seven designs selected, each of the seven compacted 

materials above the natural foundation had to appear at least twice 

(i.e., in two different sections) so that the expected spatial vari­

ation in the properties of each material could contribute to the pre­

diction error of the model. Otherwise there would exist the possi­

bility of bias in favor of the model. 

c. The seven designs had to be capable of being placed in an ordered 

array, such that any design in the array, except the first, contained 

at the most two materials not previously appearing in the array. This 

requirement would permit temporary values of the moduli of the first 

design to be established by iteration. These values could then be 

carried forward to the second design, the analysis of which would re-

quire only one iteration if the materials were the same as those in 

the first design, or a relatively few iterations if the second design 

contained one or two new materials. By the same token, it would be 

possible to pass from the second to the third design, etc., uritil all 

seven designs had been processed. Precise details of the analysis plan 

will be presented later. 

d. Finally; the seven selected sections had to have replication errors 
( 

covering approximately the range observed on the full experiment of 27 

sections. This restriction would prevent the inadvertant selection of 

a decisicin criterion that was either unduly restrictive or unrealisti-

cally liberal. 

Treatment of Thin Surfacing La,yers 

Seven sections meeting the above-mentione.d.requirements, their planned 

designs, and the order in which they were arranged for analysis, are shown in 

Table 20. Indicated by foot-note in that table is the fact that in the case 
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Table 20: Design Data and Order in Which Ana lyses Were Performed 

Layer Identification and-Design Data 

Section Index, j - 1* 2 3 4* 5* 6* 7 

Section Number 3 1 5 14 15 18 27 

Materials: 1 AC AC AC AC AC AC AC 

2 LS+C LS+C LS LS+C LS+C LS+L LS+L 

3 LS LS LS+C GR GR sc LS+C 

4 PC PC PC PC PC PC sc 

5 DC DC DC DC DC DC PC 

6 DC 

Design 1 1 5 5 1 1 1 ~ 
Thickness (in.): 

2 4 4 4 16 16 16 8 

3 12 4 4 36 36 36 8 

4 73 77 77 37 37 37 34 

5 CD CD CD CD CD CD 37 

6 CD 

No. New Materials: 4 1 0 1 0 2 0 

No. Iterations, 15 t Run 1 1 1 2 1 1 1 

No. Iterations, 2nd Run 1 1 1 1 1 1 1 

* - Layers 1 and 2 were treated as a single material in this section. The 
modulus found for the combination was assigned to the material in the 
second layer (LS+C or LS+L}. See text for explanation. 
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of a section having a design thickness of only one inch of asphaltic concrete 

surfacing, the thickness of the surfacing was added to that of the material 

beneath it, and the combined thickness was treated as a single material in the 

analysis. In each such case ( j=l, 4, 5 and 6), the composite modulus of the 

two materials was assigned to the underlying material, which was from 4 to 16 

times as thick as the asphaltic concrete. The decision to combine layers was 

based on past studies which indicated that modular values of thin surfacing 

layers could be only vaguely estimated from Dynaflect data. 

With sections h?ving a one-inch surfacing eliminated, only sections with 

3-in. and 5-in. surfacings (j=2, 3 and 7 in Table 20) remained for estimating 

a modulus for asphaltic concrete. 

(The data shown in the last two lines of Table 20 will be discussed in 

connection with the detailed analysis plan and the results.) 

S~bols Appearing in Analysis Plan 

Symbols used in the analysis plan are defined below in the order in which 

they appear in the plan. 

j=an index number assigned to a test section (See Table 20). It designates 

the order in·which the sections are analyzed, (j=l, 2, .•• , 7). 

E;'=a trial value of the modulus of the material constituting the ith 

layer of a selected section. 

ujk (E~', E2', ..• } or wjk (E1', E2', •.. ) =the value of u 

(or w) computed by BISTRO at the Kth nodal point of the jth section, using the 

trial values, E1', E2', • • • • (k=l,2, •• ', N.). 
J 

ujk (or wjk)= the value of u (or w) measured at the kth nodal point of the 

.th t• J sec 10n. 
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A. and BJ.= regression constants applying to the jth section. 
. J 

E.:::"the adjusted moduli 11 corresponding to E1'for a selected section. In 
l 

genera 1 , E. =I: .• /B ... 
1 1 . J 

E=the average of all the adjusted moduli of a selected material determined 

in one 11 run" through the first 16 steps of the analysis plan. One run pro-

vi des 8 values of r. 
ujk(E1, E2, • ) or wjk(E1, E2, ••. ) = the value of u (or w) computed 

by BISTRO at the kth nodal point of the jth section, using the qppropriate 

values of r as noduli in the jth section. 

PEj(u) or PEj(w}= prediction error. in u (or w} of the linear elastic model 

for the jth section. These errors can be compared with the corresponding repli­

cation errors. Computing formulas are given in Step 11 of the analysis plan. 

REj(u} or REj(w}=replication error in u (or w} associated with the jth 

section. Computing formulas are given in Step 12 of the analysis plan. 

PE(u}, PE(w}, RE(u), and RE(w) are the combined predictibn and replica­

tion errors in u and w for all seven sections included in the analysis. The 

combined prediction errors can be compared directly with the corresponding 

combined replitation errors. 

Analysis Plan 

A step-by-step presentation of the analysis plan is given below. Though 

written in the style of a preliminary outline of a computer program, the plan 

was not computerized because at some points in the proceciure it was felt that 

intuitive decisions would have to be made, particularly at points requiring 

changes in moduli to secure better agreement with the measured data. 

One pass through the 16 sequential steps of the plin is designated as one 

"run." Only two runs were made, as indicated at the bottom of table 20, and 
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in only one case (Run 1, j=4) was more than one iteration per section neces­

sary. There was some indication, however, as will be evident later, that had 

funds been available, at least one more run might have resulted in smaller 

prediction errors in some sections. 

The sixteen-step analysis plan follows. 

1. Select for analysis the jth section of the seven shown in Table 20. 

(The initial value of j is 1). If all the materials in the }h section have 

appeared in sections previously analyzed, go to Step 3. Otherwise go to next 

step. 

2. Estimate the modulus of the material (or materials), E
1
', where i is 

the index of the layer in which a new material occurs. 

3. Using BISTRO, compute values of ujk(E1', E2', · • •) and wjk(E1 ', E2', ... ) 

at the Nj nodes of the measurement grid of the jth section. 

4. Regress the observed values, wjk' of the vertical displacement, on the 

computed values wjk(E1 ', E2', • • "),obtaining the linei;lr equation for estima­

ting w jk: 

wjk=Aj + Bj wjk(E1', E2', •• "), 

where A. and B. are constants associated with the jth section only. Compute 
. J J 

the statistics, R2 i;lnd standard error, associated with the above equation apply-

. t th . th t. If t . 1 h b . 1 d .d . th . th t. 1ng o e J sec 1on. no new rna er1a. as . een 1nc u e 1n e J sec 1on, 

go to Step 6. Otherwise, go to the next step. (The number of new materials in 

each section is shown in Table 20.) 

5. If the results obtained from the regression analyses performed in Step 

4 are unsatisfactory (R2 
< 0.80, standard error much greater than the replica­

tion error of the jth section), return to Step 2: otherwise, go to the next 

step. (The number of iterations required for each section is shown in Table 20.) 
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6. Compute a set of adjusted moduli, Ei for the jth se~tion from the 

equation, E.=E.'/B .• (The reason for making this adjustment will be explained 
1 1 J 

later.) 

7. Increment j, and return to Step 1, repeating the cycle Steps 1 through 

7, until all seven sections have been processed. Then go to the next step. 

B. Select any one of the eight materials. Average the several values of 

the adjusted moduli of the selected material. Represent the average adjusted 

modulus of the material by the symbol E. 

9. Repeat Step 8 for the remaining seven materials, thus obtaining an 

average adjusted modulust E, for each of the eight materials. 

10. Using BISTRO, and values of I instead of the values of E' used in 

Step 3, compute ujk(E1 , E2 , • • •) and wjk(E1, E2 , • • •) at the nodal points 

of all seven sections. 

11. Compute PEj(u) and PEj(w), the prediction errors in u and w, respec­

tively, for the jth section, from the following equations: 

PE.(u)= {(1/N:) ~j [u.k-u.k(E
1

, r
2

, • • •)]2} l/2 
J J K=l J J 

Repeat for all seven sections. 

12. Compute REj(u) and REj(w), the replication errors in u and w, respec­

tively, for the jth section, from the following equations: 

N • 2 1/2 
REj(u)~{(0.25/Nj) K~~ [ujk(Rep.A) - ujk(Rep. B)] } 

N · 2 1/2 
REj(w)={(0.25/Nj) K~~ [wjk(Rep. A) - wjk(Rep. B)] } 

where the abbreviations, "Rep. A" and 11 Rep. B11 indicate the source, Replication A 
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or Replication B, of the measured displacements, ujk and wjk· Repeat for all 

seven sections. 

13. Compute PE(u), the overall prediction error for the group of seven 

sections, from the formula 
M 

PE{u)= £(1/M) E N.[PE.(u)]2} 1/2 , 
j=l J J 

7 
where M= E N .• 

j=l J 

14. Compute the overall errors PE(w), RE(u), and RE(w) by substituting, 

in turn, PEj(w), REj(u), and REj(w), for PEj(u) in the formula given in Step 13. 

15. Compare the prediction errors with the replication errors, section by 

section. 

16. Compare the overall prediction errors with the overall replication 

errors. Steps 1 through 16 constitute one 11 run... If the results of Step 16 

are not satisfactory, use the values of E computed in Steps 8 and 9 as starting 

values and perform another run, excepting the computation of replication errors 

in Steps 12 and 14, which need be computed only once. If the results of Step 16 

are satisfactory, stop. 

The Adjusted Moduli,. E1 

The analysis plan ends With Step 16. Remaining to be explained is why 

the adjustment, made in Step 6, of the modulus, Ei •, is necessary. We begin 

by recalling that in Step 4, a simple linear regression analysis is performed, 

with observed value, wjk' as the dependent variable, and the BISTRO value, 

wjk(E1•, E2•, · · ")as the independent variable. The resulting equation i~ 

A 
wjk=Aj + Bj wjk(E1•, E2•, .•. ) (a) 

Ideally, Aj would be zero, and Bj would be unity in Equation (a), 
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but this never happens: instead, Aj:RO and Bjf:l, though both may, in some 

cases, be near their ideal values. 

Now a fundamental consequence of linear elastic theory can be expressed 

as follows: 

(b) 

(for example, if one halves the modulus of every material in a linear elastic 

layered system without changing any other parameter, he will surely double the 

displacement at every point in the structure. For this example, Bj=2). 

In view of Equation (b), we may write Equation (a) in the following form: 
.1\ 
w.k=A. + w.k(E1

1 /B .• Ez'/B., " " " ), (c) 
J J J J J 

or, since Ei is, by definition, equivalent to E; 1 /Bj' Equation (c) becomes 

A 
wjk=Aj+ wjk(El' E2• · • •). (d) 

where E1, E2, • • • are the adjusted moduli of the jth section. Furthermore, 

because of the equivalence of E; and E;'/Bj' Equation (b) can be written as 

follows: 

wjk(El' E2,·. ") = Bjwjk(E1', E2', •• ") (e) 

From Equation (e) one could compute N. values of w.k(E , E2, 
. J J 1 . 

"), once 

Steps 4 and 5 are completed, since the quantities on the right side of the 

equation would be available. If one should then plot theN. observed values, 
. . J 

wjk' as ordinates. versus the Nj computed values, wjk(El' E2, • • •), as ab­

scissas, he would find that the points would tend to scatter abou_t a line with 

a slope of 1.0 (or 45°), with an intercept of Aj. Clearly, then, wjk(El' E2, .• , 

is a better estimate of the measured value, wjk' -than wjk(E1 ', E2', · • "). 

Therefore, the adjusted moduli, E;, are better estimates than the trial moduli, 

E;'· It was for this reason that the adjusted moduli were calculated in Step 6, 
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and later (inSteps 8 and 9) averaged to obtain a modulus,£, to represent 

each of the eight materials involved in the analysis. 

With regard to the hypothetical plot mentioned in the preceeding para­

graph, it can be shown that if the least-squares, best fitting line through 

these data were determined by regression, the equation for the regression line 

would be Equation (d). Furthermore, the statistics, R2 and standard error, 

associated with Equation (d), would have precisely the same values as the R2 

and standard error associated with Equation (a) and available from Step 4. 

These relationships between Equations (a) and (d) insure that if good agreement 

between observed and BISTRO-computed values is obtained jn Step 4, using the 

trial moduli, E
1

•, then an equally good fit would have been, achieved if the 

adjusted (and more accurate) moduli, E
1

, had been used in BISTRO. This fact 

justifies the use of the R2 and the standard error computed in Step 4, as de-

cision criteria in Step 5. 

'Results of the Analt_sis 

As indicated in the last two lines of Table 20, only two runs through the 

16-step analysis plan were completed. Trial values of moduli used in the first 

run are shown in the second cqlumn of Table 21, and the values of E resulting 

from the first run are given in the third column. The latter (third column) 

values were used as trial values for a second run. The second run, in turn, 

resulted in a new set of values of E, given in the fourth column of Table 21, 

which could have been used as starting values for a third run. However, after 

comparing the overall prediction errors of the second run with the corresponding 

replication errors, and after noting the rather slow convergence of the moduli 

(as demonstrated in Table 21), it was decided not to expend further funds in 

continuing the analysis. 
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Table 21: Trial Moduli, E', and Mean 

Adjusted Moduli, E, in Pounds per Sq. In. 

Mean Adjusted Mean Adjusted 
Modulus, f, Modulus, E, 

for First Run, for Second Run, 
and Trial and Trial 

Trial Modulus, E', Modulus, E. • , Modulus, E' , 
Material For First Run for Second Run for Third Run* 

AC 150,000 141 ,200 138,100 

LS+C 500,000 469,800 462,700 

LS+L 180,000 189,300 194,800 

LS 100,000 86,000 79,500 

GR 50,000 49,200 50,500 

sc 30,000 31,600 32,500 

PC 13,000 12,400 12,200 

DC 50,000 47,500 46,700 

* - Third run was not made because of slow convergence of f, indicated by this 
table. The first run values off were used to compute the reported predic­
t ion errors (Figure 18 ) • 
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Given in Table 22 are the results of the regression analyses of observed 

values of won values computed from BISTRO in Step 4 of the second (and final) 

run. The values of R2 are generally high, as judged by ordinary standards. 

The absolute value of A (which may be considered a part of the prediction error), 

and the value of the standard error, are less than the section replication error 

(computed in Step 12) in 4 cases and greater in. 3, the latter being the cases, 

j=4, 5 and 7. The average values of A and Bare near their ideal values of 

zero and one, respectively, an apparent indication that the analysis plan is 

capable of seeking out the set of eight moduli that result in the best agree­

ment between computed and measured values of w in all the sections analyzed. 

For example, in Figure 18, which is a general summary of the analysis 

results, it may be seen that the combined prediction errors, listed in the 
11 All Sections 11 column of the error tables, are not very different from the 

combined reelication errors shown in the same column. We therefore conclude 

that, in acco.rdance with the decision criterion adopted from the beginning of 

this report, linear elasticity is acceptable as a model of the displacements 

measured in the seven-section sample of the 27 sections making up the statis­

tically designed experiment of the TTl Pavement Test Facility. 

Each of the overall errors, exp·ressed in mils in the 11 All Sections .. column 

of Figure 18, can be expressed in another, and perhaps more meaningful way, 

namely, as a percentage of the averag·e absolute value of the appropriate mea­

sured displacement appearing in the box at the bottom of the 11All Sections .. 

column. The percentage errors are given below. 

Rep. Error in w=l6% of average absolute measured value. 

Pred. Error in w=l8% of average absolute measured value. 

Rep. Error in u=28% of average absolute measured value. 

Pred. Error in u=40% of average absolute. measur:ed value. 
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Table 22: Results of regressions of observed values of w on values 

computed from BISTRO in Step 4 of Run 2. Replication error is given 

for comparing with standard error and I AI. 

Section 
R2 

Stanc;lard Replication 
Index, :1 No. A B Error (Mils) Error ( Mi 1 s) 

1 3 -.046 1.084 0.997 0.015 0.098 

2 1 •. 025 0.940 0.982 0.052 0.078 

3 5 -.028 1. ?72 0.984 0.057 0.097 

4 14 .033 0.846 0.913 0.021 0.012 

5 15 -.014 1.147 0.875 0.043 0.023 

6 18 .026 1.025 0.924 0.043 0.045 

7 27 .029 0.924 0.837 0.050 0.009 

Average .004 l. 034 0.930 0.040 0.052 
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The fact that the percentage replication error in w is smaller than in u 

is attributed to the fact, mentioned earlier in connection with the decision 

to use was the dependent variable, that measured values of u were less reliable 

than measured values of Wo 

The fact that better agreement was achieved between the percentage predic­

tion error and the percentage replication error in w than in u is attributed 

both to the greater reliability of measured values of w and to the fact that w 

was used as the dependent variable in tbe analysis: that is, the analysis was 

aimed at minimizing the difference between measured and BISTRO-computed values 

of w, rather than of u. 

Use of Subjective Criteria For Judging The Results of The Analysis 

ReaGfe,rs Who WGUld rathE!'~~ ease at'r Opinion of the suitability of the model 

on plots of the measuredand predicted values of u and w, are referred to 

Figures 19 through 29. 

Plotted values of u appear in Figures 19 through 22, section by section: 

plotted·values of ware shown in Figures 23 through 29. 

In each section graph the measured displacement u (or w), and the corre­

sponding BISTRO-computed value of the displacement, both expressed in micro­

inches, are plotted against the depth, z, in inches. Points having the same 

coordinate, r, are joined by straight lines. 

Also shown in each graph is a distance, in micro-inches, equal to the mea­

sured replication error in u (or w), for visual comparison with differences 

between measured and computed points. 

Tabulated Data 

Table 23-~ in;tJ1e.App-endi%., contains the basic measured data, i.e. the Repli­

cation A and Replication B data. For use in the analysis, these data were 
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averaged, and the av,eraged values were recorded in Table 24, also located in the 

Appendix. Table 24, in addition to showing the measured mean values, 1 ike-

wise gives the corresponding BISTRO-computed values. 
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6. FINDINGS AND RECOMMENDATIONS 

Findings 

The ftrst five findings listed below are based on previously published 

data, and pertain to the suitability of linear elasticity as a trodel of the 

displacement vector in the special case of flexible pavements and their foun­

dations. Findings 6 through 8, stemming from a special study of environmental 

effects observed at the TTI Pavement Test Facility, are not directly concerned 
• 

with linear elasticitys but rather with some of the principles of soil mecha­

nisms, a c)osely allied subject. Finding No. 9, last in the list, is directly 

addressed to the specific objective of this research. 

1. Previously published data from full-sea 1 e tests on flexible pavements 

indicate that the Dynaflect 1000-lb., 8Hz, sinusoidal lo~d produced a surface 

deflection of about 45% of the deflection caused by a static load of 1000 lbs., 

or the saine defle~tion as a dual-wheel load of 1000 lbs. dead weight moving 

at high speed (roughly 50-60 rnph). 

2. Finding 1 carries the inference that either the materials supporting· 

the load possessed visco-elastic properties, or the effect on deflections 

of the inertia of the.se materials was greater than has usually been .assumed. 

3. Opinion among a number of pavement researchers leans toward the use 

of non-linear constitutive equations, derived from laboratory test results, 

to describe the behavior of flexible pavements under load, thus ruling out 

the use of linear elasticity for this purpose by these researchers. 

4. Results of load-deflection tests made on flexible pavements at the 

AASHO Road Test a few weeks after construction, but before the first freeze 

of the winter season, indicated that the load supporting materials behaved, 

on the average, in a manner in agreement with the assumptions of 1 inear elas­

ticity. Variations from the average behavior were no greater than variations 
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in the behaviur of sections of identical designs located in different traffic 

loops. 

5. Results of load-deflection tests made on flexible pavements at the 

AASHO Road Test indicated that shortly after a severe freeze-thaw cycle, the 

supporting materials behaved in a manner consistently contrary to the assump­

tions of linear elasticity. 

6. Free water trapped in the sandy gravel and sandy clay embankments of 

the TTI Pavement Test Faci 1 ity shortly after its construction in 1965 caused 

swelling of the plastic clay embankment, increasing the surface elevation 

along the center-line of that embankmelnt by an average of 1.7 inches (as of 

May, 1974), and causing longitudinal cracking in the overlying materials. 

There was little evidence of volume change in the sandy clay and sandy gravel 

embankments. 

7. Lateral swelling of the plastic clay embankment contributed to the 

formation and wide opening of the longitudinal cracks in the overlying ma.i.:, 

terials. 

8. Surface deflections measured in 1966 on sections supported by the 

plastic clay and sandy clay embankments were significantly greater than those 

measured on the same sections in 1972 after drainage of the facility. For 

sections on the sandy gravel embankment~ the 1966 and 1972 surface deflections 

were not significantly different. 

9. Linear elasticity was found to be an acceptable model for the vertical 

and horizontal components of the displacement vector measured in 1972 within 

the body of seven selected sections, inasmuch as the combined prediction error 

in each component was about the same size as the corresponding combined repli­

cation error for the seven sections. (This finding is limited to displacements 

occurring at points in a vertical rectangular plane, o-~ r ~ 49 in. and 
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Q. ~ z 5-65 in., with a vertical load applied to the-surface of the pavement 

at the point r = z = o. For an example of this limitation, see Figure 5.) 

Recommendations 

1. Observation of the longitudinal cracking that occurred in sections 

supported by the plastic c1 ay embankment at the TTl Pavement Test Facility 

suggests that lateral expansion of the embankment may have been a major con­

tributing cause of the cracking. It is recommended that a small research 

study,involving interviews with THD District personnel, be initiated to deter­

mine if there is an association between longitudinal cracking and embankments 

constructed of swelling clays. If such an association were found to exist, 

the mechanism involved probably could be clarified by a theoretical study in­

volving the use of an existing finite element computer program. If the mecha­

nism were thoroughly understood, it could likely be introduced into the THO 

Flexible Pavement System as a predictor of this type of cracking. 

If, on the other hand, no association between swelling clay embankments 

and longitudinal cracking were found in the field, the research could be 

dropped, with little lost, since the field interviews could be conducted 

quickly and at small expense. 

2. If linear elasticity is actually to be used in the structural sub­

system of the THO Flexible Pavement Design System (FPS), two of the major 

tasks yet to be accomplished are the following: first, a much faster compu­

tational procedure must be made available for finding the in situ moduli of 

typical materials in existing multi-layer pavements from displacement data o·f 

the type measured in Study 136; and second, a much faster computational pro­

cedure must be made available for use in finding stresses, strains, and dis­

placements at selected points in multi-layer, trial designs in FPS. Both tasks 
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could be accomplished simultaneously if an extensive table of stresses, strains 

and displacements for multilayer systems could be computed by a program like 

BISTRO, and stored for future use in conjunction with two auxi 1 iary computer 

programs. One of the auxiliary programs would combine a reliable interpolation 

scheme with an efficient search routine for seeking out moduli consistent with 

given values of measured displacements and layer thicknesses. The other aux­

iliary program would combine an interpolation sdheme with a search routine .f.Q.r:. 

seeking out stresses, strains and displacements consistent with given values 

of moduli and layer thicknesses. 

The building of the table would require much computer time, but once 

stored, the values would be available for use in all future design problems 

involving flexible pavements in Texas. The creation of the auxiliary programs 

should present no ·great problem, since a start has already been made (l.f). 

It is therefore _recommended that a small, relatively inexpensive study be 

made to determine the scope, cost and general feasibility of producing the 

basic table and writing the necessary auxiliary programs suggested above. 

Based on the results of such a study, a rational decision could be made as to 

whether the work should be undertaken. 
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APPENDIX 

Table 23 (Basic measured data, Replications A and B). 

Table 24 {Mean observed data and BISTRO-computed values). 
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....... 
--' 
0 

Di spl. 
Symbol 

u 

w 

Layer 
No •. 

1 
2 
3 
4 
5 

TABLE 23: BASIC MEASURED DATA, REPLICATIONS A AND B (MICRO- CHES) 

Section 1 

Replication A (2-28-72) 

Radial Distance {in.) 
Depth 
(in.) 10.0 26.0 49.0 

Dis pl. 
Symbol 

0.0 * -163 -91 u 
4.5 * -36 -21 
8.0 * 45 7 

12.0 * 136 73 
41.0 * 66 85 
65.0 * 37 61 

0.0 1219 775 359 w 
4.5 1219 806 359 
8.0 1281 822 369 

12.0 1188 834 387 
41.0 469 394 266 
65.0 256 216 164 

DRILLING LOG DATA 

Replication A 
Depth (in.) Layer Thickness 

Material From To Measured Design 

Asphaltic Concrete 0.0 4.6 4.6 5.0 
Limestone+ Cement 4.6 8.0 3.4 4.0 
Limestone 8.0 12.0 4.0 4.0 
Plastic Clay (EMB) 12.0 53.0 41.0 40.0 
Plastic Clay (FOUND) 53.0 69.0 16.0 

*Not Measureable 

Replicatio 

Radi 
Depth 
(in.) 10.0 

0.0 * 
4.1 * 
7.0 * 

13.0 * 
41.0 * 
65.0 * 
0.0 1081 
4.1 1113 
7.0 1218 

13.0 952 
41.0 381 
65.0 197 

Repl 
Depth (in.) 
From To 

0.0 4.1 
4.1 7.0 
7.0 13.0 

I 13.0 56.0 
56.0 74.0 I 

i 

3 (8-9-72) 

Distance (in.) 

26.0 49.0 

-217 -74 
-43 -13 
45 19 

210 87 
105 96 
44 55 

613 213 
581 202 
605 218 
532 192 
310 177 
190 141 

ation B 
ayer Thickness 
eas u red Design 

4.1 5.0 
2.9 4.0 
6.0 4.0 

43.0 40.0 
18.0 

' 



TABLE 23 (CONTINUED) 

Section 3 

Replication A (3-9-72) 

Radi a 1 Distance (in.) 
Di spl. 
Symbol 

Displ. Depth 
Symbol (in.} 10.0 26.0 49.0 

u 0.0 * -46 -24 u 
1.0 * -44 -30 
5~0 * -9 -15 

17.0 * 178 89 
41.0 * 81 81 
65.0 * 38 53 

w 0.0 1162 594 277 w 
1. 0 1162 600 277 
5.0 1141 603 291 

17.0 1016 584 287 
41.0 469 353 228 
65.0 237 192· 155 

li>fUL.L.lNG LOG DATA· 

Replication A 

Layer Depth (in.) Layer. Thickne·ss .. 
No. Material From To Measured Design 

1 Asphaltic Concrete 0.0 1.0 1.0 1.0 
2 Limestone + Cement 1.0 5.0 4 .• 0 4.0 
3 Limestone 5.0 17.0 12.0 12.0 
4 Plastic Clay (EMB) 17.0 53.0 36.0 36.0 
5 Plastic Clay (FOUND) 53.0 70.0 17.0 

* Not Measurable 

Replication 
,......, 

Radia 
Depth 
(in.) 10.0 

0.0 * 
1.2 * 
5.0 * 

18.0 * 
41.0 * 
65.0 * 
o.o 758 
1.2 806 
5.0 782 

18.0 661 
41.0 355 
65~0 190 

Repl i 
. .... oe:~tn (in •. ). 

From To . 

0.0 1.2 
1.2 5.0 
5.0 18.0 

18.0 54.0 
54.0 73.0 

(8-11-72) 

Distance (in.) 

26.0 49.0 

-66 -27 
·10 -4 

23 11 
149 91 

83 83 
43 56 

429 215 
435 211 
448 .221 
423 213 
277 177 
166 129 

tion· B 
yer Thfckness- · · 
asured Design 

l. 2 1.0 
3.8 4.0 

13.0 12.0 
36.0 36.0 
19.0 
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Dis pl. 
Symbol 

u 

w 

Layer 
No. 

1 
2 
3 
4 
5 

TABLE 23 (CONTINUED} 

Section 5 

Replication A (11-30-71) 

Radial Distance (in.) 
Depth Dis pl. 
(in.) 10.0 26.0 49.0 Symbol 

0.0 * -102 -72 u 
5.5 * 12 -4 
8.5 * 27 21 

12.0 * 83 53 
41.0 * 68 80 
65.0 * 44 61 

0.0 1391 95.3 462 w 
5.5 1453 969 456 
8.5 1453 984 478 

12.0 1406 925 453 
41.0 525 434 287 
65.0 269 248 183 

DRILLING LOG DATA 

Replication A 
Depth (in.) Layer Thickness 

Material From To Measured Design 

Asphaltic Concrete 0.0 5.5 5.5 5.0 
limestone 5.5 8.5 3.0 4.0 
Limestone+ Cement 8.5 12.0 3.5 4.0 
Plastic Clay (EMB.) 12.0 55.0 43.0 40.0 
Plastic Clay (FOUND) 55.0 70.0 15.0 

*Not Measureable 

Replicatic 

Radi 
Depth 
(in.) lO.C 

o.o . * 
5.5 * 
9.0 * 

13.0 * 
41 .o * 
65.0 * 
0.0 121( 
5.5 123~ 
9.0 129f 

13.0 126E 
41.0 471 
65.0 2H 

Repl 
Depth (in.) 
From To 

0.0 5.5 
5.5 9.0 
9.0 13.0 

13.0 58.0 
58.0 74.0 

B (8-9~72) 

Distance (in.) 

26.0 49.0 

-208 -109 
-38 -31 

22 11 
130 51 
107 . 99 

49 62 

677 
645 
661 
645 
348 
187 

ation B 

276 
256 
263 
245 
187 
133 

ayer Thi ckne5s 
leasured Design 

5.5 5.0 
3.5 4.0 
4.0 4.0 

45.0 40.0 
16.0 



TABLE 23 (CONTINUED) 

Section 14 

Replication A (3-21-72) 

Radial Distance (in.) 
Displ. Depth 
Symbol (in.) 10.0 26.0 49.0 

Displ. 
Symbol 

~ 

u 0.0 * -29 -31 u 
l.l * -21 -22 

17.0 * 27 23 
41.0 * 13 18 
53.0 * 18. 28 
65.0 * Hi 27 

w 0.0 328 278 206 w 
1.1 334 278 206 

17.0 319 272 202 
41.0 219 195 159 
53.0 197 180 152 
65.0 175 158 139 

DRILLING LOG DATA 

Repl ication·.A 

Layer Depth (in.) Layer Thickness 
No. Material From To Measured Design 

1 Asphaltic Concrete 0.0 1.1 1.1 1.0 
2 Limestone+ Cement 1.1 17.0 15.9 16.0 
3 Sandy Gravel 17.0 53.0 36.0 36.0 
4 Plastic Clay (FOUND) 53.0 69.0 16.0 

*Not Measureab1e 

Replication 

Radial 
Depth 
(in.} 10.0 

0.0 * 
0.7 * 

17.0 * 
41.0 * 
52 •. 5 * 
65 •. 0 * 
0.0 374 
0.7 358 

17.0 381 
41.0 239 
52.5 198 
65.0 176 

.. R~pli 

Depth (in.) 
From To 

0.0 0.7 
0.7 17.0 

17.0 52.5 
52.5 76.5 

(6-21-72) 

istance (in.) 

2·6.0 49.0 

-l4 -15 
-13 -13 

41 36 
21 25 
25 30 
19 27 

311 221 
303 211 
306 223 
211 168 
182 154 
165 152 

yer Thickness 
asured Design 

0.7 1.0 
16.3 16.0 
35.5 36.0 
24.0 



TABLE 23 (CONTINUED) 

Section 15 

Replication A (3-17-72) 

Radial Distance (in.) 
Dis pl. Depth 
Symbol (in.) 10.0 26.0 49.0 

Di sp1. 
Symbol 

u 0.0 * -'3.7 -36 u 
1.0 * -22 -24 

17.0 * 18 20 
41.0 * . 11 11 
53.5 * 11 14 
65.0 * 11 16 

w 0.0 425 366 278 w 
1.0 431 369 281 

17.0 387 319 236 
41.0 164 150 123 
53.5 147 127 114 
65.0 133 ll6 103 

DRILLING LOG DATA 

Replication A 

Layer Depth (in.) Layer Thickness 

No. Material From To Measured Design 

1 Asphaltic Concrete o.o 1.0 1.0 l.O 
2 Limestone+ Cement 1.0 17.0 16.0 16.0 
3 Sandy Grave 1 17.0 53.5 36.5 36.0 
4 Plastic Clay (FOUND) 53.5 70.0 16.5 

*Not Measureable 

Repl icatic 

Radic 
Depth 
(in.)· 10.0 

0.0 * 
0.8 * 

17.0 * 
41.0 * 
53.0 * 
65.0 * 

·o.o 398 
0.8 418 

17.0 390 
41.0 239 
53.0 210 
65.0 179 

Repl 1 

Depth (in.) 
From To 

o.o 0.8 
0.8 17.0 

17 .o 53.0 I 
53.0 70.0 

i 

B {8-21-72) 

Distance (in.) 

26.0 49.0 

-12 -15 
-8 -12 
34 29 
16 21 
19 26 
22 32. 

329 235 
331 239 
323 229 
221 179 
194 161 
168 147 

.tion B 

.ayer Thickness 
leasured Design 

0.8 1.0 
16.2 16.0 
36.0 36.0 
17.0 



TABLE 23 (CONTINUED) 

Section 18 

Replication A (2-9-72) 

Radial Distance (in.} 
Dis pl. ·Depth 
Symbol (in.) 10.0 26.0 49.0 

Displ. 
Symbol 

u 0.0 * -83 -53 u 
1.0 * -58 -37 . 

17.0 * 84 36 
·41.0 * 43 39 
55.0 * 33 40 
65.0 * 31' 39 

w 0.0 697 500 279 w 
1.0 697 506 280 

17.0 650 500 277 
41.0 391 334 225 
55.0 275 256 184 
65.0 239 212 166 

DRILLING LOG DATA 

Replication A 

Layer Depth (in.) Layer Thickness 
No. Material From To Measured Design 

1 Asphaltic Concrete o.o 1.0 1.0 1.0 
2 Limestone+ Lime 1.0 17.0 16.0 16.0 
3 Sandy Clay 17.0 55.0 38.0 36.0 
4 Plastic Clay (FOUND) 55.0 70.0 15.0 

*Not Measureable 

Replication 

Radial 
Depth 
(in.} 10.0 

·' 

0.0 * 
0.8 * 

17.0 * 
41.0 * 
56.0 * 
65 •. 0 * 
o.o 524 
0.8 532 

17.0 476 
41.0 292 
56.0 213 
65.0 192 

Repli 

De:pth (in.) 
From To 

o.o 0.8 
0 •. 8 17.0 

17.0 56.0 
56.0 67.0 

(6-18-72) 

i stance (in.} 
-,...---

~6.0 49:.0 

-32 -32 
-11 -16 
49 40 
33 40 
33 40 
30 40 

411 
419 
377 
261 
202 
184 

ti·on B 

282 
290 
261 
202 
165 
152 

yer Thickness 
asured Design 

0.8 
16.2 
39.0 
l1 .0 

1.0 
16.0 
36.0 



TABLE 23.. {CONTINUED) 

Section 27 

Replication A (l-13.-72) . 

Radial Distance (in.) 
Displ. Depth 
Symbol (in.) 10.0 26.0 49.0 

Disp1. 
Symbol 

u 0.0 * -:-39 -43 u 
3.3 * -29 -29 

11.0 * 4 6 
18.0 * 16 21 
41.0 * 24 37 
55.0 * 20 34 
65.0 * 22 31 

w o.o 462 381 286 w 
3.3 475 397 281 

11.0 491 387 266 
18.0 459 369 272 
41.0 281 25.6 198 
55.0 189 178 156 
65.0 162 153 137 

DRILLING LOG DATA 

Replication A 

Layer Depth (in.) Layer Thickness 
No. Material From To Measured Design 

1 Aspahltic Concrete 0.0 3.3 3.3 3.0 
2 Limestone+ Lime 3.3 11.0 7.7 8.0 
3 Limestone + Cement 11.0 18 .• 0 7.0 8.0 
4 Sandy Clay 18.0 55.0 37.0 34.0 
5 Plastic Clay (FOUND) 55.0 69.0 14.0 

* Not Measurable 

Rep1icatic 

Radic 
Depth 
(in.) 10.0 

0.0 * 
3.3 * 

11 .o * 
19.0 * 
41.0 * 
53.5 * 
65.0 * 
0.0 484 
3.3 524 

11.0 492 
19.0 458 
41.0 313 
53.5 198 
65.0 179 

Repl 
Depth (in.) 
From To 

o.o 3.3 
3.3 11.0 

11.0 19.0 
19.0 53.5 
53.5 70.0 

B (7-12-72) 

Distance (in.) 

26.0 49.0 

-43 -38 
-17 -17 

22 16 
50 44 
42 51 
31 42 
30 41 

416 276 
421 279 
427 279 
387 265 
277 206 
190 156 
166 . 144 

:ation · B 

.ayer Thickness 
leasured Design 

3.3 3.0 
7.7 8.0 
8.0 8.0 

34.5 34.0 
16.5 



O.ispl. 
Symb.o1 

Depth 
(in.) 

u 0.0 
4.3 
7.5 

12.5 
41.0 
65.0 

w 0.0 
4.3 
7.5 

12.5 
41.0 
65.0 

( 

TABLE 24: MEAN OBSERVED DATA AND BISTRO-COMPUTED VALUES 
(MICRO-INCHES), FOR A SINGLE 1000 1 b LOAD 

Section 1 

Mean Observed Data Calculated B tr.o Values 

Radi.al llis.tan'ce ( i rr.) 
Displ. 

10.0 .· 26.0 49.0 Symbol 

* -189 -82 u 
* -39 -16 
* 44 12 
* 172 79 
* 85 90 
* 40· 57 

1149 693 2.85 w 
1165 693 280 
124·9 7T3 293 
1069 682 289 

424 351 221 
226 202 152 

Replicat.ion Error 

u-Data w-Data 

15 78 

* Not Measurable 

Depth· 
(in.) 

0.0 
4.3 
7.5 

12.5 
41.0 
65.0 

0.0 
4.3 
7.5 

12.5 
41.0 
65.0 

Radia 

10.0 

* 
* 
* 
* 
* 
* 

1230 
1250 
1240 
1190 

517 
267 

Distance (iii.) 

26.0 49.0 

-147 -61 
-39 -18 
44 15 

154 63 
113 llO 

64 79 

650 
651 
651 
644 
401 
231 

254 
253 
zsa 
254 
223 
160 

Pred i c 1 m Error 

u-Data w.;.Data 

20 57 



Mean Observed Data 

Radi~l Distance (in. ) 
Displ. Depth 
Symbol (in.) 10.0 26.0 ·49.0 

u 0.0 * -55 -25 
1 • 1 * -26 -16 
5.0 * 6. -1 

17.5 * 163 89 
41.0 * 81 81 
65.0 * 40 54 

--' 
co w o.o 959 511 245 

l.l 983 517 243 
5.0 961 525 255 

17.5 838 503 249 
41.0 411 314 202 
65.0. 213 178 141 

Replication Error 

u-Data w-Data 

10 98 

TABLE 24 (CONTINUED) 

Section 3 

Displ. 
Symbol 

u 

w 

· * Not Measurab 1 e 

Calculated I •tro Values 

Depth 
(in~) 

0.0 
1.1 
5.0 

17.5 
41.0 
65.0 

0.0 
1.1 
5.0 

17.5 
41.0 
65.0 

Radii 

10.0 

* 
* 
* 
* 
* 
* 

919 
922 
923 
822 
431 
234 

. 

. 

Distance (in.) 

26.0 49.0 . 

-72 -42 
-54 -34 

7 -2 
137 84 
88 94 
51 66 

536 
537 
538 
523 
350 
208 

265 
265 
265 
263 
218 
154 

Predi ci 10 Error · 

u-Data w•Data 

15 27 

( -~ 



Dis pl. Depth 
Symbol (in.) 

I:J o.o 
5.5 
8.8 

12.5 
41.0 
65.0 

w 0.0 
5.5 

I 8.8 

~ 
12.5 
41.0 
65.0 

... 

Mean Observed Data 

' . Radial Distance 

10.0 26.0 

* -154 
* -13 
* 24 
* 106 
* 87 
* 46 

1300 814 
1343 806 
1375 8·22 
1335 784 

497 390 
242 217 

Replication Error 
u-Data W"'Data 

20 97 

TABLE 24 (CONTINUED) 

Section .5 

(in.) 

49.0 

.-go 
-17 
15 
51 
89 
61 

368 
355 
370 
348 
236 
157 

. 
..... 

* Not Measurab 1 e 

Dis pl. 
Symbol. 

u 

w 

Calculated stro Values 

Depth 
(in~). 

0.0 
5.5 
8.8 

12.5 
41.0 
65.0 

o.o 
5.5 

. 8.8' 
12.5 
41.0 
65.0 

Rad· Distance (i rt.) 

10.( 26.0 

* -148 
* -41 
* 6 
* 84 
* 103 
* 61 

1 07( 614 
llQ( 618 
109( 616 
lO'ts( 614 

50! 395 
26! 230 

Predi< on Error 
u-Dat< w-Data 

16 157 

49.0 

-78 
;;.25 

5 
40 

102 
76 

268 
267 
26() 
266 
224 
160 



__. 
N 
0 

Dis p 1 . 
Symbol 

u 

w 

Depth 
{in.) 

0.0 
0.9 

17 .o 
41.0 
52.8 
65.0 

0.0 
0.9 

17 .o 
41.0 
52.8 
65.0 

TABLE 24 (CONTINUED) 

Sectton 14 · 

Mean Observed Data 

Radial Distance (in.) 

10.0 26.0 49.0 

* -21 -22 
* -16 -17 
* 33 29 
* 16 21 
* 21 28 
* 17 26 

350 294 213 
345 290 208 
349 288 212 
228 .202 163 
197 180 152 
175 161 145 

Replication Error 
u.;.Data w-Data 

5 12 

* Not Measurable 

Displ. 
Symbol 

u 

w 

Ca 1 cu1 a ted ' ;tro Values 

Depth 
(in.) 

o.o 
0.9 

17.0 
41.0 
52.8 
65.0 

0.0 
0.9 

17.0 
41.0 
52.8 
65~0 

Radi Distance 

10.0 26.0 

* -41 
* -36 
* 33 
* 30 
* 39 
* 30 

379 274 
380 274 
371 274 
259 225 
231 205 
177 162 

Predic on Error 
u-Data w-Data 

15 23 

(in.) 

49.0 

-31 
-28 
20 
35 
49 
41 

179 
179 
180 
164 
154 
130 



....... 
N 
--' 

OispT. 
Symbol 

u 

w 

Depth 
(in.) 

0.0 
0.9 

17.0 
41.0 
53.3 
65.0 

0.0 
0.9 

17.0 
41.0 
53.3 
65.0 

Mean Observed DAta 

RadiaJ m;s;tancre 

10.0 26.0 

* -24· 
* -14 
* 25 
* 13 
* 14 
* 16 

411 '347 
424 349 
J88 320 
201 i 185 
178 160 
155 141 

Replication Error 

u-Data w-Data 

7 23 

' 

TABLE 24 (CONTINUED) 

Section 15 

( tn'. ) 

49.0 

-25 
-17 
24 
15 
19 
23 

256 
259 
2:52 
15'0 
137 
124 

--· 

* Not Measurable 

Displ. 
Symbol 

u 

w 

' 

Calculated istro Values. 

Rad· Distance (in.)' 
Depth 
(in.) 

0.0 
0.9 

l7 .0 
41.0 
53.3 
65.0 

0.0 
0.9 
lt .. o· 
41.0 
53.3 
65.0 

lO .( 26.0 

* -41 
* -36 
* 33 
* 29 
* 39 
* 30 

37~ 272 
37! 273 
17:, ZJ'l 
25l 224 
22'~ 202 
17~ l62 

Predi c on Error 

u-Datc: w-Data 

49 

49.0 

-3'1' 
-28 

20 
35. 
48 
41 

178 
178 
11, 
163 
153 
130 



__. 
N 
N 

Dis pl. 
Symbol 

u 

w 

Depth 
(in.) 

0.0 
0.9 

17.0 
41.0 
55.5 
65.0 

0.0 
0.9 

17.0 
41.0 
55.5 
65.0 

TABLE 24 {CONTINUED) 

Section 18 

Mean Observed Data 

Radial Distance (in.) 

10.0 26.0 

* -57 
* -34 
* 66 
* 37 
* 31 
* 30 

610 455 
614 462 
562 438 
341 297 
243 228 
215 197 

Replication Error 
u-Data w-Data 

12 45 

49.0 

-42 
-26 
37 
39 
39 
39 

280 
284 
268 
213 
174 
158 

· * Not Measurable 

Di spl. 
Symbol 

u 

w 

Calculated stro Values 

Depth 
(in.) 

o.o 
0.9 

17 .o 
41.0 
55.5 
65.0 

0.0 
0.9 

17 .o 
41.0 
55.5 
65.0 

Radi 

l o.c 

* 
* 
* 
* 
* 
* 

57E 
5n 
551 
34~ 
27E 
2H 

Distance (in.) 

26 .o 49.0 

-73 -46 
-64 -41 

61 31 
49 52 
55 65 
44 56 

358 
358 
357 
284 
238 
194 

199 
199 
199 
185 
167 
145 

Predi< on Error 
u-Datc w-Data 

17 45 



_, 
N 
w 

Dis pl. 
Symbol 

u 

w 

Depth 
(in.) 

0.0 
3.3 

11.0 
18.5 
41.0 
54.3 
65.0 

0.0 
3.3 

11.0 
18.5 
41.0 
54.3 
65.0 

--- --- -- ----------

TABLE 24 (CONTINUED) 

Section 27 

Mean Observed Data Calculate< iistro Values 

Radial Distance (in.} 

10.0 26.0 49.0 

Ra< 
Dis pl. Depth 
Symbol (in.} 10. 

1l Distance ( i n. ) 

26.0 49.0 

* -40 -40 
* -22 -22 
* 12 10 
* 32 32 
* 32 43 
* 25 37 
* 25 35 

u 0.0 * 
3.3 * 

11.0 * 
18.5 * 
41.0 * 
54.3 * 
65.0 * 

-73 -53 
-50 -38 
-7 -6 
45 27 
45 49 
52 63 
41 54 

472 398 280 
499 408 279 
491 406 272 
458 377 268 
296 266 201 
193 183 155 
170 159 140 

w 0.0 50 
3.3 5C 

11.0 50 
18.5 49 
41.0 33 
54.3 27 
65.0 21 

342 204 
344 204 
346 204 
344 204 
280 187 
240 170 
192 145 

Replication Error Predi ion Error 
u-Data w-Data u-Dat w-Data 

8 10 18 49 

* Not Measurable 
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