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ABSTRACT

PreSentEd in'this reptrt are the resu1ts of an inVestigation of the
capability of 11near e1ast1c theory to pred1ct measured d1sp1acenents on :
the surface, w1th1n, and beneath f]ex1b1e pavement structures In mea«
sur1ng pred1ct1ve capab111ty, the” yardst1ck used was rep11cat10n error
7 Sources of data were an  NCHRP project, the AASHO Road Test and the
Texas Transpertat1on Inst1tute-S»F1ex1b1e Pavement Test Facr11ty. Only the Texas
source, whian emp1oyed a vibrating'surfaeé 1oad'(fhE'Dynaflect) and spee
cia11y designedutransducers Towered into small-diameter neasunenent'hpies,
' furnished both horizontal and vertical displacements. These were measured
at various depths ranging from zero to 65 inches beneath the pavement surface,
and at hor1zonta] distances ranging from 10 to 216 1nches
An ana1y51s of a'se]ected portion of the Texas data, using the theory
of elastic layered systems as a model, yie]ded‘predietion enrors that were
reasonably commensurate with replication error.
Key words: Theory of layered systems. F1exib}e'bavenent design. In
situ elastic moduli of road materials. Displacement vector field in

pavement structures.

vi



SUMMARY -

Purpose
The pEincipa] purpose of the wofk described in this report was to inves-
tigate the suitability of the theory of linear elastic layered systems for
. uée as a mode]_df dynamic.disp1acements occurring throughout fhe body of flex-
ible pavement structures as the result of a vibrating 1oad appTied to the suf-‘

face by a Dynaflect.

Loading and Measurements System

Thé Dynaf]eci applied an osci1]atihg Toad varying sinusoidally with time
at a fréquéncy of 8 Hz and with a peak-to-peak amplitude of {OQD pounds. The
resulting disp]aéementé, both horizontal ahd vertical, wefe méasured at depths
ranging from zero to 65 inghes, and at horizontal distances from the load
“ranging froﬁ 10 to 216 ihches, by means of Qeophones 1owéred into 1 3/4 1in.
diameter holes drilled verfiCa]]y'through the pavement structure, through an

embankment, and one foot into the foundation material.

Pavement Test Fac11ity‘

| The pavements feSted were a set of 27 statistically designed sections
built at Texas A&M University'é Research Annex in 1965. Norma] Dynaflect
surface deflections had been measured in 1966. The verticé] and horizontal
disp]aceméﬁfS‘at surface and subsurface elevations were neésured in 1972.
Since surface def]ections (i.e., vertical displacements at the surface) were
measured in both 1n$ténces, and since only an occasional'light vehicle traveled
over the sections in the'six—year interim, data were available for studyfng

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

Some diScrepahcies were discovered between the,]QGﬁ_aﬂ@lthe 1972 deflec-
tion data. After considerable study, discrepanéies.wéré aSckibedrto the en~
trapment of free water 1n<pervigus‘portions of the facf]itylin the year$ 1966-
1971, and the subsequent draihage 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’ibngitudinai cracks

in sections supported by that embankment. -

Side Studies

.As a side study'ih the 1nvestigation,kpublished data fkom,bther sources
(an NCHRP project and the AASHO Road Test) were used_to estinate the spéed of
a 1000-1b. (dead weight) wheel load that would induce the éahe deflection in
‘a flexible pavement surface as the Vibrating 1000-1b. Dynaflect 1oad; The
pufpose here was to show that;Dynaf]ect 1oading-isrc1ear]y_fé1ated'to high-~
speed traffic loading. _ | T

In a second side study, published load-deflection datalfrom»the AASHO

Road Test were used to establish the degree of linearity of the ]oad;defiec-
tion relationship as a test of the hypothesis that the load sgppofting mate-
rials had linear elastic properties. In the analysis use wasrnﬁde of fepli—
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'anaTysis of the
1972 displacement data measured at the AGM Pavement Facility. In this amalysis

it was necessary to find values for the elastic moduli of eight materials that

viii



would satisfy the requirenent tha£ the differencee betwéen.compuﬁed and mea-
-sured disp]acemehts were, on the whole, of about the sane size as the replica-
tion error. Although the time and funds available Timited the analysis to a
fractidn of the data available, it is believed that enough evidence was mus-

tered to support the findings.

Findingsr |

The main report 1fsts a number of findings of which the fo]Towing are
cons1dered the most important. |

1. According to an analysis of previously pub11shed data the 1000-1b.
Dynaf]eét can be expected to produce a surface deflection of about 45% of the
deflection caused by a static load of 1000 1bs., or the same deflection as a
dual wheel load of 1000 1bs. dead weight moving at high»Speed_(rough1y 50-60 mph).

2. Finding 1 1np]ies that either materials Supportihg the 1oéd possessed
visco-elastic properties, or the effect on defiections of the inertia of these
ﬁateria]s*was greater than has usually been assumed.

3. Resu1ts of 1oad—def1ection tests made on f1eXib]e;pavenents at the
AASHQ Road Test a few weeks after construction, but before the first freeze
- of the winter eeason; indicated that fhe load eupporting matefia]s behaved

on the average, in a manner in agreement with the assumpt1ons of 11near elas-

ticity. Variations from the average behavior were no greater than var1at1ons

in the behav1or of 1dent1ca1 designs located in different traff1c Toops. How-

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

haved in a manner consistently contrary to the assumbtions of linear elasticity.
4. Linear elasticity was found to be an acceptable model for the Vertica]

' andbhorizonta1 compohents of the displacement vector measured in 1972 within

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

as the combined prediction error in each component was about the same size as
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-~ the correspond1ng combined rep11cat1on error for the seven sectxons

The dynam1c 1n s1tu nndu11 determined in the ana]ys1s and used 1n calcu-.

lating prediction errors are given below in pounds per square inch.

Asphaitﬁc«canéreter’ , 141,200

'LimestOne pJuS?éemeﬁt , 469,800
Limestone plus 1ime . 189,300

~ Limestone | 186,000
1Sanﬂyrgravei . - “ . 49,200

“Sandyvciay , ; . 313660,>

. P]astic-clay o o 12,400
Dense clay ' 47,500

Recommendation

:It is recommended that a study be made to detérmfne thé Féasibi1iiy of
pre~-computing and storing on tape an extensive table of stresses, strains, and
displacements for use in accomplishing the double purpose of éstimatingiin situ
moduli, and of detekmining (in FPS) stresses, st?éiﬁsrar diSp1aEeneﬁts at
| critical points in trial desighs.' Such a table, combutéd from the tﬁebry of
Tinear elastic layered systeﬁs,VWOUId be costly, but once computed and stored,
the values would be avai]ébie'at minimal cost for use by researchers and .

= designers alike.



IMPLEMENTATION STATEMENT

This report presénts evidence to show that Tinear e1asﬁi¢ity apparently
will, in an environmeht like that of most of Texas, preditt{the displacement
vector fie]d for f]eXib]e pavements with sufficient aécuraﬁyito warrant ité
trial, at éh appropriate tiﬁe; in the Texas Highway Department's F]exib1eA.
Pavement Design Systém. How to make that trial is more difficult to define,
but 1t.seems fairly c]earvthat one step toward 1mp1ementatioh of the theory
was made in 1973, with publication of Research Report 123-17, "The Optimizatibn
of a Flexible Pavement System Using Lineaf E]asticity"g (12). Another step
in this direction, -yet to be taken, would be to follow the recommendation,
stated in the Tast chapter herein, to pre-compufe and store an extensive table
of stresses, strains and displacements for use in accomplishing the ddub]e»_
purpose of estimatfng in situ moduli, and of determin{ng (in FPS) stresses,
strains and diéplacemehts at crftical»ppints in trial designs;‘ A third step
toward implementation would be the standardizationrjn:Texas of a method for
estfmating the tensile strengthrof both water bound and stéb%]ized nateria]s.
'Finally, if-full advantage is to be taken of the theory, the-surface curva-
ture index (SCI), would have to be replaced as an indicatotlof.pavenént life,
by paraneters,consistent with.fatigue theory. ,

The work involved in fully implementing Tinear elasticity aé a subsystem
of FPS may appear formidable, but the authors do~ndt wish to.infer that if

should not be done.
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1. INTRODUCTION

'Genera1_Putpose

Theygeneral bUruose of the research work described in ihis reportlwas
to investigate, subjéct to the constraints of avéi]éble tiné'and funds, the
’ su1tab1]1ty of the theory of linear e]ast1c 1ayered systens for use as. a
model- of dynamic d1sp1acenents or part1c1e nnt1ons, occurr1ng at points on
the surface, within, and beneath a flexible pavenent structure as a resu]t

of dynamic surface loading.

Sources of Data

Although sé]ected surface defTections measured by fhe Dyhaf1ect and/or
the Benkelman Beam in an NCHRP research broject (1) and at the AASHO Road |
Test (2) will be discussed in Chapters 2 and 3, the source bf the Vertical and
horizontal dynamic d1sp1acenent data used in the principal analysis reported
here1n is a recent]y terminated Texas ‘Transportation Institute project, Study
2-8-69-136, "Des1gn and Evaluation of Flexible Pavements"; Jo1nt1y sponsored
Sy the Texas Highway Department and the Federal Highway Adm]n1strat1on (3). A
more specific statement of the objective of the research wdrk keported hefe can
be made after a br1ef review is given of the measurement program fo]]owed in

the last nent1oned 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 8 Hz, with a total peak-to-peak magn1tude-of 100071bs,
was app]ied‘through twoy6.25-sq. in. loaded areas spaced at.ZO"inches c/c at
selected positions on:the surfaces of 30712 ft. x 40 ft. test sections of

various designs at the Flexible Pavement Test Facility located at Texas A&M



University‘s‘Research-Annex (4). The”faei]ity,favdrawing efvwhich is shown
in Figure 1, contains a total of seven types df'comﬁacted,matefials founded
on a layer of plastic clay 6ver1y1ng-a bed of stiffer clay of_annown'
thickness. The amplitude of horizontal and:veftiéaT harmonic'motions»of tﬁe
materials, excited by the oscillating road,fWeré.Sensed'by'miniature gédph&mes
lowered to pre—selected‘dépths into a smallrdiametérv(l 3/4“) hole drilled
vertically thrbugh the pavement structure to de@thg éf765 inches or more.
Two such geophones were required, one.SenéitiVe to-vefticaT and:the,other to
horizontal motion. | | | | |

By ]owefing into the hole fo a selected depth a geophone sensitive té
horizontal motfon, clamping it to the adjacent material by a spec1a11y designed
mechanism; and stationing the Dynafiect at selécted'dﬁstanées from the hd}e,
horizontal displacements were (in effect) measured in a'veriica] plane'in
each section at 117 points on a rectangular grid 9‘points deep by 13 po%hts
long. Vertical displaceﬁents 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 midwayvbetween 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 horizonté] disp1a¢ement could nbt
be measured) A typical 126-point grid, 9 points deep by 14 points long, is
shown in Figure 2. | ’

The measurement procedure followed was essentially equiva]ént to hold-
ing the Dynaflect statiohary, and selecting measuring pointsralong a hori-
zontal line that passed through the actua] measuring point and paralleled

the path actually followed by the Dynaflect.
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The Tine of travel of the Dynaflect, as it was shifted from one position
to the next aw%y from the measurement hole, was parallel to the longitudinal
center-line ofAthe test section, so that the 20-inch line cohhecting the
centers of the two loaded areas was perpendicular to--and bisected by--the
Dynaflect's 1ine of trave1;-as»shown in Figure 3.. The geophones were oriented
in the measuring hole 56 that the measured horizontal component (Mh in Figure
3) of the displacement vector was parallel to the Dynaflect's line of travel,
while the measured vertical component was perpendicular to it. Because of
this configuration of géop%@nes and load whee]é, the Study 136 research team
decided to employ the principle of swperpasitieﬁ to replace the two'5@0—1b;
loads by-a theéretica] single 1000-1b. load located at either of the actual
application points. Thus, the word "load", when used in connection with
Study 136 data, means a 1000-Tb. single load (lﬁorési applied over an area
of 6.25 5q. in;), while the term "horizontal (o radial) distance" means fhe
distance labelled v in Figure 3, i.e. the centefato=Center slant distance
from one of the loaded areas to the méaSUVémentvhole. Furthermore the term
"measured horizontal (or radial) displacement" means the corrected di;place-
ment, u, indicatéd in Figure 3, rather than the displacemént actually mea-
sured, My. The term "vertical displacement”, or the symbol w, means the
vertical displacement actually measured, since the vertical components due
to the two loads were parallel and therefore 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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wheel. This configuration leads to the equation, u=M sec q.
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Study 136 Replication Error

One other feature of the Study 136 measurement program needs mentioning,.
nahe]y, replication of measurements used for eva1uatfng experimental error.
In each of the 12-ft. x 40<ft. test sections two measurement holes were
drilled, one approximately two feet to the right of center-line near ohe
end of the section, and the other approximately the same distance to the
left of center-line near the other end, as indicated in Figure 4. A1l mea-
surements taken in one hole with the Dynaflect travelling in one direction
were repeated'in the‘other hole with the Dynafelct'trave11ing in the other
direction. Thus,comparisons could be made between the two sets of measure-
ments and a replication (or experimental) error for each séction 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: "Rep1icétion errors observed on a test section réf]ect not only the
variability of.the measuring process but also include the effects of varia-

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

will define the limiting prediction accuracy for the displacement model 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 e]astié layered systems is adequate

~for use as a model of dynamic displacements induced by a Dynafiect and mea-
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sured within and’ beneath the pavements: at the TTIL F%eijlavﬁayément-Test
Facility?"

 Assuming'that=1t eaﬂ:beiextrapg$a%@§~taaTe%as;htghways,'tﬁezanswer to
this question could be important to the improvement of the systems approach
to thé dééﬁgh;andfméﬁ&geﬁént-o$;?e¥é$'pa%é@en%s,,aacontinuing QoaT.Qf the
Texas Highway Department. ; |

“The-criterion adopted in this repert’faranCepting;or ?ejecting 1inear
elasticity is based primarity on comparisons of pra@ietigmleﬁrﬂrrwith repli-
cation error. In short, the theory is considered acceptable if its predic-
tion error i;‘of approximately the same magnitude as the megsured~replication
error; otherwise, the theory is cengidereévinadEQQate.

Because of limitations of both time and funds Qvailable, only seven of
the thirty test sections were analyzed im this study, and only a portion of
the voluminous data in these sections were used. It is belﬁeyed, however,
that enough data were analyzed to accomplish the objective. The sections
studied are 1hdi;§ted on the plan view of Figure 1 by circles surrounding the
sectﬁon number. Typical grid points at which measured displacements were
selected fdrAdnéﬁysféféré shan in Figﬁ?é S;vlsy comparing Figure 5 with
Figure 2,, it can be seen that the amount off.da,t._a actually analyzed was much
Tess than the total amount of data available in each of the seven sections.
The reason for limiting the data has already been stated. One reason for
excluding grid points at large hqrizoata}}distances from the point of load
application was the belief that if some data points mustibe eliminated, one
should retain points where the stresses and strains could be expected to be

the highest. Another reason for excluding the more distant peints (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

f]ex1b1e_pavements resulting from a loading device (the Dynaflect) that is
radically different frem the vehicles for which highway paQements are
designed, -the authors felt constrained to present some evidence from pre—.
vious research that Dynaflect deflections can be related to surface deflec-
tions requting from “beql world" traffic. It is the putﬁose of this chapter
to kéview.brief]y a part of such evidence that is readily available from an

NCHRP Project Report (1) and an AASHO Road Test Report (2).

Dynaflect Deflections Versus Static Load Deflectionms

That the answer to the question posed in the abjective on page 7 is
not merely academic but is actually related;to the effect of statianary or
slowly mdving heavy trucks on highways is borne .out by éorre]ation studies
made in the field between surface deflections meaégred between the load
wheels of the Dynaflect, and the deflection measured between the dual tires
of a 9-kip‘truck wheel‘léad by means of the Benkelman Beam. One such
corre]atioﬁ, displayéd in Figure 6, is based u@@h 240 pairs of observations
| made on f]ekib1e pavements of a variety of designs in Northern I1linois and
Minnesota in 1967 as part of an NCHRP project (1). The deflections, mea-

sured during a period of deep frost (February), a period of rapid strength

11
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Figure 6:

Deflections produced by a 9 kip wheel load and measured by
Benkelman Beam, versus Dynaflect deflections. (1,
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loss (Apfi]), and a péﬁiod of slow strength recovery (Auguﬁt); Are‘be1ié9ed
to be representive of the range of deflections measured oan;S. highﬁay
f]exfb]é pavements. According to the equation given in Figure 6, an esti-
mate of the surface def1ection caused by a 9-kip wheel.load (TB—kip sing1e
axle 1oéd) may be obtained by multiplying the correspbndihgfbynaf]éct
deflection by 20, with a probability of about 2/3 that the error of the
estimate will be 1es§ than 7/1000 of an inch. While this'érrdr ﬁay'éeeh “
large, the squared correlation coefficient was O 90: 1i.e. s approx1mate1y
90% of the variation in. the Benkelman Beam def]ect1ons cou]d be exp]a1ned
by'the_Dynaflect Deflections. That two instruments of such wjde1yvvarying
characteristics should correlate this well can be accepted’aS-evideﬁce tﬁat:
both are accompiisﬁing their common purpose - to provide'an,apbfoximate

: measuremént of the overa11 stiffness of pavement and subgrade.

Dynaf]ect Def]ect1ons Versus Moving Load Deflections -

In the corre]at1on study just described the Dynaf]ect 1oad was 1- k1p,
while the truck whee] ‘load was 9-kips: thus, one m1ght expect_that_the
“slope of the best-fitting Tine shown in Figure 6 would be ‘in the neighbor-
hood of 9 instead of 20 even if one makes allowance for the'di?fefence in
the geohetry df thertwovloads. But since the truck load was essentially
static,‘whiTe thé Dyhaf16ct Toad was vibrating,,one 15 led to,the;hypothesis
that the T-kip Dyha%]ect 1oad,Aapp13ed and released in 1/8‘of~a second,
causes:a deflection abproximateTy 9/20, orr45%, of the deflection thaﬁ a
static load of}the séme magnitude (1-kip) would pkoduce. |

Lérge scale expefiménts designed to determine the éffeCtvof vehicular
speed-or rate of load app11cat1on - on pavement deflections were conducted

at the AASHO-Road Test near Ottawa, I1linois, in late August 1ateSeptember
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and early December, 1959. Surface deflections, measured electfonica11y,
‘were produced by‘moving vehicles with single axle 1déds df 12, 18 and 30
kips (orrwheél loads of 6, 9 and 15 kips) trave111hg at spéeds varying from
2 mph to 50 mbh on eight flexible pavements of various designs.

The RoadfTest staff analyzed the data by means of.jinear regressioh
using the logarithmic form of the following model:

A+ A .
dvy=10° 1 : ()

where d(v) = the deflection under the_cehtroid‘of a dual-tired wheel load
moving at v mph while Ao and A1 were contants determined from the regression
analysis.

For a stétic load (v = 0), the model reduces to

d(o) = 10 A (2)
and the ratio of the deflection produced by a movihg wheel load to that

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

: %{%%_= ]OA]V _ (3)

The "speed coefficient", A1, was negative in all cases, indicating
that a reduction in deflection always accompanied a deckease in the time
consumed in app1ying and withdrawing the load. Va]gesvof A1, given in
Table 1, were apparently related to load, but to none of the other measured
vériab]es (surfacing temperature as well as thickness 6f surfacing, baée
and subbase). | | |

As a firét approximation let us ignore the apparent decrease of!Aﬂ in
Table 1 that accompanies an increase in load, and éccept the average va]ué,

A], 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:

_ 'Surfacing
Temperature

87°F
62°F

40°F

VALUES OF A; IN EQUATION 3. DATA FROM

AASHO ROAD +EST DEFLECTION-SPEED STUDIES‘ '

Wheel - _Va1ués;of A

Date Load - - Loop 4 Loop 6
Aug. 20, 1959 6 -.0072 - -.0070
9 -.0058 - *
15 * . -.0055
Sept. 30, 1959 6 -.0070 ~ -.0075
' 9 -.0062 = ¥
15 * ~-.0058
Dec. 2, 1959 6 0062 ' -.0060
9 -.0058 *

15 * -

-.0058

Average of all values, Kﬁ -.0063

Standard deviation .0006

Number of valUésraveraged 12

* No-data taken.
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(4)
From the‘ﬁypothesis,'pkevieusly stated, that'the‘vibrating T-kip
‘Dynaflect Toad causes a deflection that is 45% of that caused by a 1-kip
static 1ead we have for the Dynaflect

3X = 0.45 : R (5)
where'v is taken to mean the speed'at which a 1+kihWhee] Toad would have
to travel td produce the same def}ectﬁen as a T-kipilaaérvibrating at 8 cps.
Remembéring that Equation 4 has been assumed to ﬁ@id for any load, we
find from Equations 4 and 5 that " o
0.45 x 107-0083v .  (6)
which, when solved for v yields

V2% 55 mph o (7)

Thus, by a round abeui way; we have arrived at thg_conc1usion that a -
1-kip load applied to, and released from, a small area'of a pavement surface
in 1/8 of a second, apparently produces appraximately the same def1ectionAas
a 1-kip wheel load moving at 55 mph. | |

It is not the intention of the authors to claim much precision in these
calculations, not enough data being available to suppert such a claim, but
merely to point out that full scale deflection - speedrtests tehd torconfifm
the fo1]owing inequality observed in the field correlation §tudy, previously
mentioned, between Dynaflect and a 9-kip static load deflections:

Dynaflect deflection = Dynaflect 19@d
Static load deflection Static load"

16



or, in round numbers

1
20

<

of=

This type of inequality, apparently arising from differenceslin the rate
of load apb]ication, 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 def]éctiohs 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-Dgpendent Moduli

The use of linear elastic layered theory in flexible pavement design
“involves a commitment to the assumption that the material within each hori-
zontal layer, inc]uding layers in the underlying subgrade soils, has -
at least momentarily - a constant modulus of elasticity, E, and a constant
Poissons ratio,u, at every point in the layer. VOf 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 thereforé is
_ appropriatevto examine some of the pfevious'research that might throw some
~Tlight on this question. |

The Titerature 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 structureé and their foundations. For example as
early as 1962 Dunlap (5), and as late as 1973 Barker, Brabston and Townsend
(6), reported that, in effect, a laboratory specimen of granular material
| subjected to repetitivé Toading does not exhibit a constant modulus és required
.by linear elastic theory: instead, the modulus of such a specimen usually
increases when compressive stresses applied to the boundaries of the specimen
increase. By mentally extrapolating these results to field conditiéns 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 point also

continuously changes. Hence, at a given instant during the passage of a
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vehicle along a pavement, the modulus at different go$nts,w3thiﬁ:and beneath
the pavement structure apparently would differ, depending upon their distance.
and direction from- the load.

By the same token, it might be inﬁexred.that‘thgstncwémept:of surface
deflection. of a pavement ne&u}tinggﬁwom;chaﬁ@ﬁng:a=smaﬁie,WQeel load: from,
say, 6 to 9 kips, would be greater than the deflection: increment caused by
changing: the load from 9 to: 12 kips, aor from 12 to: 15 kips., because of the
accompanying increases in compressive stresses acting on: the materials within
and beneath the balement structure under the load. (Theﬁsuﬁﬁaae-deflection
spoken of here is intended, as in Chapter 2, to meén%the~dEﬁﬂa£tiohsof a
point on the surface of the pavement directly beneath the?cﬁﬂtroid:offa dual-
tire truck whee]'load), Eiguwe_Z‘compares,therkind.ofllnadbdeitection curve’
one. would expect from theaheportedﬂ1abora$6rx;tests:(curvejkﬁ}with:the
straight 1ine predicted by: linear e]astis.thegwy»(curve:B)Jv

That:1inearvélasticityvcannot'fajthfully»nepreSﬁnt the: response: of full-
scale airfield: flexible pavements. was concluded: by Barker, et. al (6) in the
report previously mentioned. Their conclusion was,haSdeon_sume;éamparfsons
of measured surface deflections, stresses and s$rains, with values computed
from Tinear elastic theory. The ﬁenort;aﬂsoeanesentﬁ soéeaey#QEncevthat if
the concept of a stress-dependent modulus is ﬁ&kEhﬂimtO'&chunt throuah the
use of a finite-element computer proaram. the behawi@rrof:aﬁ%#ﬁeld'fiexib1e
Davéments, heavilv loaded w&ih;a;sjnaﬂeztire, can be: simulated with better
accuracy,

In another recent report (1973) of experiments. on airfﬁeld.bavementsj
Ahlvin, Ciou and Hutchinson: (7) found: that the. principle of superposition,

denied by the concept of a stress-dependent modulus, held with: reasonable
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Figure 7:

SURFACE DEFLECTION

|

WHEEL LOAD

The shape of Toad-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 separate1y'épp11ed 1oads‘were
added. "Evidently," the report says, “there is a strong contradiction
between prototype field measurements and Taboratory findings fn material
behavior“.v Nevertheless, according to the same repoft, éurface deflection
basins computed from 1fnear e]astfcity departed radically from the measured
basins. | |

Evidence wi11Abe presentéd,in this chapter, based on arreport from the
AASHO Road Test (g),,that whi]erconsidérable variability in the shape of
load-deflection curves exists, the concept of a stresstepéndent modulus
appears to bé supportedvby load-deflection data gqthered shoft]y after;a
period during whfch'the pavement andvsdbgfade matéria]s héd;been subjected
to the disruptive action of a severe‘freeze-thaw cycle. Oh,the other hand,
other data from the same source will also be presented, and Wi]]-tend to show
that the same materia]s 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 fa11.

Portions of the AASHO Road Test Facilities Used as Sources of Deflection Data
It will be aésumed that the reader is generally fami1iér with the AASHO
Road Test, but a few exp1anatory remarks are necessary prior to presenting
the data treated in thisAChapter; .‘ | |
 Traffic at the Road Test consisted of both single-axle and tandem -axle
vehicles, but only sihg]é axle trucks will be considered héré because only
these were used to geneﬁate the deflection data to be studied.
The portion of fhé AASHO Road Test facility bonsideredAhere consisted
of three numbered loops, each of which was a segment of a four-lane divided

East-West highway whose bara11e1 roadways were connected by turn-arounds
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at each end. 'Theka@xibié‘paﬁément sections considered Weﬁg’lOQ—ft. segments
of the 12-feet wide lanes (designataéfaslkéne i) bf,tﬁe north téngéﬁts of
Loops 4, 5 and 6. Each tangent within a Toop was 6,800 feet (1.3 miles) in
1ehgth, andrthe three Toops, arranQEd'iﬁ~tandémﬁigaannéﬂka ﬁ@£éT distance of
V apbreximaﬁeiy 5’17? miles. @% ﬁﬁisAdfgéaﬁbé,-éfiéF éxejuﬁfﬁg ﬁhe'furnak@unés,
20,400 feet (approximately 3.9 miles) were fiexfb%@VE&VémEﬁt tangents.

0n1y 1oaa—&é%iectién data from the “main Faeter%ﬁ? éxpeviment";’desig~
nated "Design 1", will be analyzed in this chapter, 'mtfh-m_:eaéh#nep Design 1
consfstéd of 27 test sections, all differing in thickness design, plus three
replicate sections provided for measuring within-1oop experimenta1 error,
Here we shall pay only passing attention to within—]oap reéiication ervor,
and instead will rély on atf@ss—ieep error, using datarf?@mﬁseveral designs
that were comm@ﬁ to all three Toops. It is believed that the latter (i.e.,
differences in the shape of the load-deflection curves of sgppased1y indenti-
cal test sectiens located in different ]oﬁps), rather than differences
encountered at shorter distances within Toops, are not on1y'mbrevappropriate
for testing models fitted tﬁ'daia'ffam'a11 three loops; but are also more
representatiVe of unexplained ﬁi?fe?EHQQS that would oceur in a normal high-
Qay project. | 7 | | |

The materials used for surfacing, base, Subbase,_and embankment were,
respectively, a hot-mix asphaltic concréte, aAérushéé limestone, a cohesionless
uncrushed gravel, and a clay iaken from three borrow pits a]ong the right-of
way. | | :

The thicknesses of surfacing, base and subbase were ya%ied between test
sections, but the thickness of the ém%a%kmeht was constant for all sections-

three feet. Although there was some overlap of designs, the average within-
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loop design thickness inhreased in the same 6rder~a§ the*]oép numbers; 4, 5
~and 6. | |

Unusua11y.rigidvmoisture and density controls were excercised in
constructing the faci]fty. 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 agéin on November 19, 1958, short]y(aftek c0nstruction,
the -AASHO Road Test staff measured, by means of the Bénkelmén Beam, the sur-
face deflections produced by two different sfng1e—ax1e 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 appearihg in the model |

d= el N (8)

where

(o}
I

deflection (mils) observed on a section,

e = the base of Napierian logarithms,

L = axle load (kips),

a=a section,consfant supposedly dépendent upon the degﬁgn of the
section and the properties of the materials, including materials in
the foundation to an undetermined depth, aﬁd B

b = a section constant which, for the purposes of this sthy, is regarded
simply as an indicator of the distance and directibn of departure
of the load-deflection curve from a straight l1ine through the origin.

O0f the two section constants, only b is of concern here.
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TABLE 2: FALL 1958 CREEP SPEED DEFLECTION DATA LOGP 4,
LANE 1, AASHO ROAD TEST WITH CONSTANTS COMPUTED
FROM BEFLECTIONS AND LOADS. - . .

, Def1ection I

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

Materials | L(kips) ; d=ealb -

Ind1cated » Indicated ' :
Ac-Ls-6R | 12 | 18 | a | b
3-0-4 69 | 121 | .792 -}'.,385
3-0-8 46 | 72 ¢ 1.083 1.105
3-0-12 26 | 47 | -.370 1.460
3-3-4 39 62 -.823 1 .1.143
3-3-8 29 43 .953 - .971
3-3-12 20 30 511 I 1.000
3-6-4 46 72 1.083 1 1.105
3-6-8 32 47 | 11100 | .948
3-6-12 22 32 795 ] ..924
4-0-4 39 77 -.505 1.678
4-0-8 23 37 .222 1.173
4-0-12 22 32 .795 - .924
4-3-4 32 . 53 374 1.244
4-3-8 28 42 .847 1.000
4-3-12 19 31 -.056 1.207
4-6-4 34 57 .360 1.274
4-6-8 25 37 .816. - .967
4-6-12 23 31 1.306 - .736
5-0-4 45 74 .758 1.227
5«0-8 29 50 .029 | 1.343
5-0-12 20 32 115 1.159
5-3-4 25 36 | .984 .899
5-3-8 24 34 1.043 .859
5-3-12 24 32 1.415 .710
5-6-4 25 38 | .653 | 1.033
5-6-8 19 33 -.439 1.362
5-6-12 19 30 45 1 1,127
Mean Value of b: 1.110
Standard deviation, o: .222
No. test sections: 27

Note: - AC = asphaltic concrete

4o

LS = crushed limestone
GR = uncrushed sandy gravel
d = base of Napierian 1ogar1th1ms
'Other synbols as defined in column head1ngs
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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,

Materials L(kips), d=ealLb
Indicated Indicated

__AC-LS-GR 121 22.4 a b

3-3-4 47 99 0 .884 1 1.194
3-3-8 44 64 - 2.292 | .600
3-3-12 231 35 1.464 .673
3-6-4 44 67 2.110 .674
3-6-8 30 54 1.061 | .942
3-6-12 24 1 33 -1.910 .510
3-9-4 40 61 2.009 .676
3-9-8 33 51 1.763 .697
3-9-12 26 42 1.349 |+ .768
4-3-4 65 { 130 1.415 | 1.111-
4-3-8 - 24 | 47 l .502 | 1.077
4-3-12 27 1 43 1.443 .746
4-6-4 28 44 1.533 .724
4-6-8 29 50 1.199 .873
4-6-12 24 36 1.564 .650
4-9-4 34 57 1.469 .828
4-9-8 28 | 45 1.443 .760
4-9-12 19 30 1.126 .732
5-3-4 38 63 1.625 .810
5-3-8 28 49 1.104 .897
5-3-12 20 | 31 1.251 .702
5-6-4 35 66 1.030 | 1.016
5-6-8 26 48 .817 .982
5-6-12 21 | 33 1.245 .724
5-9-4 23 41 .834 .926
5-9-8 23 35 “1.464 | .673
5-9-12 23 35 1.464 673

Mean Value of b: .801
Standard deviation, o: .167
No. Test Sections: 27

Note: AC

= aspha]tic concrete
LS = Crushed limestone
GR = uncrushed sandy gravel

e = base of Napierian logarithims
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) ' Computed
{inches) Caused By The Constants
of the Axle Load, in Model
Materials L{kips), d=edLb
_Indicated | - Indicated N
CAC-1s-6R | 12 | 30 a 1.b
4-3-8 30 | 86 545 11.149
4-3-12 13 33 .039 531.0]7
4-3-16 16 46 -.091 §1.153
4-6-8 18 47 .288 | 1.047
4-6-12 21 1§ 58 .289 1.1.109
4-6-16 16 37 .499 .915
4-9-8 22 63 .238 11.148
4-9-12 18 | 57 -.236 {1.258
4-9-16 14 40 -.208 {11.146
5-3-8 18 | 58 -,283 11.277
5-3-12 15 | 42 -.084 11.124
5-3-16 15 41 | -.019 {1.097
5-6-8 19 55 062 11.160
5-6-12 11 35 ~.741 ] 1,263
5-6-16 15 35 410 | .925
5-9-8 15 | 44 -.210 11.174
5-9-12 16 39 .356 .972
5-9-16 14 39 -.139 §1.118
6-3-8 13 | 40 -.483 11.227
6-3-12 14 | 36 .078 11.031
6-3-16 13 36 -.197 J1.112
6-6-8 14 50 -.813 11.389
6-6-12 12 38 -.641 1} 1.258
6-6-16 10 4 30 -.677 11.199
6-9-8 15 47 -.389 | 1.246
6-9-12 12 4 35 -.418 1 1.168
6-9-16 14 35 .154 1-1.000

Mean Value of b: 1.136
Standard deviation, o: .113
No. test sections: 27

Note: AC = asphaltic concrete
LS = crushed 1limestone
GR = uncrushed sandy gravel
e = base of Napierian 10gar1th1ms o

Other symbols as defined in column headings
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Values of a and b in Equation 8 were found for each section from the
logarithmic form of the model, which can be written as follows:

a+binl;=d; (3= 1, 2) | (9)

J
The two values of L and the two corresponding values of d‘(givenrin Table 2,
3 or 4) were substituted in Equatjon 9 for each secfion, resulting in two
simultaneous equations in two unknowﬁs. These were then solyed for the un-
knowns, a and b, _

Figure 8 illustrates how the value of b, referred to herﬁafter as the
"shape factor", influences the shape of the load-deflection curve. Regardless
of the value of the constant a, if b>1 the s1bpe of the cur#e increases as
the load L increases; 1if b=1, the slope is constant: if béd, the slope
decreases as L increases.

The cases of b=1 and b<l have already been discussed iﬁ the context of
stress-dependent moduli (see Figure 7). The authors are ncf prepared to
speculate on the physical inference of b>1 beyond saying that thi§ case seems
to indicate that a significant thickness of. the materials sgpporting 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 thé shape factor, b, as hé glances down the columh
from one design to the next. At the bottom of the column 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 gréphicai?y in Figure 9.

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

| 1oopé are considered to belong to the same data set.
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Data from Tables 2, 3 and 4, for fall of 1958, AASHO Road Test.

Figure 9:
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Tﬂai the ShabE-factbrs of Loops 4 and 6 be1ongrtthhe same data Set
seems obvious from Figufe 9, and can be inferred fr0m5an analysis of variance
that indicates no significant‘difference in their>means}“,0n the other hand,
analyses of variance indicate that the mean of Ladp 5 iézsighificanf1y Tess
than that of both Loop 4 and Loop 6. Thus, from the statistical point of
view, the bar graph in Figure 9 grouping gll_daté in one set cannot be
justified. From a practical point of view, however, thé\authors Jjustify the
‘combining of all data on the grounds of necessity: no data are available to
explain the difference between 1oops.‘ Moreovef, the existence of unexplained
spatial variability in thé behavior and performance of highway pavements is
a matter of common khow]edge in the profés§ibn; so that the variation of the
‘mean values of the shape factors for the three Toopé shown in Figure:9 should
surprise no one conversant with highway behavior. |

The mean value of b for the 81 seétions studied was 1.02, tending to
indicate linearity of the load-deflection curve, but the stahdardAdeviation
was large (0.23) and the range was quite large (from 0.51 to 1.68). Although
Targe unexplained variations were expected, it was decided nevertheless to
investigate the possibility that the known pavement design variables, D],
(surfacing thickness), D2 (base thickness), and 03 (subbase thickness) might
significantly influence the value of the shape factdr,”b; For this purpose
a "select regression” computer program, developed at Texas A&M University by
Lamotte and Hocking (8) , was employed, using as a model a second degree
surface made up of squares and two-factor interactions of the three design'
variables. Thus, tﬁe full model contained the dependent variable, b, nine

independent variables with their constant coefficients, and one constant term.
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‘The se]ectAregreSSTOh program operates as follows: it first uses fhe
full model with N indépendént variables, printingAOQt the coéffitienté of
the variable terms,‘the constant term, the squared correlation coefficient,
‘the standard error, and the probability of a Type 1 error fdk'each‘independent
variable. Itrthen finds the optimum model containing N-] indépendent variables,
and prints out simi]&r statistics for the reduced model. The process ofv
identifying the optihum reduced model and perfprming é.regreSSion is continued,
unti] the last model used contains one 1ndependent variable and a constant
term. .Models other than the optimum, as we]llas additiohé]_statistics for
each model, are a]sd_chosen by the program and the resu]ts;printed, but only
the full model with 9'independent variables, and the remainihg 8 optimum
“models containing feﬁer terms, will be considered here. The results are
given in Table 5. 7

Table 5 presents 1hformation based on a model which; though having no
roots in mechanistic theory, nevertheless appears to be sufffciently flexible
to warrantvthe following conclusion.

No model based on the assumption that the physical proberties of each
of the'five_materia]s.fnvo]ved are constant for all test'séctiohs, can be
expected to predict the shape factor, b, of the 81 sections analyzed, with
an error much less than the standard deviation of b about its mean value.
(The five materials referred to abové are those cohposing'the surfacing, base,
subbase, embankment and foundation). This is taﬁtamount to saying that the>
authors accept 1.0 as the best estimate of b, and ascfibe deviations from 1.0
as a combination of the effects of instrumental error and of unknown,
unmeasured variations in the properties of all the materia}é_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 factdr; b. 2 ' 5 9
Nine independent variables: D]s Dz-,'D?,,-‘D1 . 02 ,_D3_,

D130z, D103, DyXDy

Independent Variables

- In Optimum Model
y _'Preb;;gf,TYQe 1 Error <0.]
No. in i . o Standard
Model No. Variables . R . Error
9(all) 2 Dy, DyxD, Y 20
8 2 D,, DyxD, B BV .20
7 2 DZ’ D1><D2 .31 .20
6 2 DZ’ DTXDZ .31 ? .20
5 3 DZ’ D3, D]XD2 .31 .20
4- 4 DZ’ D3, 01XD2’ DZXDB .29 | .20

2 .

3 3 Dg, D2 , D}xD2 .27 .20
2 2 Dy, DyxD, .24 .20
1 1 DZ 10 27
0 0 e 23

*Standard deviation of the dependent variable, b,

about its mean value of 1.02
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As another, and péhhaps more convincing means. df 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 va1ue of b
given in the columns headed Loop 4, Loop 5 ahd Loop 6, represehts'the
response of one test section. Ideally, the set of three numbers, representing
three test sections of the same design, would be identical. But they are not,
thus furnishtng another example 6f unexplained spatial vartabf]ity of highway
pavements. i h ,

The variabi]ity of the shape factor b, evident in Table 6, was quantified
by computing the acroés—100prep]1cation error from the following formu]ar
applicable to n sets bf replicate designs, where each set has three members

(test sections):

_ 2, . 2
Re = {5, [Z (b5 + by; + by)
' . n n 1/2 .
- (Z byybyy * Zbpibgs * by 31)]} A (10)

wherein b11, 621 and bBi are the three values of b given in Table 6 for the
ith design, and Re is the across-loop replication error. As shown at the
bottom of Table 6, Re = 0.17. |

The across-1oop hep]ication 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 model _

CbeF | | ()

where E'represents.thermean value of b for the 81 test seetiehs. If all the

errors of Table 5, as well as the across-loops replication error of Table 6,
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TABLE 6: VALUES OF b FOR THE

EIGHT DESIGNS

COMMON TO ALL LOOPS (FALL 1958
DEFLECTIONS) g
vwihbgs;gn fhiéknésg.(%6;>lbv _ '51 *
Design . ,‘ 1 T ] ,JM'.  7. 1
Index, i | Surface | Base | Subbase | Loop 4 | Loop 5 | Loop 6
1 4 3 8 1.000 | 1.077 | 1.149
2 4 3 12 1.200 | 0786 | 1.017
3 4 6 8 0.967 | 0.873 | 1.087
4 4 6 12 0.736 1 o650 | 1.100
5 5 3 8 0.850 | 0.897 | 1.277
6 5 3 12 0710 | 0.7020 | 1.124
7 5 6 8 1.362 | 0.982 | 1.160
8 5 6 12 1.127 | 0.724 | 1.263

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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are rounded to 0ne>decima1,_1trcan be seen that all have the value 0.2;
Under these.conditions, and bearing in mind‘that any model sélected to repre-
sent the shape facfor,:b, cannot fit all the data with an'effor mich Tess
than the aérosSA]odpvreplication error, it appears that the mean vd]ﬁe of b |
is a reasonable estinﬁte for design purposes, i.e., bx1.0. ‘Thisvis‘the same
~conclusion previously drawn from the results of the select regreséion program.

Pﬁtting 1.0.for,b in Equation 8, and recognizing the approximation in-
volved, we have } |

daredL | ) | (12)

or siated in words;ithe shape of the load-deflection curves observdd ih the
fall of 1958 at thevAASHO Road Test tended toward 1inearity; ‘Moreover, while
many of the observed curve$ were concave downward - apparently an indication
of stress-dependent moduli - many others were cdncave 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 moduTus. 7'

Before passing to the next section, it should be repeated that Equation
11 was accepted maihTy on the basis that its associated error of10.2vwas of
the same order of magnitude as the across-loops replication error. The wifh-
in-Toops errof, whichAis given at the bdttom of Table 7, was_smd]]er, as might
.be expected, beiﬁg (to‘one decimal), 0.1. The reason fdrvnot using'within;
loop replication error as a measure of the suitability of a model fitted to
the data from all fhree Toops has already been discussed. _f

The formula used for computing within-loop repiication error is'given
below: ' |

n 5 1/2
Re= gz (byy ~bpy)) | a3
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“TABLE 7: VALUES OF b FOR DESIGNS THAT
OCCURRED TWICE IN EACH LOOP

Dés{gn Thickness (iﬁ,)
Design —T T T '*‘
Loop No.| Ne., i | Surface | Base ~ Subbase | b

4 | 1 3 0 12 | 1.460
3 0 12R* .96

2 4 3 8 1.000

4 3 8R - 1.367

3 5 6 4 1.033

5 6 R 1.033

5 4 3 3 2 0.673
3 3 12R 0.715

5 4 6 '8 0.873

4 6 38R 0.685

6 5 9 4 0.926

5 9 4R 0.818

6 7 4 3 16 1.153
4 3 | 1er 1.011

8 5 | 6 12 1.263

5| 6 | 1.112

n=9 6 9 | 8 1.246

6 9 8R 1.199

Within-Toop replication error = (.12
(Computed from Equation 13)

*R designates the second of a pair of replicate

sections appearing in the same loop. Its companion
is Tisted in the line immediately above.
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where b, ahd‘bzi are the two values of b given in Table 7 for the ith
design, and n is the total number of pairé of rep1icafe sections in allr1oops

( in this Case, 9).

~Shape of Load—Def]eetiqn Curves in the Spring of 1959 at the AASHO Road Test

On March 9 and again on March 31, 1959, deflection tests were fepeated
on those sections in the main factorial experiment that had SurViVéd'thé :
"spring breakup" pefiod. Like the fall 1958 deflections, the springvdata,
averaged over the two testing days, were tabulated in Appendfx’C of Reference 2.
These data, with the exception of some that had been 1abe1}ed "estimated", |
are repeated in Tab]es 8, 9 and 10 in the same format as Tab1es 2, 3 and 4
previously discussed. ~ Unlike the data shown in Tables 2, 3 and 4, rep]icate
sections were included in Tables 8, 9 and 10 in order to make available for
study‘as muchrof the spring 1959 deflections as possible, inasmuch as loss
of test sections had already unbalanced the 1oop factorial exper1ments

The mean va]ues 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 s1gn1f1cant1y different, while the |
mean for Loop 4 is’ s1gn1f1cant1y smaller than the means of both Loop 5 and
Loop 6: these conc]us1ons were borne out by analyses of var1ance. As in the
caserof the fall 1958 deflections, and for the same reason - lack of anfof-
matfon as to why the 1oop means should vary in this way-the authors decided
to pool all the data, as had been done in the case of the fa]] def]ect1ons,_
and investigate the poss1b111ty that the pavement des1gn variables, D], 02
and D3, could be used in a second-degree statistical model to predict the:

values of the shape factor b with a standard error substantially Tless than
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TABLE 8: SPRING 1959 CREEP SPEED DEFLECTION DATA LOQP 4,
LANE 1, AASHO ROAD TEST WITH CONSTANTS COMPUTED
FROM DEFLECTIONS AND LOADS

Deflection
Thickness d(mils) v Computed
(inches) Caused By The | Constants
of the Axle Load, A in Medg?
~Materials | L(kips) o d=edLB
Indicated Indicated f
_AC-LS-GR 12 18 1 a t b
3-0-12 52 77 1.545 .968
3-0-12R 48 56 2.926 .380
3-3-8 70 86 2.987 .508
3-3-12 36 45 2.216 .550
3-6-8 57 66 3.145 .362
3-6-12 34 48 C1.413 | .850
4-0-4 74 83 3.601 | .283
4-0-8 32 44 1.514 v .785
4-0-12 34 38 2.845 274
4-3-4 65 79 2.979 .481
- 4-3-8 49 62 2.450 .580
4-3-8R 44 53 2.644 .459
4-3-12 35 42 2.438 .450
4-6-4 60 63 3.795 .120
4-6-8 36 47 1.949 .658
4-6-12 311 40 1.872 .629
5-0-4 48 58 2.711 .467
5-0-8 38 41 3.172 .187
5-0-12 26 34 1.614 .662
5-3-4 38 a4 2.739 .362
5-3-8 29 44 812 | 1.028
5-3-12 28 36 1.792 .620
5-6-4 30 4? 1.339 .830
5-6-4R 30 38 1.952 .583
5-6-8 30 36 2.284 .450
5-6-12 28 32 2.514 .329

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

Note: AC = asphaltic concrete
LS = crushed limestone
GR = uncrushed sandy gravel
e = base of Napierian ]ogar1th1ms

Other symbols as defined in coluim headings
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" TABLE 9: SPRING 1959 CREEP SPEED DEFLECTION DATA LOOP 5,
'LANE T, AASHO ROAD TEST WITH CONSTANTS COMPUTED
 FROM DEFLECTIONS AND LOADS

Deflection

Thickness ‘ d{mils) : Computed
(inches) Caused By The ' Constants
of the Axle Load, in Model,
Materials L(kips) d=edLb
Indicated Indicated

AC-LS-GR 12 22.4 a b
4-3-8 50 80 2.041 .753
4-3-12 40 76 1.134 | 1.028
4-6-4 71 90 3.310 .380
4-6-8 44 78 1.505 .917
4-6-8R 40 62 1.944 .702
4-6-12 32 50 1.689 .715
4-9-4 54 -1 97 1.657 2938
4-9-8 40 71 1.404 .919
4-9-12 28 44 1.533 | .724
5-3-4 51 95 1.455 . 997
5-3-8 40 60 2.075 .650
5-3~12 29 48 1.361 .807
5-6-4 46 72 2.045 .718
5-6-8 29 57 .677 | 1.083
5-6-12 24 43 .856 | .934
5-9-4 3T 54 1.224 .889
5-9-4R 33 60 1.116 .958
5-9-8 21 47 -.162 | 1.291
5-9-12 24 36 1.564 .650

‘Mean value of b: .845
Standard deyiation: .201°
No. test sections: 19

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

_ “base of Napierian 1ogar1th1ms
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 COMPUTED
FROM DEFLECTIONS AND LOADS '

Deflection

Thickness d(mils) v Computed. .
(inches) ~ Caused By The Constants
of the Axle lLoad, ~ 9n Mode
~ Materials | L(kips)
Indicated Indicated ,
ActseR | 12130 | af b
4-3-12 28 | 60 1.265 | .832
4=3-16 42 1 92 ’ 1.611 .856 -
4-3-16R _ 46 | 97 1.805 .814
4-6-12 62 141 1.899 | .897
4-6-16 37 59 2.345 509
4-9-12 40 82 1.742 783
4-9-16 27 56 1.317 796
5-3-8 52 | 96 2.289 669
- 5-3-12 37 76 1.659 786
5-3-16 30 | 65 1.304 1. .844
5-6-8 44 1§ 87 1.935 ,.744
© 5-6-12 32 64 ] 1.586 } . 756
5-6-12R 30 64 ; 1.346 | .827
5-6-16 22 | 47 ] 1.032 | .828
5-9-8 38 } 72 ! 1.904 | .697
5-9-12 28 | 54 | 1851 | 717
5-9-16 26 | 54 ; 1.276 | .798
6-3-8 25 | 56 ] 1.032 .880
6-3-12 30 | 62 | 1.433 | .792
6-3-16 24 | 58 | .785 | .963
6-6-8 33 | 78 , 1.164 | .939
6-6-12 25 § 54 ] 1.130 | .840
- 6~6-16 18 36 |- 1.011. ) .756
6-9-8 31 | 66 ' 1.385 | .825
6-9-8R 26 | 65 j .773 11.000
6-9-12 23 | 51 | .976 | .869
6-9-16 17 | 40 1 513 934

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

Note: AC = asphaltic concrete
LS = crushed 1imestone
GR = gncrushed sandy gravel

= base of Napierian 1ogar1th1ﬂs
Other symbols as defined in column headings
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Figure 10: Data from Tab]es 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 purboserthe
select regression computer program (g) described in the}preceedihg 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 idénticé]. When
rounded to one decimal, all the errors given in Table 11, 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 conclusion that a
satisfactory esiimate 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 significant (according to an analysis of variance, F =63.2). The
difference is visible when one compéres the "all data" bar graph of F%@ure 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}fa1i 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 b4, some or all of the
materials supporting the load have stress-dependent moduli), one must conclude
that in the:sprfng of 1959 there was evidence to support the concept of
stress-dependent moduli. Not only was the average of b less than 1, but a]so-
according to Tables 8, 9 and 10 - in only 5 cases out of the 72 studied was

b>1.
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TABLE 11: RESULTS OF SELECT REGRESSION OF b ON
PAVEMENT DESIGN. VARIABLES (SPRING 1959
DEFLECTIONS, ALL LGOPS)

One dependent variable: Shape factor, b 2 5 2
Nine independent variables: D], DZ’ D3, D] R D2 s D3 R

1ndepehdéht Variables
In 0pt1mum Model o
Prob of Type I Error < @ 1 -
No. in : =1 2 - Standard
Model . No. | Var1ab1es o} R Error
9(al1) 2 | D, sz03 o3| .20
8 2 | D2x03 | 31 | .20
77 3 ¢ D3, Dy szD3 | .317 ‘E .20
L L 2 | ‘
6 4 DB’ Dss DT s szB3 | .31 | .20
: 2 | ] ‘
5 4 ; D" Dy, D 3 DZXD3 , .31 j .20
2 » |
4 4 ; Dy D,» Dy szDS : .29 .20
2 .
3 3 » Dy%s D2xD3, D3 .27 | .20
2 2 - DyxDy, DyxDy b .22 .21
1 1 | D.]xDZ .18 1 .21
0 - mmmmmmeas 7' - | .23%

*Standard deviation of the dependent variable, b,
about its own mean of 0.72.
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Figure 11: Mean values of b and other statistics for the fall of 1958
compared with similar data for the spring of 1959, AASHO
Road Test. Data from Figqures 9 and. 19. ,
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But if stress-dependent moduli did, in fact, exist during the spring
testing period, one-ié Ted to andther conclusion, namely that disruption
of the materials - including the 36-inch embankment - by a freeze-thaw
cycle that ended~arfew'days'before the gathering of the . spring déf]éction
data began, was SOmehow'responsible for significant intreases in the
degree to which materié] stiffness was increased by 1oad—induced.stre55.
How this could have héppened - if in fact it did- the authors are not
prepared to say. A -

To complete the déscription of the differences Between fall and
spring def1ectibns'it should be mentioned that the latter Were much
greater than the fofmer, This can most easily be demoﬁstrated by examiné
ing the response'of,the sixAdesigns.that were commoﬁ to 511 Toops in both
the fall and the spring, to the one load - a 12-kip sing]e axle load -
that was also cothn to all loops 16 both seasons. The:designs and the
response data for each of thevls test sections‘jnVO]ved are given in
Table 12. - )

In Table 12 the across-loops mean value for each désign is selected
for further attention, rather than individual section VaIués, because -
as has been emphaéized previously - no data are avai]&bie fér exblaining
across-loop variabjlity. The across loop means are p]qtted;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 ratic; as indicated by_the slopé‘of the 11ne, is 5/3, or 1.8.

The approximafe'ratio @f 1.8 was confirmed 8 years later by -Dynaflect mea-
surements made in the spring and fall of 1967 onvsectiohs;of highways

Tocated near the site of the AAHSO Road Test. In this7experiment the
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TABLE 12: COMPARISON OF FALL 1958 AND SPRING 1959
, 12-KIP SINGLE AXLE LOAD DEFLECTIONS

IVDesign Thickheés (in.} } | Fall Déf], (mi]é) ' Sprfng_béfi. (mils)
" : } Section | Across-Laops - Section{TAcross-Loops
Surface |[Base |Subbase | Loop |Values Mean Values Mean

| s | 19 ] s
4 3l 12 | s | 2 20 | a0 34
6 | 13 | | 28

| s | 2 R
s | 6| 12 5 | 2 23 | 3 | a
6 | 21 | 1 62

| s | 24 o 29
5 3 8 5 28 23 40 40
6 18 52

4 24 : 28
5 3 12 5 20 20 , 29 | 31
6 15 37

| _ 4 19 30
5 6 8 5 26 21 o 29 34
6 19 . 44

4 19 | 28
5 | & 12 5 21 17 24 28

6 | N 32

Overall Average 21 - 35
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Figure 12: Twelve-kip single axle load deflections in the fall of 1958
compared with similar deflections in the spr1ng of 1959,
AASHO Road Test. Data from Table 12.
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ratios varied-frém ?.7 to 2.0 on 5 out of 6 §ections:teétéd{ ‘The single
exception was a'pavemeﬁt constructed on a sand fill; ~in this case spring
and fall deflections were about equal. The remaining 5 sections had sub-
grades described as silty clay (1, Fig. B-7 thra&ghrs—]z).

In this chapter it remains only to document the,statemeét made earlier
(page 42) that thevacross—loop repltication error invthe shape factor, b,
for the spring 1959 load-deflection curves was approximately 0.2. Table 13
is the necessary documentation. As noted at the bottom 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.
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TABLE 13: VALUES OF b FOR THE SIX SURVIVING

 SECTIONS COMMON TO ALL LOOPS

(SPRING. 1959 DEFLECTIONS)

Design Thickness (in.) .

Design | A 7 o

No., i N SUrface Base |Subbase Loop 4 Loop 5 Loop 6
1 . 3 12 0.450 | 1.028 | 0.832
2 4 6 12 0.629 | 0.715 0.897
3 5 3 8 1.028 | 0.650 | 0.669
4 5 3 12 0.620 | 0.807 | 0.786
5 5 6 8 0.450 | 1.083 0.744
6 5 6 12 0.329 | 0.938 | 0.756

Across-Loop replication error = 0.199

(Computed from Equation 10)
Mean value of b = 0.745

Standard Deviation (18 values) = 0.208

Note: Spring deflection data from only 6 of the ofiQina] _

8 designs common to all loops were available due
to destruction of sections by test traffic
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4. ENVIRONMENTAL EFFECTS AT THE TTI PAVEMENT -TEST FACILITY

Discussed,in the preceeding chapter were certain'effects of ]bca1

. weather on'the magnitude of pavement deflections and. the shape of load-
deflection curves at the AASHO Road Test. It was assumed that these effects
were caused by a disturbance of the structure of the load-bearing materials
by deep frost penetration and subsequent thawing, ‘and that immediately
following thé spring thaw linear elasticity was n0£ applicable, eveh when

replication :error was considered.

Entrapment of Water in The TTI Facility

- A disturbance of some of the construction materials is known to havev
a]so occurréd at the TTI Pavement Test Facility, but by a different meéhanism,
namely, the unférseen entrance of large quantities of watef into the embank-
ment materials, followed by the removal of a portion of the water by‘insta11a-
tion of a drainage system. The resulting changes, if any, in the shapes of
ioadedef1ection curves were not measured, but there can be no doubt, as will
be shown, that radical changes from the "as-built" conditfon did occur in
some of the materials. In view of their possible bearing on the applica-

'bi1ity of 1ineér e]astfcity to the Study 136 déta, thesé changes, and.their
effe;t on . surface deflections, are described in this chapter in considerable

- detail.

Materials and Test Section Designs

The materials composing the 460" x 50' 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

Texas

Abbreviation Unified ~ Compressive
: Used In ~ AASHO Soil Triaxial Strength

Description: Table 15 Class Class Class  (psi)*
Plastic Clay PC A-7-6(20) CH 5.0 22
Sandy Clay ' SC A-2-6(1) SC 4.0 40
Sandy Gravel - GR A-1-6 SW 3.6 43
Crushed Limestone LS A-1-a 6S-GM 17 | 1es
Crushed Limestone . - ' :

+ 79 Lime LS+L A-1-a GW-GM 1.0 | 430
Crushed Limestone L ‘

+ 49 Cement LS+C | A-1-a GW-GM 1.0 2270
Hot Mix Asphalt AC

Concrete

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

Note:

The natural material below the embankments Was plastic clay

‘similar to 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;

determined in the laboratory.
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TABLE 15: TEST SECTION DESIGNS, MAIN FACILITY

Thickness (In.) | Material Type (séemaTs’Q TabTeWM') | _

Sec. |Surf. | Base | Subb.| Emb. |  Surf.] Base | Subb.| Emb..

4] 4| 40 | A JLs«c| LS | PC
12 1 a4 36 aAc | sk s | pc
4 | 12 | 36 AC | LS¥C | LS | PC

12 ] 121 22 | A |issc]| s | pc
a1 4| 4 | A 1S {us«c | PC
12 | 4 36 Ac | LS |Ls# | PC
4§ 12 | 36 AC Ls | Ls+«c | PpC
12 | 12 | 28 AC | LS | Ls+«c ] PC
sl 4| s | A s | s | @R
12 | 4| 3 | A Ls | s | GR
4 12 ) 3 | A | s | Ls R
12§ 12 | e A | s | 1S | @R
4| 4 | 4 | AC | LS#C| LS#C | GR
12| 4| 3 | Ac | is«c|Ls+«c| GR
4| 12 | 36 | A | Ls#C| LSsC | GR
12 ] 12| 2 | Ac | isec| Lsec| eR
g | 3 AC | LS+L| Ls+L| sC
6 AC | LSHL| LSHL| sC
32 AC | Ls+L| LseL| sC
8 AC | Ls+L] LseL | sc
30 AC | Ls+L| LS+ | sC
38 | AC Ls | Ls#L| sC
34 AC | LSH#C | LS+L | SC
34 ac | ssL| s | sc
34 AC | LSHL| LS+C|  SC
34 AC | LseL| Ls#L]| PC
TR AC | Ls+L| Ls+L|  GR
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introductory bhapfer, three embankments were built side by side, and the
entire}nain facility was enveloped in an asphalt membrane intended to main-
tain the as-built moisture content.

o The protective membranes at the ends of the féci]ity were installed
after construction of the end ramps by digging a transverée ditch at each
end, spraying its inner wall with Tiquid asphalt, and then backfi111ng;

Since the ditch walls weré vertical, these membranes were thinner than
desired, and may have-béen disturbed by the backfilling operation, permitting
the entrance of water. In any event, water did enter the'embankmenfs 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 spfing and summer of 1965
(9, 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 represeht the-defiebtiénbasins of the
section (9, p. 13). At that time there were no outward sigps;that moisture
changes had occurréd in any of the materials encaséd in thefmembrane. But
on the other hand, no samples were taken, and there is no guarantée that
wéter had not already entered the facility when the ]966'def1éction tests
were made seven months after constkuction. | :' |

However, about a year later it was discovered that wide, longitudinal
cracks had penetrated through the surface, base and subbasefdf several of
the nine test sections constructed on the plastic clay enbéhkmént. These
were sealed soon after their discovery, but néW'cracks; sonE of which wére
transverse, subsequently appeared and these, too, were sea]edf: In addition,

cracks paralleling the pavement edge on the plastic clay embankment side
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appeared.in’the shoulder for nearly the entire Tenggh 5f'the'460‘ftf‘faci1ity,-
and a few cracks occurred in sections éonstructed‘o#er‘the.sandy'gpavel and
sandy clay embankments,'though the latter cracking was less severe tﬁan that
associated with the p]éstiévciay embankment. a

Eventually the appearance of new cracks seemed to have ceased, and in
the early fall of 1971.preparations were made for neasﬂrihg.disp]acenents
within the bedy of the facility'@s a part of Reseakgh.Studg 136. The work
plan requiked that 1 3/4" - diameter vertical h@ies be drilled completely
through the facility and 12 inches into the foundation beneath the embank-
ments. Many of the holes collapsed before the desirgd-depth,cou1d be reached,-
and free wate? could be seen flowing into seme Qf them. It quickly became
apparent that free water was entrapped in thﬁ_twovpervious embankments and
that the plastic.clay embankment was much wetter than at the time of construc-

tion.

Installation of Draiﬁageﬂ&ystem

As'a result of the discovery of entrapped water, the measurements
program was temporarily halted and a drainage system; designed by Dr.
Robert L. Lytton, was insta]]ed}in the fall of 1971 (10). Lateral drains
(3 in. - diameter s]ottéd plastic pipes) were laid just betow the bottom of
fhe sandy gravel and sandy clay embankments. Surrounded by a graded filter
‘that penetrated upward through the asphalt membrane; the lateral drains
carried water from the two relatively permeable embankments to a longitudinal
pipe and thence to a man hole and storm sewer near the north-west corner of
the facility. Plan and cross-section views of the system:ére shown in

Figure 13.
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During constructioh of the drainage system in‘August»and Septembef
1971, a cdnsidérab]e'aﬂount of clear water drainedlqut of the fac{}ity,
but flow réte measurements could not be made until after installation was
comp1éte. During the first 40 days (October 10 - November 20, 1971) after
completion, it was observed that clear water flowed 1nto the manhole at
rates varying from about 100 to 1200 gallons per day, apparently depending
upon current rainfall intensity. From late 1971~t9 May, 1974,
inspections made at random intervals have indicated,that water continues
to drain from the facility. A measurement made oﬁ-JUné 17, 1974 indicated
a rate of flow 6f 60 gallons per day. Evidently water is still entering
the facility, the source, as previously mentioned, possibty being,rain
water somehow making its way through defective membranes at the north and/

or south ends.

Volume Changes

Whatever fhe source of the water, its effect on the c]ay embankment
was observable over 2 1/2 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 for all 18 points (9 on each
of the two outer embankments) to be bﬁi]t to the same elevation.

Individual elevations, the mean elevation, the standard deviation,
and the observed range of elevations measured over each embankment are given
in Table 16. The last column shows similar statistics for the difference
between the points over the two outer embankments. An analysis of variance

indicated 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.

Swell(ft.)*

~ 5.96-6.07

| Test Line A Line B | “Line ¢ |of Clay Emb.
_ Sections | (17" Left) (C.L. of Fac111ty) (17" Right)} (Line A
‘Station (Left to Right) | Plastic Clay Gravel Sandy Clay | -LineC)
0+30 2, 10, 18 6.05 6.22 5.90 0.15
0+80 3, 11, 20 6.05 6.19 ' 5.89 0.16
1430 6, 14, 19 5.97 6.20 5.91 0.06
1480 7, 15, 21 6.07 6.17 5.93 0.14
2430 5,13, 17 5.96 6.20 5.90 10.06
2+80 1, 16, 24 5.99 6.20 5.80 0.19
3+30 4, 12, 26 5.99 6.19 5.81 0.18
3480 8, 9, 27 5.99 6.19 5.78 0.21
4+30 28, 29, 25 5,97 6.24 5.85 0.12
Mean elevation 6.0 6.20 5.86 0.14
Standard Deviation . 0.04 0.02 ~0.05 0.05
Range 6.17-6.24 5 78-5.90 ~ 0.06-0.21

Note: Each elevation shown in body of table was taken on the surface of

the pavement at the central point of a test section.

Station 0+00

is at north énd of Main Facility and e]evat1on zero is axis of
drain pipe outfa]] in manhole.

* - Assumed
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embankment dafferred from that of the sandy clay embankment through pure
chance, was neg]1g1b1e (F=38.3). o .

While the plastic clay embankment underwent a vo]ume increase that
persists to this date, the water entrapped in the sandy’g?ave] and sandy
c1ay enbankments apparently had no effect on their volume, as ev1denced by
the 1nfornat1on given below.

The paVements were built with a transverse gradé af -2% each way from
thé'centen—line of the fa£i1ity,»which was also the center-1ine of the
-grave1 embankment Thus, in the 17 feet from the céntek -1ine of the gravel
embankment (11ne Bin Table 16) to the center-line of the sandy clay embank-
ment (1ine C 1in Table 16) there was, at the time of construction, an average
change in e1évation 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 ]1ne C and 1ine B
elevations was_precise]y -0.34 ft., as required by the origina] plans. We
conclude that these two structures, (the sandy c]ayland the sandy gravel
embankments), and the foundation beneath them, probably did not change in

volume by any significant amount from the fall of 1965 to May 1974.

Probable Causes of Longitudinal Cracking

After the rolling of the test sections:just prior to the'1966 deflection
‘testing, only 11ghf test vehicles have travelled the pavements, and these
only at infrequent intervals. As a result it seenis practica]ly:certain that
after March 1966, the asphaltic concrete surfacing, lacking the kneading
action of regular traffic to keep it "alive", gradually becamerbrittle and
subject to cracking as the result of any differential vertical movements
-that might have occurred im the material bemneath it. Differential vertical

movements are believed to have occurred in the plastic clay'embankment.
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The conclusion that vertical differential movements d{d occur in the
plastic clay embanknent duyring its period of expansion reéts on the reason-
able assumption that spatial variations in the time rate of expansion must
have existed throughout theAmass of the plastic clay-during the expansion
period, producing distortions in the shape of the top surface of the embank-
ment and leading eventually to the cracking observed in the everlying subbase,

base and:surfacing-‘ , ,

Ahother pheéohenon that nugt;hawe,contributeditﬂ the lemgitudinal
cracking was the tendency of the plastic clay embankment to expand outward,
toward the adjacent shoulden and side slope. (Movement in the Oppdsite
direction would have been partiatly if not completely blocked by the greater
mass of sandy gravel and sandy clay). The tensile sxrésses_%n the overlying
materials, induced by,latgr&1 motion of the swelling clay embankment on which
they Tay, mist have contributed to the wide opening of the deep Tongitudinal

cracks first observed.

Distribution of Cragkjngn

The distribution, as of March- 1974, of surface cracking: throughout the
460 ft. x 50 ft. main faci1ity; is,shOWn.scheﬁatdcalTy in Figure 14. The
diagram indicates whether visible cracking had, or had not, occurred within

each of four types of areas: (1) a 12 ft. x 40 ft. test section, surfaced

with- asphaltic concrete; (2). a 10 ft. x 12 ft. longitudinal transition
between two sections, also surfagced with asphaltic concrete; (3) a 5 ft. x

40 ft. surface~treated’tnqnsxgpsgzyransjtipn~beﬁwggnftwo sections; and

(4) a 2 ft. x 40 ft. sunfaceftreaied shou1der adjacent to a section.
The frequency of cracking within the four area types defined in the

preceeding paragraph is given in Table 17, pnincipa]Ty,for~the~purpo$e of
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Embonkmem
Sandy Clay
Embonkment

Plastic Clay
Embankment
Sandy Gravel

Cracking visible
between sections,
within a section,
_between embankments
or within o shoulder.

O-—No cracking visib_le.

--~ Transverse C.L.

Shoulder—— 0 Shoulder

Figure 14: Schematic plan view of TTI Pavement Test Facility show1ng
location of cracking.
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TABLE 17: CRACKING WITHIN AND BETWEEN SECTIONS, BETWEEN
EMBANKMENTS, AND IN SHOULDERS (MARCH 1972)

Frequency of Cracking -

Type of , PC and GR ' GR and SC | .

Area - }PC Emb. Emb. GR Emb. Emb. .} SC Emb.
Test Section .67 ——— .22 —— .33
Long. Transition .50 --- 10 - .20
Trans. Transition - .67 - 40 -
Shoulder .89 . - - a1
Embankment . .68 .21
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comparing cracking‘aséociated with the-eXpansiVevcléy embankment with that
aésociated‘With the.two embankments composed of non-expansive_materia]s.

The ffequency of cracking was calculated from Figure 14 simply by couhting
the number of black circles océurring within a selected area type, and
dividing the resﬁ]t byAtﬁe toté] number of areas of ﬁhe,given type. Thus,

a frequency of 1.0 for a given area type would mean that evefy area of that
type exhibitéd some crackfng. As:wilT bé readi1y}apparehtrfrom examination
of Table 17, each frequency calculation was confined tovan area type on a
specified embankment, except in the case of transverse transition areas. In
the latter Case, the areaé Tay over two adjacent emb?nkments, as indicated
~in the table.

| To clarify the method of frequency déterminatién, a sample calculation
follows: accohding to Figure 14, there are 9 test sections on the plastic
clay embankmént, of which 6 contain a black circle fndfcating cracking;
hence, 6/9, or 0.67 is the frequency of occurrencerf 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 tﬁese areas
occurred over the swelling-clay embankment.

The frequency of cracking'wfthin embankments (which 5nc1udes cracking
within sections, within longitudinal transitions, and-for the two outer
embankments - within shoulders as well) appears in thevlast 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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VBearing in mind that ﬁhis difference in behavior occurred practically in
the absénce of traffic}.that nearly all the cracking was 1ohgftudina1, and
that the plastic clay embankment underwéht a signjfitant'increase in volume,
' there is at least ah:inference that the swelling of clay subgrades on
regular highways may contribute to the formation of longitudinal cracks.
A mathematical stUdy*of 'theﬁechanism invo]véd is beyond fhe sqope>of this
report, but it is recommended that such a study be nade. 7

Before terminating the discussion of crack distribution, it should be
pointed out that thé cracking frequency in the north‘half of the facility
was more than twice that in the south half, as may be verified by 1nspection
of Figure 14. This fact may be an indication thatvwdter entered the_faci]ity

at its north end.

Changes of Material Stiffness with Time

Mentioned ear]ier 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 (9, p. 15-17). On the same secfions, both sur-
face and internal displaéeménts induced by the Dynaflect were measured in
the period from mid-November 1971 to late March 1972; these‘neasurements
will be referred to hereafter as "Replication A" data. -A similar set of
measurements, hereaftéf called "Replication B" data, was taken in the period
from early Juhe to late December 1972. Thus, it is possible, and even
necessary tb the proper documentation of this report, to compare the maximum
surface deflection (i.e., the vertical displacement measured between the
lToad wheels of the Dynaflect) on three (averaged) dates: March 1966,
February 1972, and July 1972. |
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The comparison is presented gkaphica11y iniFigurenTS; wherein data from
the nine test sections on each embankment have arbitférf]y been arrangéd
from Teft to right in de#cending order of their Maféh 1966 def]ection.

',(To assist fhe reader in interpreting this fiéﬂre, it fé pointed out that
‘the vertical scale of the graph at the top of the’figufe is double that bf'
the other two, while the three horizontal scales are the same).

For sections on the p]astic‘c1ay embankment,‘it can be seen in Figure 15
that Replication B deflections, in 8 out of 9 caées; were less than the
Replication A deflections measured sarlier in the year, while for sections
on the other two embankments the differences between the two sets of 1972

'déta appear to be somewhat random, with the glaring exception of 3 of the 9
sections on the sandy gravel émbankment. | o '

Also apparent in Figure 15 is the fact that the deflections measured
in 1972 on sections'constructed on the pTastic'and sandy ciay embankments
were, with few exceptions, sna11errthan those neasured approximately six
years earlier (1966), while the 6-year differences iﬁ the case of sections
on the sandy gravel embankment apparent]y'were random.

That the 1972 maximum surface deflections were, in the main, smaller
'for the twé finer grained embankments is shown more c]ear1y in Figure 16,
where Rep]icatfon A and B data have been averaged and plotted as a single
:dashed ]ine.A It is equally ciear from this figure that, with one exception,

~ the nine sections on the sandy gravel embankment def]ected (on the average) (
about the same amount in 1972 as they did six years’eak}ier.

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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20~ ——— March, 1966 data
e — e —w February, 1972 (Rep.A) data |
oo July, 1972 (Rep.B) data

Plastic Clay
Embankment

Totesonnlas, oo
te

1.0

(mils)

Séndy Clay
- Embankment

-3 T i von Al e efe * s P g iy o, \

"::Ss‘:.
: ~

-

24 18 27 B 20 17 26 21 25

Surface Deflection

Sandy Gravel
q'+e.,,  Embankment

Maximum

0'5“

"'u‘,“ ’
P

9 12 10 11 29 13 15 14 16
‘Test Section Number
Fiqure 15: Short- and long-term changes in maximum surface deflections,

by embankment type. Months shown for 1972 data are averages
of measurement dates extending over several months.
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20 | ————— March, 1966 data

. April, 1972 data
(mean of Rep. A and B datfa)
Piastic  Clay
1.0} Embankment
,\\ :
“
8 |
‘P-- -
- - - ~~.
oL
I 5 6 3 28 7 8 2 4
1.0
- Sandy Clay
= N Embankment
E ,
§ 05+
o
2
]
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o
o .
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o .
 1.0r
3
n o i
g \\ == o Sondy Gravel
E ¥ . Embankment
o 0.5} : , N\ .
o
2 .
ol

9 12 10 W 29 I3 I5
Test Section Number

Figure 16: Long-term changes in maximum surface deflections, by embankment
, type. Month shown for 1972 data is an average of measurement
dates extending over -approximately one year. '
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TABLE 18: SHORT-TERM CHANGES IN ‘MAXIMUM SURFACE
DEFLECTION AS A FUNCTION OF TIME AND '
EMBANKMENT MATERIAL
\ A]gebra1c D1fference
' B R Date Tested (Rep. B - Rep. A)
_ Data | Embankment { - Test e .
Set | Material | Section Rep. A | Rep. B | Time(days) | Defl. (mils)
1 PC 1 2-28-72} 8- 9-72 163 -.14
2 11-16-711{ 8-11-72 270 -.05
3 3- 9-72§ 8-11-72 155 -.40
4 3- 3-72} 8- 8-72 158 -.12
5 11-30-71{ 8- 9-72 254 -.18
6 11-18-711] 8-10-72 267 -.27
7 3- 8-721 8-10-72 155 =12
-8 12-13-71} 8- 7-72 239 -.06 -
28 12-20-71§ 7-21-72 215 .00
Mean 1-12-72 | 8- 7-72 208 -.15
2 SC 17 1-21-721 6- 5-72 136 - =10
18 2- 9-72 ] 6-18-72 130 -.18
19 2- 8-721 6-29-72 142 +.03°
20 2-10-72 | 6-16-72 127 +.14
21 1-25-72}7- 3-72 160 ~.07
24 1-20-72 { 6- 6-72 138 +.05
25 3-10-72} 7-20-72 132 +.06
26 1-17-72}7- 7-72 172 +.12
27 1-13-7217-12-72 181 +.02
Mean 2- 1-72 ] 6-25-72 146 +.01
3 GR 9 3-30-72 | 9~25-72 179 -.02
10 3-23-72} 8-14-72 144 -.33
11 3-22-72 | 8-14-72 145 -.22.
12 3-29-72 | 9-22-72 177 -.26
13 3-16-72 § 8-22-72 159 +.08
14 3-21-72 § 8-21-72 153 +.04
15 3-17-72 | 8-21-72 157 -.03
16 3-29-72 § 8-22-72 146 -.04
29 1-12-72 } 7-14-72 184 -.03
Mean 3-15-72 | 8-23-72 167 -.09
Overall Mean 2- 8-72 7-29-72 172 -.08
Overa]] Range
From 11-16-71 6- 5-72 127 -.40
To 3-30-72 9-25-72 270 +,



TABLE 19 SIX-YEAR CHANGES IN MAXIMUM ‘SURFACE DEFLECTIONS
- AS A FUNCTION OF EMBANKMENT MATERIAL

Date | Embankment Test . Change In
Set ~Material’ Section Defl. {mils) .

1 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 +.05

11 +.04

12 -.06

13 +.03

14 -.05

15 .00

16 -.04

29 -.24

Mean -.03
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,1ast éoTumn of eithér tab1e denotes a décrease,in def1ection with time,

~ while a positive signvindfcates'ah ihcreasei |

In Table 18, aé in Figure 15, there may be noted a rather consistent
decrease during 1972 that is associated with the plastic clay embankment
a tendehcy toward no change associated with the sandy ciay embankment, and
- an apparent decrease associated with the sandy gravel'embanknght. VHoweVer,;
in the last case,‘as é1ready mentioned in the diséussion of ?igure 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 six sections were small, and their net change was
nil. | |

Two other signifﬁcant features of the 1972 testingfprogram are brought
out by the testing dates displayed in Table 18, the first being the long
time required to complete each of thé two seté 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 co1umn, 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 Rep]icatidn A mea-
surement and the f?rst Replication B measurement. The mean times of the
two sets'of measurements differed by 172 days.  Thus, the replication error,
an important decision critérion to be used in judging the applicability of
tinear elasticity later in this report, lumps together not only measurement
error and spatial variability in material properties, but also temporal

variability as well.
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In'Tab]e 19;vwhich‘pfesents long-range changes,“eachinumbér in the
column, "change‘in Deflection (miTs)", was'¢onmutedvfcrlfhe'1ndicated
section by subtracting the mean value of Replication A and B measurements,
from the March, 1966 deflection (itself the mean of 6 bbservatiOns): thus,
asbin Tabfe'18, a negétive sign in Table ]9rdenotes a decrease in deflection
"~ occurring over a period of time.

" The average 6-year change in def?ection associated with each embankment
shown in Table 19 was compared with the averagé‘fof eadh of the other two -
embankments by performing éna]yses of variance. ‘Ré$u1ts 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 Tittle risk, that the
average stiffness ofvthe plastic clay and sandy cléy embankments increased
by approximately the same amount between 1966 ahd 1972, Whilé the average
change in stiffness of the sandy gravel was significantly'jess than that
vathé other finer érained materials, being practically zero.

It is believed that the clearer distinction between the def]eCtion
behavior of the three groups of pavements achieved after averaging the
Replication A and B data, resulted from "averaging oui" the temporal com-

ponent of the replication error.
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If the characterAaf the embankment material is disreg&kded; the 1966
and 1972 maximum deflections can be compared. section-by-section on a sfngje
plot, as shown in Figyre 17. When the earlier def]ectidns are used to
predict the Tater ones, the following e@ﬁatfdﬁ, gbtainediby simple linear
regréssion, results: -

y = 0.0024 + 0.7848x R (14)

[t}

where x = the average af six observations made in 1966, and

t

y = the average of two observations made in 1972.
The squared correlation coefficient, Rz,.was 0.66 and the standard error,
o, was 0.14. The constant term, 0.0024, is obviously not significantly
different from zero, s& that the equation may be written as follows:

y = 0.785x ‘ (14a)
with‘negligib?efchangEiin the predicted -value. Thus, we conclude that wheh
the type Qf embankmént material is ignored, the average 1972 deflections

were approximately 78% of the 1966 deflections. Why?

Possible‘Exp1ahatidn,of Changes of Defiectionrwith Timé

The questton can be narrowed, according to the prevfﬁus_discussidn of
Figure 16 and Table 19, to include only sections on the plastic clay and
sandy clay embamkments, since the average 6-year stiffnesé ch&nge»bf the
gravel embankment was near zero. Why, then, did thé finer grained embankment
materials stiffen, while the gravel embanknent did not? ‘The.authors cannot
be suré of the answer, because the materfals were not examined in 1966, but
if Water had entered the facility 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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(mils) , (April,1972)

y: Max. Surface Deflection

Regression | | . .
Equation :
_ _ Line . of
y=0.785 x Equality
. T
 R=0.66 /
1ok o= 0.14
| ‘ 20
-
/ Regression
05}

9 ® Gravel Embankment

e Other Embankments

7 05 g 1.0
X : Max. Surface Deflection (mils), (March, 1966)

Figure 17: Mean of 1972 maximum deflection data compared with 1966 data.
In the regression analysis differences in embankment materials

were ingored. Section 1 data were omitted because the 1966

- measurement was apparently in error (Reference 9, Fig. 14A).
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have resulted in a sudden stiffness increasé in both of the‘fihér.grajned |
embankments, similar to the q&ick increase in shear strength of an earth
dam~f€su1ting from a "rahid drawdown". This sudden stiffness~in¢rease wés
fo]]owed_by é further, gradqa1 increase in the case of the plastic clay ma-
terial during the long 1972 testing pefiod. SuCh a sequence of évents could
expiain the defiection behavior displayed in Figures 15 and 16.

Remaining to be answered is the questioh: if free water were present
in March, 1966, in the previous,enbankmentﬁ, énd had a]ready'softened the
plastic clay embankment, why had the swe]]ing 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-
traied the surfacihg naterié] which, as previously mentioned, wés én
unusually "tender" 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 wfthodt cracking than a harder mix: furthernnre; if cracking were
présent at the bottom of the mat, the rolling.could have cTosed them, Ldtér,
after sufficient exposure to air and actinic radiation from the sun had |
hardened the asphalt binder, and after soﬁe further shifting 6f the-p1asti¢
clay embankment'had presumably further increased the width of cracks in the. "
underlying subbase and base, the 1ongitudinél 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.,Ain the period

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 in thé'\)icini'?cy_ of the
paveheht'testiné’fécility during this 6—ﬁonth period, as opposed to a ndrma]
rainfall of 18.2 inches for the same period. ThUs,'aCtua1 rainfall wa$
12.4 1nche§;”or 69% , above normal. Nearby roadway dka%nage_ditcheé'across
the norfh end and aTong the east edge df the féti]fty could have beén'a 
mjor source 6flthe wéter that, accordihg‘to the theory pfopdsed above,
entered the grdvé]iembankment, which then served as ah aquafer tb 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 tpo Tow in 1972,
through an error in calibration. This exp]anationvseems to be ruled out
by the fact that 8 of the 9 sections on the embankment composed of -sandy
gravel - thé one embankment material that would be least affected by water -
had average def]éctions 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 Tine of equality drawn on the graph.
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5. LINEAR ELASTICITY APPLIED TO STUDY 136 DISPLACEMENT DATA

BeforellaUnching an attack upon the prob1em\of how to analyze the'dié-
placement data of Study 136 in the context of linear e1asticify, it seems

pertinent to review briefly the background information previously presented.'

Summary of‘Baékground~Information

In preceeding chapters-thé'Specially deve]obed measurement systém and the
Dynaflect loading method used 1in Study 136 were described. An argument based
on published data was'presented with the 1hténtion of shoWihQAthat the vibrating,
1,000-1b. peak-to-peak Dynaflect load was equivalent to aifast-moving wheel load
of 1000 pounds dead we1ght, a result suggesting that the’éuppbrting materials
must have pOSSeSSedvviscomelastic‘rather than 1inear—e1astit'properties, or that
the effect of inertia on the def]ectidns was greater'thén 15'u$ua11y assumed.
The rejection of ]ineaf-e1asticity in favor of visco-elasticity and/or non-lin-
ear elasticity by a'nQMQer of pavement researchérs, was,réported;' In favor of
the userof}1fnéar elasticity, special analyses of AASHO Road Test_puinshedl
data were presented Whiéh indicated that in full scale éxpériments, pavement
sﬁrface def]ectionsrgan.be regarded as direCt]y‘propOrtiona] to Toad if repli-
~cation error is acCufatély known, if this error.is used as_é practic§1 decision
criterion, énd if_thevmateria1s have not recently been subjecﬁed to the disrup-
tive action of a severe freeze-thaw cycle. |

Also reported were disruptive forces acfihg on the maﬁéfials in the TTI
Pavement Test Facifitysas evidenced by the fO]]owiﬁg series ofAevents: the
early discovery of 1ongitudina] cracking, the Tater discovéry of free water in
the more pervious materia1s, the swelling of the plastic clay embanknient re-
sulting from the presence of the free water,‘and the subsequeht drainage of
the facility prior to collection of the Study 136 data. Baséd'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 exp]ainicehtain 1arge'discrepéncies between sur-
face deflections measured on thevTTI 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
disbrepahcies noted above--as well as the post-construction changes in the
materials--seemed to point toward failure of Tinear elasticity as a model.

Such, however, was not the case, at least in the opinion of the authors.

Decisions Required Prior to Analysis

The following decisions had to be made prior to performing the ana]jéis.

1. Selection of a Decision Criterion For Acceptance or Rejection of the
Model: As stated in the introductory chaptef; repliéation error waé selected
to define the allowable prediction erfor of the model.

2. Choice of Type of Data (Rep. A,iRep, B, or The Mean of The Rep1icated
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-
mentvprograms. |

The use of the'mean of replicate measdrements of the disp]acehents, u and w,
also led to use of the mean of replicate measurements of Tayer thickness, rather
than the planned thickness. 4 |

3. Choice of Data Points: Data points selected were located at the inter-
faces (exceptjng the interface at 90" 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 brforistudy of thé dis-
placements 1ndicated that measurements of W were larger and more reliable than
measﬁrements of u (p.29, Ref. 3)._ It was therefore decided to usé the prediction
error in w, ratherAthén.u, as the error to be minimized, a1though prediction
errors in both variébTes would be used in making the decision'to'accept or re-
ject 1inear e1asticity as a model, : | R

5. Choice of Layered System Computer Program: WhiTe a number of 1inear
~elastic 1ayéred system computer programs were available, the authors' familiar-
ity with and confidence in BISTRO* led to the use of this pfdgram inithe ana-
lysis (11).

| 6. Choice of Poisson's Ratio: Poisson's‘ratio was takenAésro.4O for the

plastic clay (PC), the dense clay (DC), and the sandy>clay (éc), and as 0.25
for_fhé‘remaining five materials (AC, LS, LS+, LS+C, and GR).> 

7. Choice of Triq] Vé]ues of Moduli: The ana]ysis_p]an,ian:itérative
process, required 1nitia]~estimates,of.the modu]ikof eight matefié]s. Eétimates
were made on the basis-éf bast experience in the use of the Dynafléct_fOr es-
timating the moduli of_simijar materials in two-layer éystems (11),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 here that these were

dynamic mbdu]i of materials in situ, and were greater than would be measured
by some current 1aboratory'procedures. | |
8. Selection of Sections: The following restrictions were placed on the
choice of sections. .,
a. The number of séctions had to be limited to a fraction of the 27
available in the statistically designéd-eXpériment, for rea$ons'6f
economy already given. Seven were selected.

* - Konink]ijke/Shel1-Laboratok1um, Amsterdame
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b._vAmpng the seven désignsrse]ected;:each of the séyen compacted
materiéls above the natural foundation hadrio appear at least twice
(i.e.,s in two different sectioﬁs) so that the>expe¢ted spatial vari-
ation in the propérties of eabh material could contribute to the pre-
diction error of the model. Otherwise there would exist the possi-
bi]ity‘of,biasrin favor of the model. |
C. -The seven designé had to be capable of being placed 1n:an'ordered
array, such that any design in the array; exceptlthe first, contained
at thé most tWo materials not previously appearing in the array. This
requirement would permit témporary'va1ues of the mpdu]i of the fifst
design'io be established by iteration. These va]hés cou1d then be_
carried forward to the second design, the anaiysis bf which would re- -
f}quire'on1y 6ne iteration if the materials were the same as those in
the first design, or a relatively few iteratioﬁs if the secohd design
cohtained one or two .new materials. By the same token, it would be
}possib1e to pass from the second to the third design, etc., until all
séven designs had been,processed. Precise details ofrthe 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 25
sections. This restriction would prevent the 1nad9ertant selection of
a decisidn criteridn that was either unduly restriétive orvunrealisti—

- cally liberal.

Treatment of Thin Surfacing Layers

Seven‘séctions meeting the above-mentioned requirements, their planned
designs, and-the'order in which they were arranged for anéiysis,'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 Ordér“in Which Ana]yéés,wereAPerformed’

7 Layer Identification ahd-Design_Data,i |
~ Section Indéx. 3 e w2 3 4 '5* 6% 7
Section Number - 301 5 w15 18 27
Materials: 1 AC AC AC AC AC  AC AC.
2 LS*C LS+C LS LS+  LS+C LS+ LSH.
3 LS LS LS} GR  GR  SC LSHC
4 PC PC PC PC  PC PC  SC
5 Dc bc bC DC  DC  DC PC
6 e
Design 1 1 5 5 1 1 1 3
Thickness (in.):
- | 2 4 4 4 16 16 16 - 8
3 12 4 4 36 36 36 8
4 73 77 17 31 37 37 34
5 ) ® o o © ® 37-
6 . e e im am e
No. New Materials: 4 1 0o 1 0 2 0
No. Iterations, 1St Run 1 1 1 2 | 1 1 1
No. Iterations, 2" Run 111 R T B

* - 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 desigh thickness of 6n1y‘one inch of‘éspha]tic concrete
surfacing, the thickness of the surfacing was added to that of tﬁe material
beneath it, and the'cdmbihed thickness was treated as a sing]e material in the
analysis. In each such case ( j=1, 4, 5 and 6), the composite modulus of the
two materials was éssigned 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 havihg a one-inch surfacingAeliminated, 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.)

Symbols 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).‘ If designates
the order in-which the sections are analyzed, (j=1, 2, ..., 7).
| i;=a trial value of'the modulus of the matéria] consfituting the 1£h
layer of a selected séction. 7
U (Ey's Eplsn ) or Wiy (Ey's Ep's o v l) = the value of u

h h

(or w) computed by BISTRQ at the K't nodal point of the jt section, using the

. I i e e e = . v e
trial values, E1 . E2 . . (kf1,2, R Nj).

(th

sy (or wjk)= the value of u (or w) measured at the ‘nodal point of the

jth section.
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th

_Aj and Bj= regression constants applying to the j section{

Ei¥9the adjustéd moduli" corresponding to Ei'for a selected section. In
: genéra], Ei=Ej'/Bj.

E=the average of all the adjusted moduli of a selected material determined

n

in one . "run through the first 16 steps of the analysis p]dh; _Ohe run pro--

~ vides 8 values of E. 7 |
ujk(El’ E, " *)  or wjk(E1’ E2, ** *) = the value of g (or w) computed
by BISTRO at the kth nodal point of the jth section, using the appropriate

th section.

values of E as noduli in the j
PEj(u) or PEj(W)='pred1ction error in u (or w) of the linear elastic model

th

for the j~ section. These errors can be'comparedwith the correéponding repli-

cation errors. Computing formulas are given in Step 11 of the analysis plan..

REj(u) or REj(w)=replicatioh error in u (or w) associated with the jth

section. Combuting fbrmu]as are given in Step 12 of the ahalysis plan.

| PE(u), PE(w), RE(u), and RE(w) are the combined predithbn and replica-
tion errors in u and>w“f0r all seven sections included in therana1ysis. The
combined prediction errors can be compared directly with the corresponding

combined replication errors,

Analysis Plan

A step—by—step présentation of the analysis plan is Qi?eﬁ below. Though
written in the sty]é of a preliminary outline of a computér program, the plan
was not computérized because at some points in the proceddre'it was felt that
intuitive decisions would have to be made, particularly at;pqints requiring
changes in moduli td secure better agreement with the measﬁred data.

One pass through the 16 sequential éteps of the plan 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 onercase (Run 1, j=4) was more than one iteration per section neces-
éary. There was some indicafion, howevek,'as'w111 bé eVident later, that had
funds been available, at least one more run might héve resulted ih smaller
prediction errors in some sections. |

The sixteen-step analysis plan follows.

1. Se]ecf 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 jth section have
apbeared in sections previously analyzed, go to Step 3, therwise go to next
step. | | 7

2. Estimate the modulus of the material (or materialsj, E]‘, where i is
the index of the layer in which a new material accurs.,
| 3. -Using BISTRO, compute values of'ujk(E ey Ez',;r * ) and ij(E].’ £

th section.

at the Nj nodes of the measurement grid of the j
4. Regress the observed values, Wik of the vertical displacement, on the
computed va]ués ij(E ', E2', ), obtaining the'1inear equation for estima-
t1ng ij:
. — - [} ] L] . 'Y

th

where Aj and B. are constants associated with the j

i section only.  Compute

the statistics, R2 and standard error, associated with the above equation apply-

ing to the jth

section., If no new material has been included in the jth section,
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 rep]ica—'

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 seCtjoﬁ fromvthe

eqdation. E1=Eii/Bj' A(The'reason for making this adjuétment will be exp]ained
later.) v
| 7. ‘Increment j, and return to Step 1, repeating fhér¢ycTe Steps,1'thrdugh
7, until all seven sectiohs'have been processed. Then go to the next step.

8. Se]éct any one of the eight materials. Average the severa] values of
the adjusted moduli of fhe'selécted material. Represent the average adjusted
modulus of the material by the symbo E.

9. Repeat Step 8 for the remaining seven materials, thus obtaining an
average adjusted modulus, E, for each of the eight materié]s° |

10. Using BISTRO, and values of E'insteadvof the valués of E' used in

Step 3, compute ”jk(E1 R E2’ ** ) and ij(E]’ 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:

‘N.
. = : J - = . ®. e 2 1/2
PEJ-(U) _ {(]/Nj)Kil [ujk ujk(E'1, fzs )17}

N,
Ve N EOE e ay12y /2
PE; (W)= {(1/N,) R [wsi w5 (Eqs Epst 0 7)1

Repeat for all seven sections.
12, Compute REj(u) ahd REj(w), the replication errors in u and w, respec-

h

tively, for the jt section, from the following equations:

RE. (u)={(0.25/N.) N [u..(Rep.A) - u.,(Rep. B)]%} V/2
j HNGT 5 MR g AR

N.
- J 2. 1/2
REj(w)—{(O.ZS/Nj) K£1 [wjk(Rep. A) - wjk(Rep. B)1°} ,

where the abbreviations, "Rep. A" and "Rep. B" indicate the source, Replication A
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" or Replication B, of the measured dispTacements, uik;andywjk,r Rebeat for all
seven sections. | |
13. Compute PE(u), the overall prediction error fdr,the_group of seven

sections, from the formula

M .
PE(u)=((1/M) £ N.[PE.(u)1%r V2,
j=1 Jo
7
where M= ¢ N..
B

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 pvera11 replication

errors, Steps 1 through 16 constitute one "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 Modu]i,_Ei ' )

The analysis plan ends with Step 16. Remaining to be exp]ainéd is why
the adjustment, made in Step 6, of the modu1us,vE1', is necéésary._ we begin
by recalling that in Step 4, a simple linear regression aha]ysis is performed,
with observed value, wjk
wjk(E]‘, E,', * * °) as the independent variable. The resu]tihg equation is

, as the dependent variable, and the BISTRO value,

A
=A.+ B, ow (Eq', Eof, t 0t "
WJk AJ BJ ka(E] E2 ) | (a)
Idea11y; Aj would be zero, and Bj would be Unity‘,:in Equation (a),
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“but this never happens:. instead, 'AJ.#O_ and BJ.H, though both may, in some
cases, be near their ideal values.

Now_a fundamenta1-conseduence of ]ihear eTastic theory can be expfessed
as follows: | | | |

Wi (Eq ' /Bys Ep' /Byt * 1) = Bywg (B, Ep's Tt ) (b)

(For example, if one halves the modulus of every material in a linear elastic

1ayéred system without changing_ghxiother parameter, he will surely double the

displacemént at every point in the structure. For this examp1e. Bj=2).
4 In view of Equation (b), we may write Equation (a) in the following form:

e
ij=Aj + ij(E] /Bjs E2 /Bjs _)s . S (c)

or, since E1 is, by definition, equivalent to Ei'/Bj,quuation (c) becomes
A — [} ° ° A . | d
ij"'AJ-"'l' ka(E—l, Ezn )' . ( )

where E1,1E2, * * * are the adjusted moduli of the jth section. Furthermore,

because of the equivalence of Ei and Eil/Bj’ Equation (b) can be written as
follows: _
ij(E]s Eésa ’ ) = ijjk(E] s E‘ » tt .)_ B (e)
From Equation (e) one could compute Nj values ofijk(E], 52’ © -, once

Steps 4 and 5 are completed, since the quantities on the right side of the
equation wauld be available. If one should then plot the Nj observed values,

wjk’ as ordinategd, versus the Nj computed values, ij(EI’ Eps © °), as ab-
scissas, he would find that the points would tend to scatter about a line with
a slope of 1.0 (or 45°), with an intércept of Aj. Clearly, then, ij(Ej’ Eos °*)

is a better estimate of the measured value, wjk,-than'wjk(E]', Ex's * 0 %)

Therefore, the adjusted moduli, Ei’ are better estimates than the trial moduli,

Ei'. It was for this reason that the adjusted moduli were calculated in Step 6,
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andblater (in Steps 8 and 9) averaged to obta1n a moduius, E to represent
each of the eight materials 1nvo]ved in the ana]ys1s _

- With regard to the hypothetical plot mentioned in the pfeceeding 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 va]ues as the R?
and standard error assoc1ated with ‘Equation (a) and ava11ab1e from Step 4,
These relat1onsh1ps 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, Ei‘, then an equally good fit would have been!achieved if the
adjusted (and more accurate) moduli, Ei’ had been used in BISTRO. This fact

2

justifies the use of the R and the standard error computed.in Step 4, as de-

cision criteria in Step 5.

Results of the Analysis

As indicated in the last two lines of Table 20, only two runs thfough the
16-step analysis plan were completed. Trial values of'modu1i used in the first
run are shown in the second column of Table 21, and the values of E resulting
from the first run are given in the third column. The 1at£er-(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 ruh, 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
(és 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 Adjusged

Modulus, E, Modulus, E,
for First Run, ~ for Second Run,
o 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 E, indicated by this

table. The first run values of E were used to compute the reported predic-
tion errors (Figure 18). :
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Given in Table 22 are the results of the regression analyses of observed
.va1Ues of w on values computed frbm BISTRO in Step 4 of the second (and fina])
run. The Va]ues‘of'R2 are generally high, as judged by brdinary standards.

The absolute value of A (which may be considered a parf of the prediction error),
and the value of the standard error, are less than the sgctﬁon rep]icafion 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 B are near their ideal values of |
zZero énd ohe, réspectively; an apparent indication that the éna]ysis p]anris
capable of seéking out the set of eight moduli that reéu]t in the best agree-
ment between compdted and measured values of w in}gll_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
"A11 Sections" column of the error tables, are not very different from the

combined replication errors shown in the same column. We therefore conclude

that, in accordance with the decision criterionradopted from the beginning of
this report, linear e]estiéity is acceptable as a mode1vof7the displacements
measured in the seven-section sample of the 27 sections making up the statis-
tically designed experiment of the TTI Pavement Test Facility.

Each of the overall errors, expressed in mils in the "All Sections" column
of Figure 18, can be expressed in another, and perhaps more meahingfu] way
namely, as a percentage of the average absolute value of the appropriate mea-
sured disp]acemeht appearing in the box at the bottom of the "Al1 Sections"
column. The percentage errors are given below. |

Rep. Error in w=16% of average absolute measured va]ue.»

Pred, Error in w=18% of»average absolute measured value.

Rep.'Error in u=28% of average absolute measured value.

" Pred. Error in u=40% of average absolute measured 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 |A|. .

Section o 2 Standard Rep]icatjbn
Index, 3 No. A B R” Ervor (Mils)  Error (Mils)
1 3. -.086  1.084 0.997 0.015 0.098
2 1 ~.025 0.940 0.982 0,052 0.078
3 5 -.028 1.272 0.984 0.087 0.097
4 4 - ,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
727 .029 0.924 0.837 0.050 0.009

Average . 004 1.034 0.930 0.040 0.052
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3

MATERIAL  MODULUS (PSI)

SECTION | 4 15 18 27
OTisve AC | AC | AC » -
| AC | AC ~— AC 141200
LS¥C| LS |LS+C|LS+C|LS+L] LS| , X .
oL s s Toste . L-4c 469800
T LS+C LS+ 189300
20 LS 86000
GR 49200
30} ; R
"6R | 6R | sc | sc sc 31600
goL_ _ | __d1__1__4 —__’_”_;___ PC : 12400
2 DC 47500 .
T so| PC | PC | ‘PC
[« %
(11}
Q
o
70 { pc | pc | pc | Pc
8ol
90}-
l oc | oc| oc | oc| oc| oc | oc
ERRORS (MILS) ALL
W DATA | | SECTIONS
REP,| 110 .08 | .10 | .01 |.02 [.08 |.OI 063
PRED,| .03 | .06 | .16 | .02 [.06 [.05 |.08 o7 |
U DATA -
REP.| .a1 |.02 |.02 |.0t | .01 {.01 | .01 012
PRED.| .02 | .02 | .02 | .02 | .02 | .02 | .02 017
MEASURED AVERAGE ABSOLUTE VALUES (MILS)
w| .46 | .56 |.65 | .23 | .25 (.34 | 30 | 398
u| .06 |.08|.06 |.02|.02 |.04 | .03 .043

Figure 18: Section designs, moduli used in BISTRO, prediction'érroré,
replication errors, and average absolute measured values.
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The fact_thatvthe percentage rep]ication error in w is smaller than‘ih u
is attrfbute& to the fact,_meniiqned,ear1ier in connection with the decision
tovuse'w as the dependent variable, that measured values of u were less re]iab]é
than measured values of w.

_fhe~fact that better agreement was achieved between the percentage predic-
tion"errprland the percentage replication error in w than in u is attributed
both to the greater reliability of measured values of w and td the fact that w
was Qsed as the dependent variable in the analysis: that is, the analysis was
aimed at minimizing the difference between meaéured and BISTRO-computed values

of w, rather than of u.

Use of Subjective Criteria For Judging The Results of The Ana]yéis

Readers who would rather base am cpinion of the suitability of the model
oh plots of the measured and predicted values of u and w, are feferred to
kFigureg 19 throughl29. |

'Plotted values of u appear in Figures 19'thrdugh 22, section by section:
p1otted'vélues of w are shown in Figures 23 through 29.

In éach section graph the measured displacement u (or w), and the corre-
sponding BISTRO-computed value of the displacement, both expressed in micro-
inches, are p]ofted 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, inm the Appendik, contains the basic measured data, i.e. the Rep1i—

cation A and Replication B data. For use in the analysis, these data were
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averaged, and the averaged vélhes,were recorded in Table 24, also located in the

Appendixj_ Table 24, in addition to showing the measured mean values, like-

wise gives the corresponding BISTRO-computed values.
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6. FINDINGS AND RECOMMENDATIONS

Fihdfngs - 7

The first five findings iistéd be]bw are based on préviously pdb]ished
data, and pertaih to the suitability of 1inear{é1a$tici£y»as a model of‘thé
displacement véctor 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 Pavenent Test Faci]ity; are'nqt directly Cohcerqéd
-~ with linear e]astﬁcity, but rathef with some of the princip]es of soil mecha-
nisms, a c]ése1y allied subject. Finding No. 9, last in thé list, ié directly
addressed to the specific objective of this research.

1. Previously published data from full-scale tests on flexible pavéments
indicate that the Dynaf?ecf 1600-1b.,}8 Hz, sinusoidal load produced a surface
' def]eétion of about 45% of the def1ecti6h'caused by a static Toad of 1000 Tbs.,
or the same deflection as a dua1—Whée1 load of 1000‘1bs. dead weight moving
at high speed (roughly 50-60 mph).

2. Finding 1 carries the ihfe?enée that either the materials supporfing'
Athe load possessed visco-elastic properties, or the effect on def]ections
of the inertia of these materials was greater than has usually béen.assﬁmed.

3. Opinion among a number»of pavement researchers leans toward the use
of non-linear constitutive eqUatjons, deriVed from laboratory tesfrreéults,
to describe the behavior of flexible pavements under‘1oad, thus ruTing 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 linear elas-

ticity. Variations from the average behavior were no greater than variations
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in.the behavior of sections of identica] designs 1océted in different traffic
Toops. | | | | »

5. 'Results of 1oad-déf1ection tests made oﬁ,f1éxib1e pavements at the
AASHO Road Test indicated that shortly after a severe freeze-thaw cycle, the
supporting materials behaved in a manner consistently contrary tb the assump-
tions of linear elasticity. | |

6. Free water trapped in the sandy gravel.and sandy clay embankmenis of
‘the TTI Pavement Test Facility shortly after its constfuctibn in 1965 caused
swe]]ing‘oflthe plastic clay eﬁbanknent, increasing the surface elevation
along the center41fne of that embankmant by an average of 1.7 inches ( as of
May, 1974), and causing 1ongitudiha1 cracking in the dveriying materials.
There was Tittle evidence of volume change in the sandy cTay and sandy gravel
embaﬁkments. |

7. Lateral swelling of the p]astfc clay embankment contributed to the
formationvand‘wide opening of the longitudinal cracks in thé overlying ma+.:
terials. N

8. Surface def1e¢tions measured in 1966 on sectioné supported by the
plastic clay and sandy clay embankments were significant}y greater than those
measured on the same'sections ih»1972 after drainage of the facility. For
sections on the sandy gravel embankment; the 1966 and 1972 sUrface deflections
were not significant]y different.‘  v7 7

9. Linear elasticity was found to be an acceptable model for the vertical
and horizontal componénts of the displacement vector measured in 1972 within
the body of seven selected sections, inasmuch as the combinéd prediction error
in each component was about the same size as the correspbnding combined fep]i—
cation error for the seven sections. (This finding is limited to displacements

occurring at points in a vertical rectangular plane, 0= r 49 in. and
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0'%z S65 in., with a vertical load applied to the surface of the pavement

at the point v = 2 = 0. For an example of this limitation, see Figure 5.)

Recommendations. -

. Observétidn of the'longitudinél‘cracking'thai.dcéﬁrred in sections
supported by thenplastic clay embankment at the TTI Pavement Test Facility
suggests that lateral expansion of the embankment may have been:a major con-
'tributing cause4of the cracking; It is kecomméhded'that a'§ma11vresearch
study,involving interviews with THD District persoﬁné1;: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 c]akifiéd'byvéithedretical'study in-
volving the userof an existing finite element computer program. If the mecha -
nism were thoroughly undérstood, it could likely bé:intfdduced'into the THD
Flexible Pavement System as a predictor ofAthis‘type of crackihg;

If, on the other hand, no association between swe]Ting CTay embankments
and Tongitudina] cracking were found 1ﬁ the field, the research could be
dropped, with 1ittle lost, since the field intérviewsICOU1d be ébnducted
quickly and at small expense.

2. If linear elasticity is actually to be used in the structural sub-
system of the THD Flexible Pavement Design System (FPS), two of the major
tasks yet to be accomplished are the following: first,'a muéh faster compu-
tational procédure must be made available for finding the in situ moduli of
typical materials in existing multi-layer pavements from displacement data of
the type measured in Study 136; and second, a much faster'cdhputationa1 pro~
cedure must be made available for use in finding stresses, strains, and dis-

placements at selected points in mu1t1—1ayér, trial designs in FPS. Both tasks

, .
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‘could be accomp]ished'simu]taneousiy if an extensive table of stresses, strains
and d1sp1acements for multilayer systems could be computed by a program like

BISTRO and stored for future use in con3unct1on with two aux111ary computer

o pregrams. One of the auxiliary programs would combine a reliable 1nterpo1at1on

scheme with an efficient search routine for seeking out modu1li consistent with

given values of measured displacements and layer thicknesses. The other aux-

iliary program would combine an interpolation scheme with a search routine for

seekingﬁout stresses, strains and d1sp1acements consistent with given values

of moduli and 1ayer th1cknesses

The building of the table would require much computef timé, but once
stored, ﬁhe va]ﬁes would béravaiiébie_for_use in all future design problems
involving f]éxible'pa?eﬁeﬁts in Texas. The creation of the'auii1iary programs
should present n0'gfeat prob1em; siﬁce a start has a]keady been made (12). .

It is therefore]recbmmended that a small, relatively inexpensive study be
made io determine the scope, cost and general feasibi]ity'of‘producing the
basic table and writing the4necessahy auxiliary programs sﬁggested above.
Based on the results of such a study, a rational decision could be méde 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 vaTues).
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TABLE 23: BASIC MEASURED DATA, REPLICATIONS A AND B (MICRO-

CHES)
- Section 1
Replication A (2-28-72) Replicatio 3 (8-9-72)
Radial Distance (in.) Radi  Distance (in.)
Displ. Depth . : Displ. Depth -
Symbol (in.) 10.0 | 26.0 49.0 Symbol (in.) 10.0 26.0 49.0
u 0.0 * -163 | =91 u 6.0 * =217 -74
4,5 * -36 =21 : 4.1 * -43 -13
8.0 * 45 7 7.0 * 45 19
12.0 * 136 73 13.0 * 210 87
41.0 * 66 85 41.0 * 105 96
65.0 * 37 61 65.0 * 44 55
W 0.0 1219 775 359 W 0.0 1081 613 213
4.5 1219 806 359 4.1 1113 581 202
8.0 1281 822 369 7.0 1218 605 218
12.0 1188 834 387 13.0 952 532 192
41.0 469 394 266 41.0 381 310 177
65.0 256 216 164 65.0 197 190 141
DRILLING LOG DATA
Rep]ication,A' Repl ation B
Layer | Depth (in.) | Layer Thickness Depth (in.) ayer Thickness
No. Material | From| To | Measured|Design | From | To easured [Design
1 | Asphaltic Concrete 0.0 4.6 4.6 | 5.0 0.0 | 4.1 4.1 | 5.0
2 Limestone + Cement 4.6 | 8.0 3.4 4.0 4.1 1 7.0 2.9 | 4.0
3 Limestone 8.0 }12.0 4.0 4.0 7.0 113.0 - 6.0 4.0
4 Plastic Clay (EMB) 12.0 | 53.0 41.0 40.0 13.0 |56.0 43.0 40.0
5 Plastic Clay (FOUND) 53.0169.0 16.0 56.0 {74.0 | 18,0

*Not Measureable




TABLE 23 (CONTINUED)

Section‘3

Lil

Replication A (3-9-72) | Replication (8-11-72)
Radial Distance (in.) ' . Radia Distance {in.) -
Displ. | Depth | — - Displ. | Depth p— : ' e
Symbo1 (in.) 10.0 | 26.0 49.0 Symbol { (in.) | 10.0  26.0 49.0
u 0.0 * 46 -24 u 6.0 * -66 27
1.0 * 44 =30 1.2 * -10 -4
5.0 * -9 | 415 5.0 * 23 11
17.0 * 178 | 89 18.0 * 149 91
41.0 * 81 81 41.0 * 83 83
65.0 * 38 | 53 65.0 * 43 56
W 0.0 162 | 594 | 277 W 0.0 758 429 215
1.0 1162 600 | 277 1.2 806 435 211
5.0 1141 | 603 291 5.0 - 782 448 221
17.0 1016 584 287 - 18.0 661 423 213
41.0 469 353 | 228 41.0 - 355 277 177
65.0 237 192 | 185 65,0 190 166 129
DRILLING LOG DATA
- ReplicationA | Repli tionB
Layer - | Depth (in.) | Layer Thickness |  .-Depth (in.} |  yer Thickness . -
No. Material From | To Measured”Design | v}Fer To ‘ i aSured Design
1 Asphaltic Concrete 0.0/ 1.0 1.0 | 1.0 0.0l 1.2 1 1.2 | 10
2 Limestone + Cement 1.0] 5.0 4.0 4.0 1.2} 5.0 3.8 4.0
3 Limes tone . 5.0} 17.0 12.0 | 12.0 5.0] 18.0 13.0 | 12.0
4 Plastic Clay (EMB 17.0 ] 53.0 36.0 | 36.0 18.0 54.0 36.0 | 36.0
5 Plastic Clay (FOUND) | 53.0{ 70.0 170 54.0 73.0° 19.0

* Not Measurable




¢l

TABLE 23 (CONTINUED)

Section 5
Replication A (11-30-71) Replicatic B (8-9-72)

Radial Distance (in.) Radi Distance {in.)

Displ. Depth v Displ. Depth -
Symbol (in,) 10.0 | 26.0 49.0 Symbol (in.) 10.,C _ 26.0 -49.0
u 0.0 « | -102 -72 u 0.0 - * | -208 | -109
5.5 * 12 -4 5.5 * - =38 =31
8.5 * 27 21 9.0 * . 22 11
12.0 * 83 53 13.0 * 1300 | 51
41.0 * 68 80 41.0 * 107 4 - 99
65.0 * 44 61 65.0 . * 49 1 - 62
W 0.0 1391 | 953 462 W 0.0 1210 677 276
5.5 1453 969 456 : 5.5 1234 645 256
8.5 ‘1453 984 478 9.0 129¢ 661 263
12.0 1406 925 453 13.0 126¢ 645 285 .
41.0 525 434 287 41.0 471 348 187
65.0 269 248 183 65.0 2]6 187 133

DRILLING LOG DATA
Rep]ication,A Repl ation B

Layer Depth (in.) | Layer Thickness Depth (in.) ayer Thickness

No. - Material From{ To | Measured|Design "From| To | leasured|Design
1 Asphaltic Concrete 0.0| 5.5 5.5 5.0 0.0/ 5.5 5.5 | 5.0

2 Limestone 5.5{ 8.5 - 3.0 4.0 5.5 9.0 3.5 4.0

3 Limestone + Cement 8.5} 12.0 3.5 4.0 g.01 13.0 4.0 4.0

4 Plastic Clay (EMB.) 12.04 55.0 43.0 40.0 ‘13.0| 58.0 45.0 40.0

5 - Plastic Clay (FOUND) 55.01 70.0° 15.0 58.0] 74.0 16.0

*Not MeasureabTe




TABLE 23 (CONTINUED)

ELL

Section 14
Replication A (3-21-72) Replication (8-21-72)

: 3 : Radial Distance (in.) _ | Radial istance {in.)
Displ. Depth - - ; Displ. - ' T
Symbo1 (in.) | 10.0 | 26.0 49.0 _ Symbo1 in.) | 10.0 26.0 49.0

u 0.0 * -29 -31 u 0.0 x4 -15
1.1 * -21 - =22 0.7 * -13 =13
17.0 * 27 23 17.0 * 41 36
41.0 * 13 18 41.0 * 21 25
53.0 * 18 28 52.5 * 25 30
. 65,0 * 16 1} 27 65.0 * 19 27
W 0.0 328 278 206 w 6.0 374 311 221
- 1. 334 278 206 0.7 358 303 211
17.0 319 272 202 17.0 381 306 223
41.0 219 195 159 41.0 239 211 168
53.0 197 | 180 152 - 52.5 | 198 182 154
- 65,0 175 158 3 139 : 65.0"uv. 176 165 152
DRILLING LOG DATA
Replication A | Repli tinB
Layer  Depth (in.) | Layer Thickness | mepth~(in.) ~ yer Thickness
No. Material From | To Measured| Design To asured|Design
1 Asphaltic Concrete 0.0 1.1 1.1 1.0 0.7 0.7 1.0
2 Limestone + Cement 1.1117.0 15.9 16.0 17.0 16.3 16.0
3 Sandy Gravel 17.0} 53.0 36.0 36.0 - 2.5 35.5 36.0
4 Plastic Clay (FOUND) 53.0] 69.0 16.0 6.5 24.0

*Not Measureable




vLL

TABLE 23 (CONTINUED)

Replication A (3-17-72)

Section 15

Rép]{caﬁic B (8-21-72)

Radial Distance (in.) : Radie DiétanCe (in;)‘
Displ. Depth - - . Displ. Depth F — ~
Symbo1 (in.) . 10.0. | 26,0 49.0 ‘ Symbo1 _ (in.) 10.0 26.0 149.0
u | 0.0 x -37 -36 u 0.0 | * 2 | -15
1.0 * -22 =24 - 0.8 * -8 -12
17.0 * 18 . 20 - 17.0 * 34 29
41.0 * m 1 41.0 R 16 |2
53.5 * 11 14 53.0 * 19 26
65.0 * 11 16 65.0 * 22 32
W 0.0 425 366 278 W 0.0 398 329 235
1.0 431 369 281 : 0.8 418 331 239
17.0 387 319 236 17.0 390 323 229
41.0 164 150 123 41.0 239 221 179
53.5 147 127 114 53.0 210 194 161
65.0 133 116 103 65.0 179 168 147
DRILLING LOG DATA
Replication A Repli .tion B
Layer Depth (in.) | Layer Thickness Depth (in.) | .ayer Thickness
No. Material From| To | Measured|Design From| To leasured|Design
1 Asphaltic Concrete 0.0} 1.0 1.0 1.0 0.0 0.8 0.8 1.0
2 Limestone + Cement 1.0117.0 16.0 16.0 0.8117.0 16.2 16.0
3 Sandy Gravel 17.0 | 53.5 36.5 36.0 17.0} 53.0 36.0 36.0
4 Plastic Clay (FOUND) 53.5170.,0 16.5 53.0170.0 17.0

*Not Measureable




gLl

TABLE 23 (CONTINUED) .

Replication A (2-9-72)

Section 18

“Replication  (6-18-72)

Radial Distance (in.) | Radial istance (in.)
Displ. ‘Depth - ' Displ. Depth ' ‘
symbol | (in.) | 10.0 | 26.0 | 49.0 symbol | (in.) | 10.0  26.0  [49.0 .
u 0.0 * -83 -53 u 0.0 * .32 32
1.0 * -58 37 0.8 |+ 11 -16
17.0 * 84 36 - 17.0 * 49 40
41,0 * 43 39 41.0 * 33 40
55.0 * 33 40 56.0 * 33 40
65.0 * 31. 39 65.0 * 30 40
W 0.0 697 500 279 w 0.0 . 524 411 282
1.0 697 506 280 0.8 . 532 419 290
17.0 650 500 277 17.0 476 377 . 261
41.0 391 334 225 41.0 292 261 202
55.0 275 256 184 56.0 213 202 165
65;0 239 212 166 - 65.0° | 192 184 152
~ DRILLING LOG DATA
_Replication A | "~ Repli tion B
Layer v Depth (in.) | Layer Thickness ~ Depth (in.) | yer Thickness
No. Material From| To MeasuredDesign Frpm‘v To asured{Design
1 Asphaltic Concrete 0.0} 1.0 1.0 | 1.0 0.0 0.8 0.8 1.0
2 Limestone + Lime 1.0{17.0 16.0 16.0 0.8117.0 16.2 16.0
3 Sandy Clay 17.0 1 55.0 -38.0 | 36.0 17.01 56.0 39.0 36.0
4 | Plastic Clay (FOUND) | 55.070.0 | 15.0 56.0 | 67.0 11.0

*Not Measureable




9LL

TABLE 23 (CONTINUED)

Replication A (1-13-72)

' Sectibn>27

Replicatic B (7-12-72)

Radial Distance (in.) _— 1 Radi¢ Distance (in.)
‘Displ. Depth - — - Displ. Depth . — '
Symbol (in.) 10.0 26.0 49.0 Symbo1 (in.) 10.0 26.0 49.0
y 0.0 * -39 43 u | o0 | -1 _38
3.3 * -29 -29 3.3 * -17 -17
11.0 * 4 6 11.0 * 22 16
18.0 * 16 21 19.0 * 50 44
41.0 * 24 37 41.0 * 42 51
55.0 * 20 34 53.5 * 31 42
65.0 * 22 31 65.0 * 30 41
W 0.0 462 | 381 | 286 W 0.0 184 | 416 276
3.3 475 397 281 3.3 524 421 279
11.0 491 387 266 11.0 492 427 279
18.0 459 369 272 19.0 458 387 265
41.0 281 256 198 41.0 313 277 206
55.0 189 178 156 53.5 198 190 156 -
65.0 162 153 137 65.0 179 166 ‘14 ‘
DRILLING LOG DATA
Replication A RepT ation B
Layer v Depth (in.) | Layer Thickness Depth (in.) | .ayer Thickness
No. Material From | To Measured|Design From}{ To leasured| Design
1 Aspahltic Concrete 0.0 3.3 3.3 ‘3.0 0.0 3.3 3. 3.0
2 Limestone + Lime 3.3 11.0 7.7 8.0 3.3} 11.0 7.7 8.0
3 Limestone + Cement 11.0] 18.0 7.0 8.0 11.0} 19.0 8.0 8.0
4 Sandy. Clay 18.0} 55.0 37.0 34.0 19.0} 53.5 34.5 34.0
5 Plastic Clay (FOUND) 55.0 ] 69.0 14.0 ' 53.5} 70.0 16.5 '

* Not Measurable



AR

TABLE 24: MEAN OBSERVED DATA AND BISTRO-COMPUTED VALUES

(MICRO-INCHES), FOR A SINGLE 1000 1b LOAD

" * Not Measurabie

Section 1
Mean Observed Data Calculated B tro Values
Displ.’ Depth [~ T = Displ. | Depth- [~ —TT
Symbol | (in.) | 10.0 | 26.0 | 49.0 symbol | (in.) | 10.0 26.0 | 49.0
u 0.0 * -189 82 o 0.0 * <947 -61
4.3 R -16 4.3 * -39 -18
7.5 * 44 12 7.5 * 44 15
12.5 * 172 79 12.5 o * 154 63
41.0 * "85 90 41,0 . * T3 110
65.0 * 40 - 57 65.0 * - 64 79
w 0.0 1149 i 693 285 W 0.0 1230 650 254
4.3 1165 693 280 4.3 1250 651 253
7.5 1249 ZTS 293 7.5 1240 651 253
12.5 1069 682 289 12.5 1180 644 254
41.0 424 351 221 471.0 517 401 223
65.0 226 202 152 65.0 267 231 160
Replication Error Predici in Error'
u~Data w-Data - - y-Data w-Data
15 78 20 57



8Ll

TABLE 24 (CONTINUED)

~* Not Measurab]e

Section 3
Mean Observed Data | Calculated I itro Values
Radial Distance (in.) 4 Radi: Distance (in.)
Displ. Depth — : -~ Displ. Depth _ '
- Symbol | (in.) | 10.0 26.0 49,0 . ~__ Symbol (ins) | 10.0 26.0 49.0-
u 0.0 * -55 -25 oy 0.0 * -72 42
1.1 * -26 -16 ‘ 1.1 * -54 -34
5.0 * 6. -1 i 5.0 * 7 -2
17.5 * 163 89 : ‘ 17.5 * 137 84
41.0 * 81 81 | 41.0 * 88 94
65.0 * 40 54 : 65.0 * 51 66
W 0.0 959 511 245 W 0.0 919 536 265
1.1 983 | 517 243 . 1.1 922 537 265
5.0 961 525 255 : - ‘ 5.0 923 538 265
17.5 838 503 | 249 S 17.5 822 523 263
41.0 411 | 314 202 ' 1 41.0 431 350 218
65.0 213 | 178 141 : 4 | 65.0 234 208 154
Replication Error o .  Predict n Error -
u-Data w-Data R ' v o u-Data 'w4Daté
10 o8 . o IR Y A




6LL

TABLE 24 (CONTINUED)

Section 5

“Displ, | Depth -

Mean Observed Data ' Calculated

Stro Values

Radial Distance (in.) ..Rad

Distance (in.).

© Displ. | Depth

| 26.0 | 49.0

‘Symbol - | - (in.) 10.0 -} 26.0 | 49.0 Symbol. | (in.) | 10.

| =154 | -90 | u ] oo
C-13 ) -17 - 5.
24 |15 - | | 8.
106 51 12.
87 89 | 41,
46 61 | 65.

L
*ok K N ¥ %

107¢
110
109t
108(
50
26!

1300 814 368 W 0.
1343 | 806 | 355 |. 5.
1375 | 822 | 370 s
1335 784 348 12.
497 390 236 - 41,
242 217 157 ‘ ‘ - 65,

N

[S)]
® L] L] L3 * - . *
QDT O OO MmO

-148
- Al
84
103
61

614
618
616
614

395 |
230

25

-78

5
40
102

76

268
267
266
566
224

160

Replication Error o ‘ Predic
~u-Data w-Data : : _ o u-Dat:

20 9 L . R 1]

* Not Measurable

‘on Error

‘w-Data,‘v
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TABLE 24 (CONTINUED)

0¢ct

Section 14~
Mean Observed Data o  Calculated ' stro Values
Radial Distance (in.) | o ': R Radi DiStance»(in.)
Displ. Depth . o ‘ Displ. Depth }— : —_—
Symbo1 (in.) 10.0 26.0 49.0 Symbo1 (in.) 10.0 26.0 49.0
u 0.0 * 21 22 u 0.0 * 4 | -3
0.9 * -16 =17 . 0.9 * -36 -28
17.0 * 33| 29 - 17.0 * 33 20
41.0 * 16 21 41.0 * 30 35
52.8 * 21 28 - 52.8 * 39 49
65.0 * 17 26 65.0 * 30 41
W 0.0 350 294 213 W ‘ 0.0 379 274 179
0.9 345 290 208 0.9 380 274 179
17.0 349 288 212 ‘ 17.0 371 274 180
41.0 228 202 163 41.0 259 225 - 164
52.8 197 180 152 ‘ 52.8 - 231 205 154
65.0 175 161 145 ‘ 65.0 177 162 130
Replication Error - _ o | ~ Predic on Error.
u=Data w-Data - ‘ B ‘u-Data w-Data
5 12 - | o 15 23

& Not Measurable
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TABLE 24 (CONTINUED)

DispT.
Symbol

Mean Observed DAta

- Depth

(in.)

o
s }

Radial Distance (in.)

10.0 | 26.0

49.0

O OF 2 =d

* .

O ==~ O O
® 2 * - . L4
OCWOOWO OWOOWO

28
14

178 | 160
155 | 141

124

~25
-17
24

15

19
23

256
259
232
150
137

Replication'Error
u-Data w-Data

7 23

Section 15

- Displ.
SymboT

istro Values

Calculated

Depth |

(in.)

Rad

10,

flwﬁtmme(%ﬁ)ii‘”“”"

26.0

490

o
] o

) . - > . - . » . LIS

DQWOQWDO OWOQRWD

¥ % ¥ % * F

37¢
37¢
37
25
22§
17;

41
-36

202
162

* Not Measurable

Predic
u-Date

17

on Error
w-Data

49
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TABLE 24 (CONTINUED)

Section 18
Mean Observed Data | _ Calculated stro Values
| Radial Distance (in.) - 1l  Radi Distance (in.)
Displ. | Depth — — Displ. -|{ Depth. - T
Symbo1 {in.) 10.0 26.0 49.0 S Symbo] (in.) | »10.0 26.0 49-0‘
u 0.0 * -57 -42 u 0.0 * 73 | -46
0.9 * 34 -26 0.9 * -64 -4
t 17.0 - * 66 37 17.0 % 61 . 31
41.0 * 37 39 41.0 * 49 52
55.5 * 31 39 55.5 * 55 65
65.0 * 30 39 65.0 * 44 56
W 0.0 610 | 455 280 | W | 0.0 57¢ | 358 | 199
0.9 614 462 284 0.9 57¢ 358 199
17.0 562 438 268 ’ 17.0 551 357 199
41.0 341 297 213 {1 41.0 - 34! 284 185
55.5 243 228 174 | 55.5 27¢ 238 167
65.0 215 | 197 158 ' "~ 65.0 21¢ 194 ‘ 145
Replication Error S S Predic on Error
‘u-Data ‘w-Data Co . S R .. u-Date w-Data
2 a5 | . 17 '

"* Not Measurable
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TABLE 24 (CONTINUED)

eel

Section 27
Mean Observed Data : o ‘Calculatec istro Values
Radial Distance (in.) | v : Rac 1 Distance (in.)
Displ. Depth g ' : Displ. Depth '
Symbol (in.) | 10.0 {26.0 | 49.0 | Symbol | (in.) 10, 26.0 | 49.0
u 0.0 * 40 | -40 w | 0.0 * -73 53
3.3 * -22 =22 - 3.3 * =50 -38
11.0 * 12 10 11.0 * -7 -6
18.5 * 32 © 32 18.5 * 45 27
41.0 * 32 43 41.0 * 45 49
54,3 * 25 37 54.3 * 52 63
65.0 * 25 35 65.0 * 41 54
W 0.0 472 | 398 280 W 0.0 5 342 204
3.3 499 408 279 3.3 5C 344 204
11.0 491 406 272 11.0 50 | 346 | 204
18.5 458 377 268 18.5 49 344 204
41.0 296 266 201 41.0 33 | 280 187
54.3 193 183 155 54.3 27 240 170
65.0 170 | 159 140 65.0 21 192 | - 145 .
Replication Error C ‘ ‘> Predi ion Error
u-Data w-Data I - . u-Dat ‘w-Data
8 10 | | - 18 49

* Not Measurable
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