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ADDENDUM

The following comment by Dr. Welch describing the temperatures

recorded during the field study phase of this research project

is considered noteworthy and is therefore quoted below:

". .. only two of the temperature sensors were operable

during the summer of I9B0 and they operated only inter-
mittently. These sensors were in the three layer over-

lay at the interface between the surface course and

bind.er course and at the interface between the open-

graded course and the concrete pavement. In January,

1981 only one temperature sensor was operable. The

temperatures recorded were:

Date Time Top of Binder Top of Concrete
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50
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I

FiNDINGS AND CONCLLJSIONS

The find'ings and conclusions resulting from this research are:

The behavior of pavement systems under static and dynamic 'loading

can be measured using the instrumentation system developed in this

proj ect.

The data acqu'isition system developed in this project is capable

of acquiring and recording the data in a convenient and accurate

manner.
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IMPLEMENTAT ION

The instrumentation and data acquis'ition systems developed in

th'is project have been proven through field use. These systems can

now be used to measure the performance of various types of pavement

structures and to cornpare the performance of different designs.

Much useful data, not previous'ly available, can be gathered by using

the systems developed in this project.
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CHAPTER I

I NTRODUCTI ON

A. BACKGROUND

Asphalt overlays are the most common remedy for the prob'lem of dis-

tressed concrete pavements. An overlay will consist of one or more layers

of asphaltic concrete p'laced on an existing pavement. Overlaying an

ex'isting Portland cement concrete pavement with an asphaltic concrete

pavement structure is a highway rehabilitation technique which has been

used by highway agencies since-the mid-1940's. At that time, highway

engineers were predicting increased traffic volumes and heavjer wheel

loads for the late 1940's and early 1950's on highway pavements originally

constructed in the 1930's and minimally maintained throughout the early

1940's. Rehabilitatjon of these original pavements was given considerable

attention, but dur"ing this period of h'ighway rehabil itat'ion, overlays

were constructed with little or no corrective treatment to the exist'ing

pavement or sub-grade. Consequently, by the late 1940's and early 1950's

the new overlay pavement structures had begun developing unexpected fajlure

mechanisms in the form of cracks which penetrated through the fuli depth

of the over'lay. It was soon recognized that the developing crack patterns

close'ly followed that of existjng joints and cracks in the overlaid pave-

ment and, thus, the highway engineer was confronted with a new problem that

has become known as reflection cracking.

Reflection cracks are cracks in asphajtic concrete overlays that

reflect the jo'int and/or crack pattern in the pavement structure underneath.

Aithough asphaltic concrete overlays will strengthen the pavement struc-

ture and prevent large quantities of water from penetrating to the base,
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jf joints and cracks of the under'lying pavement are reflected through the

overlay and cracks are exposed at the surface, the overlay loses'its

waterproofing characteristic. Water can then seep 'into the base and

create detrirnental conditions which produce structural damage to the

layered system, and thereby reduce the supporting power of the pavement.

The edges of the cracks become vulnerable to dynamic impact forces due

to traffic loads. These 'impact forces can cause pumping act'ion, widening

of the cracks and deterioration of the surface.

Although attention was being given to this new prob'lsn of reflection

cracking in asphaltic concrete overlays, in 1956 the Interstate system

was initiated and emphasis was shifted from rehabilitation of existing

highways to construction of new ones. The new Interstate and other new

primary and secondary highways were generally constructed with superior

geometric designs wh'ich have resulted in pleasing horizontal and vertical

a'lignments. This was done vrith the foresight that reconstruction or

rehabilitation of the Interstate and other major elements of the national

highway network could be accomplished on their existing a'lignment. How-

ever, pavement rehabilitation has been required on many miles of highway

much sooner than had been original'ly anticipated because traffic volumes

have far exceeded projections. Many more miles of Inteistate and other

Federal and state highways have prematurely reached or are approaching

the end of their structural l'ife and they currently require or in the

near future will require pavement rehabilitation. Therefcre, once again

emphasis is shifting to reconstruction or rehab'ilitation of existing

highways with an additiona'l major problem of developing design and con-

struction procedures to greatly reduce or compiete'ly eljrninate reflection

cracking in an asphaltic concrete overlay system.



Reflection cracks are believed to be caused primarily by horizontal

movements of the pavement beneath the overlay, brought on by expansion

and contraction with temperature change or change in moisture content.

They may also be caused by vertical mbvements created by traffic loads,

earth movements, or change of moisture in subgrades with high c'lay

contents.

The development of reflection cracks in asphalt overlays usually

results in high maintenance cost. One of the major factors 'limit'ing

the engineer's ability to efficiently design for reduction or elimina-

tion of reflection cracks in asphalt overlays is the lack of knowledge

of the actual causes of these cracks. Stress and strain are fundamental

measures of aspha'lt overlay response and a knowledge of the stress-

stra'in-time relationshi p should hold the key to understanding and solv'ing

reflection cracking problems. In situ measurements of stresses and

strains are essential if knowledge about the true behavior of the over-
'lay rnass is to be obtained.

B. PROJECT OBJECTIVE

The overa'I1 objective of this project is to measure the actual

behav'ior, in the f ield,of asphalt over'lay structures in the vicinity of

joints in the overlaid concrete pavement. The measurements wjll be used

in a subsequent study to develop design procedures for asphalt overlays

over concrete pavement.

The tasks involved in the measur$rent of overlay performance, a'long

with a brief description of the methods used, are described below.

1. To develop and 'imp'lement a system for measuring horizontal

strains at each interface, and vertical movements in each 1ayer, of a

3
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multi'layered asphaltic concrete hot mixed overlay structure jn the

vicinity of a joint in an overlaid Portland cement concrete pavement.

Measurements were made using pairs of induction coils. These cojls

were embedded in the aspha'ltic concrete wjthout any physical connection

between the coils so that movements jn the region of the discs are not

constra'ined. Changes in the spac'ing of the coils are recorded as dif-

ferent'ial vol tages which can be d'isplayed and recorded.

2. To calibrate the sensors in coplanar and coaxial alignments. A

cal'ibration device was fabricated so that sensor pairs could be mounted

in a coplanar or coaxial orientation, from which relationships between

instrument readings and sensor spacings can be cletermined.

3. To determi ne the eff ects of m'isa'l i gnment of sensor pa'irs. Cal i -

brations were performed with various lateral displacements and/or rotation

of one sensor relative to another. The misaligned calibrations were

compared with the a'ligned cal ibrations.

4. To determine the phys'ica1 propert'ies of the subgrade material

and of each course of the asphalt'ic concrete overlay. Field samples were

obtained from the site and laboratory tests were performed to evaluate the

properties of each material.

5. To record cumulative seasonal and daily movements occurring in

three different over'lay structures. Sensors were installed in a one, two,

and three layer overlay system, in the vicinity of joints in the overlaid

PCC pavenent.

6. To measure vertical stresses and vertical displacements under

dynamic traffic 'loading. A dynamic data acquisition system capable of

acquiring 40,000 data points per second was designed and constructed to

record Cata from strain gage stress cells and induction coil sensors.
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7. To measure the paVsnent temperature profile. Thermistors were

J,'r':]:o 
,o measure temperarure at 'raver interfaces in the overray
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A. FAiLURE I'lECHANISi"1

Reflection crackjng, in asphaitic concrete overlay construct'ion,

is a major problem which has confronted highway engineers for nearly

thirty years. Although numerous trial and error methods and experlmental

methods have been useC and studied in attenrpts to eliminate or reduce

reflection cracking, it is perhaps remarkable that at the present t'ime

there i s very 'l i ttl e knoll edge of the actual d'istress mechani sm tlhi ch

creates reflect'ion cracking. ffris is primarily due to the fact that

unti'l recent technologica'l developments, sensors that could accurately

measure both stati c and dynami c s trai ns vrere not ava'i I abl e . Therefore ,

the mechanj sm of refl ection cracki ng i s based total 1y on theoretj cal

assumptions.

As first reported by Bone, et a'1. (1954), reflection cracks are

bel.ieved to be caused prinrari'ly by hori zonta j movements j n the pavement

slabs beneath the overlay, brought on by expansion and contraction with

ternperature and/or moisture changes. Because the asphalt is bonded to

the pavement, tens'ile stresses are induced in the asphaltjc concrete

over1aying the joint when contraction of the pavement causes the ioint

to open. If the joint opening induces a tensile stress greater than the

tensi'le strength of the asphaltic concrete, then failure occurs and

crack.ing is initiated. Reflection cracks may also be caused by vertical

movernents due to excessive defiections under traffic loads such as occur

when there is pumping of slabs or due to differential settlentent of

adjacent slabs or due to earth movements or due to loss of moislure in

(

6
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f,
subgrades with high clay contents. Vertical movenrents induce shear

stresses'in the asphaltic concrete in the plane of the overlaid joint.

Bone supports th'is bel 'ief by compari ng fi e'ld measurements of the

openi ng and cl osi ng of jo'ints betvreen pavement sl abs rvj th I aboratory

determinations of the strength and elongation characteristics of the

asphaltic concrete. It was concluded that joints in concrete pavements

are subjected to a max'imum opening and closing of from 0.1 to 0.2 inch,

depending on the locat'ion and severity of temperature changes. Labora-

tory tension tests shorved tirat the most an.v of the asphal tic concrete

mixes stretched at 30oF was 0.05 inch in a 4-'inch gage length. It is

further concluded that since the asphaltic concrete can only stretch

about one fourth of the total seasonal movement of the joints in the

underlying concrete pavement, then reflection cracking is jnevitable in

those types mixes tested.

Some shortcomings of the results reported by Bone follow. First,

field measurements of the pavement joints opening and closing are com-

pared vrith laboratory measurements of the asphal tic concrete elongation.

Because the asphalt in the field is subjected to traffic loads, changing

temperature cycles, and ag'ing,'its properties can be considerably dif-

ferent from laboratory samples molded with the sante init'ial specifica-

tions. Second, the assunrptions are based on a single asphat'ic course

overlay. i,lost overlays are presently tlo or three layered systems.

Third, vertical movements are considered negligible under the assumption

that they can usually be controlled by adequate subgrade support. llo

stud'ies could be found rvhere field measurements of vert'ical ntovement of

an overl ai d pa';ement tvere made .

Hensley, L975, presents t,heoretical stress diagrarns in an atternpt to

{

&
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shorv the stresses that take place'uo produce reflectjon cracks. As the

underlyi ng paveii'lent cOntracts the ioi nt or crack opens and creates

hori zontal stress concentrati ons i n the overl ay above the ioi nt ( Fi g. 2.

i-a). If differential movements of the adiacent slabs occur as a vrheel

load crosses the joint, then vertical shear stresses are incuded in the

overlay above the jo'int (Fig. 2.1-b). Hensley theorizes that the majori-

ty of the cracks are caused by the horizontal stress (fig. 2.1-c) as a

result of the existjng pavement characteristics of expansion and contrac-

tion wi th changes i n temperature and moisture, and that ref1ect'ive

cracking becomes a result of tensile failure in the overiay. As the

overlay begins to fa'il small cracks develop at the bottom of the overlay

and propagates toward the surface as the bottorn cracks grov/ progressively

iarger (Fig. 2.l-d).

Recent studies have applied theories of fracture mechanjcs to

develop design systems capable of sblving various boundary value problems

associ ated wi th overl ay desi gn, joi nt stress analysi s and fat'i gue crack

progagation (Ramsamooj, 1970 and 1973; Luther, 1973; Luther et a1 ', 1976,

Majidzadeh et al., I971; Maj'idzadeh et al., 1977). Linear fracture

mechanics is a structural study vrhich considers crack extens'ion behavior

as a function of applied loads, in the absence of large p'lastically

yielded regions surround'ing existing cracks or flaws (Kobayashi, i973).

The application of linear fracture mechanics to asphaltic concrete

overl ay systems hypothes'ized that smal I f i ar.rs exi st i n the asphal ti c

cOncrete above a ioint or crack, which develop zones of stress concentra-

tion. 0verstresses in these zones, induced by wheel loads and/or thermal

changes produce fatigue failures frorn which cracks are in'itiated r'rith

the grorvth of the f law. Ramsantooj (1970) and [.auffntan (1973) provide

(

t
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evidence that small flavrs do e;<ist in asphaltic concrete and that the

asphal ti c concrete does crack from fati gue fai I ure.

The process of crack injtiation and grout,h is associated utith the

energy bal ance i n the fl a,rl regions. The rvork of external forces produci ng

deformations at the tip of regions of discontinuit'ies can be divided into

elastic energy, the energy required for irrevers'ib'le changes in the

material body of a viscous or p'lastjc f1o'rt, and the surface energy re-

qu'ired to form a crack. The rate of crack grolvth then depends on the

energy bal ance, attd the path i t fol j ows 'is governed by the mi nimum

energy requi rement ( Ramsamooi , i970) .

The original Griffith (192i) theory formulates the basis of linear

fracture mechanics. Griffith proposed that the rupture of brittle nraleri-

al occurred when the surface area of a f'la'ri of a body under load i ncreased

such that the rate of decrease in potential energy vras greater than the

rate of increase in surface energy due to the increased crack surface

area. In order to apply the Griffjth theory to metals, Irwin (1952)

repiaced the rate of increase jn surface energy by the increased plast'ic-

energy-dissipation rate. Irvlin iustified this by recognizing that the

surface-energy-diss'ipation rate was negf igib'le when compared to the magni-

tude of the plastic-energy-dissipation rate. Furthermore, irr'r'in postu-

latdd that the plastic-energy-diss'ipation rate is a material property

which can be determined by standard'ized test at the onset of fracture or

'lhen it is equal to the rate of decrease in potential energy. The Grif-

fi th-irwi n theory of fracture then states tha L when the strai n-energy-

rel ease rate .i s equal to or exceeds the p1 as ti c-energy-di ssi pa tion rate,

instability occurs and the cractr will run (Kobayashi, i973). The strain-

energy-release rate depends on the loading condition and crack geometry,

(

I
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6x

I
U

6Uo = S' 6-t = uy(o,o) ' 0f,(- 6.r.0) d.rr (2.1)

(

where, assuming that the plastical'ly yielded region ahead of the crack

tip does not change the state of stress significantly, then u, (0,0) is

the crack-cl osi'ng di spi acement rv'ith the crack ti p l ocated at the ori gi n of

the coordinates, (0,0), and o:.. is the associated closing stress ivhich is
vv

equal to the normal stress ahead of the crack tip located at (-0x,0).

Thus, all problerns'in linear fracture mechanjcs can be converted to pro-

bl ems 'in 'l i near el asti ci ty.

irwin (1958) recognized the associat'ion of crack movements with

stress fields'in the imrnediate vicinity of Ihe crack tip. irt'tin developed

the concepts of stress-intensity factors and proposed three modes of crack

tip deformation to c'lassify crack behavior. The three modes of relative

di spl acement of the crack surfaces , as shovrn i n Fi gure 2.3 are I'iode I -

the open'ing mode, l"lode il - the inplane sliding tnode, and i'lode III - the

teari ng nrode.

If analysis is corrfinecl to a small region in the vicin'ity of a crack
i
I

therefore, the probl em of deternri ni ng the strai n-energy-rel ease rate

reduces to a boundary-va1ue problem.

Kobayashi presents the relation between the strain-energy-release

rate,6U , and the local stress field by ccns'idering the reverse problem
o

where a short segment,6X, of a two dimensional crack is closed by im-

pgsing 0 force of o*... (-Ox,O) on the crack surface as shown in Figure 2.2.
vv

The total stra'in-energy absorption rate in this reverse loading problem

is equal to the input-energy absortion rate,6Uo, which in turn, is equal

to the stra'in-energy-release rate, g, for a crack extension of 6x or
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tip, as shoirn in Figure 2.4, and all stresses and stress functions are

represented in terms of a local poiar-coordinate system of r and 0, then

l.lestergaard's stress function Z i s appl icabl e (Kobayashi , 1973) .

Z
llAl vlhere p ..i o (2.2)
'T

As p * 0, the complex analytic function f(p) approaches a real constant

equa'l to K/ Qi for l4ode i, KII I /7; for l4ode II and Kiit/ ,€7 for l4ode

III crack tip deformation. K, K1i, and K,I are stress-intensity factors

for each respective mode of deformat'ion.

1 . I'IODE I - 0PENiNG l'10DE - The 
^ 
stress-i ntensi ty factor, K, for the

opening mode is defined as

K = l1t o,r(r,0 = O) .\/Tr,r / ? ?\

The local stresses 'i n terms of I ocal poi ar coordi nates are:{

KO
o*,= W cos ,

1(0
wcost
K00s0o", = 

1zirrsln,' 
cos -. cos -t

The disp'lacement components in the x and y direct'ions become:

a. for the state of p'lane stress

t; olt-u ..t)1
V G'ot , Lu , 

+ srtr^ 
,.1

t; o|'t .nl
vr;"" i Lr;- co's't]

cnl
sin f]

qn1

''";l

sin
t,

i,

0

2

U
.0*srnf

U-=

u

1\

G

ij
U

(2.+1

b
wlrere G - the shear nrodul us

v. the Poisson's rat'io

(2.s)



b ior the state of plane stra in

oi; (- 6*,0; =

(z.o;

tensile

estensfon can now be
atadfstancerfrom

(2.t1

R,vE-
2(7 - ut r.----_-___::.r/

G Jfr V, (plarre strainJ

t4
(

', ='* ,8",
rr.. =& ,F' G l/Z-stn

K, denotes that K rn_ .,
fracture 

for the state of prane strain is restricted 
to

0rtt/i-2v+rin-!-l
L ,l

0t !
i 12- 2u- qrtz ol

, ,l

fhe strain-

;ffT.$;T;ffij1;;
'0m eguations (2.+1 and (2,6)

I *

and then substituted into equa tion (Z.t)

ur(0,0) =

6Lt, = g' ,5.r =

6Uo=$16r=l-J
G

Ir,.(0,0) . o;1, (. 6.r.0) ti.r

6.r

t
rii 7- y:-_ ,- _dx-r*'-

2G ^ril.5x
(z.s)

fhe characteris

re*ed to as . :::#- 
":train-enere./-rer

'ce and can be.u'*utt 
rate is aJso re-

g,= 
*rl oi 

-" uq .epresented 
as

(2.07
or replacing v vrith v/(l + v) and obtaining

I

I
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(- F = \'1 tL-
( 2 1^\

where E is the nrodulus of elasticity.

The plastic-energy-dissipation rate which is a material constant

fol I orvi ng the Gri ffi th-I rvrj n theory can be repl aced by an equi va1 ent

material constant StC *hich js the critical strain-energy-release rate

at the onset of rapid fracture. Since K, is directly related to g, from

equation (2.9), the Griffith-Irvrin theory can be restated 'in terms of

K, which becomes a material constant, KIC, at the onset of rapid fracture.

K,^, the critical stress-intensity factor, is referred to as the fracture
IL

toughness of the material and has the dimension of stress ' /TengIF-

( Kobayashi ) .

?. l'10DE I1 - iiIPLANE-SLIDII'lG l40DE - Similar ex pressions of stresses and

displacements as for l.lode I have been deveioped for Mode II. The stress-

i ntensi ty factor for l,lode i i crack ti p di splacernent i s obtai ned by

Kr, = I,j; o*r(r,0 = 0) .V'27 
(2.1I)

The local stresses in terms of locai po'lar coord'inates for the

inplane-s1 iding mode are:

(
(

_L'r\1/
vxx /i--

v vttt

K,,
" yy 

,r/ 2ir r

f)l il
sinl-12+r:r:s;'cos

4030
cos t' srn ,' cos t

ol ocosr'[1 -sin;sirr

30
2

orv =
l\il
tcJ- n (2.t2)

The displacernent components in the x and y directions becone

i

(
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a. for the state of plane stress
(

b. for the state of piane strain

l. 2,. LJ/

01
_i,ll

r) l
--l
el (2.i4)

(2. r5)

deformat'ion i s due to an out-

in torsion loading. The

by

uy=

[i,, /V 0
" I /- ^:-G v 2r'"' 2

h.rr /r u

T Y z,t 
cos ,

h,, ir f)t Vz '"',
Lrr _/r U

Z- l/ % cos,

2 .0
COS' -L+v 2

l-'-.-t^ro
, Stll7+u 2

I
l

3. I,IODE III TEARlI'IG I,iODE

of-p1ane shear which can

stress-i ntensi ty factor,

- The i'lode I I I

produced 1oca11y

l{r' =

- 2u + cos2

1- 2v+sin:

l,

The stra'in-energy-release rate for the l'1ode Ii deformation takes

on an'identjcal form as equation (2.9)

c -1- u ,-.uu-nd-^ir
(

be

K i s determi nedIII'

/(,r, = lil1 o r,(r, 0 = 0) . vEi,

The I ocal stresses i n terms of I ocal po1 ar coordi nates for the

teari ng mode are

0,...=o).),=o..r=0

(2.16)

K,,, 0o =--".:"i- strr --r. ,/r_.".,. a

o

&
--==: co

0

,S

and tlie d i s pi acements become

\i.Lt )
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ur=llv=0

(

Ii ,,, /2r 0
ll2 = i.U = -::- I /r - Sltf --G l', 2

(

( z. ia)

'lihere w is the deformation due to out-of-piane warping.

The stra'in-energy-release rate for the l,lode III deformation is

represented by

_ I 1.,
5ru - id ^hr (z.tg)

4. SUPERPOS ITIO OF I,lODES - The theory of fracture mechanics described

above is based on the linear theory of elasticity, therefore, stress

functions for other boundary value problems with identical geometries and

same opening modes can be superimposed. The corresponding stress-

intensity factors for the same mode of crack deformation can be super-

imposed as

K1= Iilt * Krz +

Ktt=Krtr+Krrz+'
[t,,1 = K,,,, + Iitrrz +

* Kt,n
. + Ii..

"llil
. . + Ktrri,

I

(?.20)

vrhere ffi, n: and p are integers.

The crack-opening forces are scalar terms involving the strain-

energy-release rates and, therefore, crack open'ing forces for djfferent

modes of crack deformation can be superimposed as

g =s, +srr + s,,, =lff ri * )f xi, * -iar,ri,,
(?.21)

The elastic plane state of stress in tlre'ricinity of the cracll tip

in tertns of local poiar coordinates can be obtained by the linear super-

posi tion of equations ( 2.4) and 2.12) as
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AUo" = 
;6;cos 1 [, - ,," t, Yl #;,,^l[, * 

"o,*. .",f]

o,, = f*.", * [, * ,'n l'',. #] . h"u, !r-,

.(0o," =Wsin;cos **rY .lr+rorf,lr - ,,. *

030lnrcos 
2

.30
sln 

-I

The elastic plane-stress state of displacement in the vicinity of

the crack tip can be obtained by the'linear superposition of equations

( Z. S) and 2. i3) as

(2.22)

(? 21\

F o[t-u .o
y G"ot zll - , " stn- f ].? t,

Vx
L,

I z .ol
L1-r*"ot'zJ

It-, .01
L, *, + s'.- t]

lI.. = n
G

K F ol z -01 K,,tt' = G V ut'"il;r- cos' r)- ;
/, 0r/-cos -t/9, I

The analytical sol utions to the methods presented yi e1 d stress-

intensity factors for oniy a limited number of simple problems, and

lengthy exact solutions to idealized problenrs only approximate the actual

conditions. Therefore, numerical methods, in particular the method of

finite-element analysis, have been used to obtain numerical solut'ions to

actual two dimensional crack problems. If the state of stress or dis-

placement in the vicinity of the crack tip can be determined rvithin a

reasonable degree of accuracy, the stress intensity factors can be com-

puted by the use of equations (2.22) or (?.23). The finite-element

analysis must then produce suffic'iently accurate states of stress or

displacement r'rithin tlre local region nhere these equations are val'id.
(
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As a i,rel j knovrn rul e of thumb, thi s I ocal regi on has been def i ned as

r < (a/2A), where a is the haif-crack iength of a stra'ight crack

( Kobayashi ) .

The stress-intensity factor depends on the 1oad, spec'imen geometry,

and crack configuration and can be evaluated experimentally or by analy-

tical technjques. The critjcal str.ess-intensity factors are material

properties. K* has been determined by using beam specimens ,rrhose

dimensions fulfill the established fracture mechanics criteria

(Ramsanrooi, 1970). However, standard criterja to perform KrI. and KiII.

tests or values for *rr. unO KIII. for asphalt or other materials have

not been established (Luther et al., tg76).

The strain energy density criterion of fracture or S-criterion vtas

introduced by Sih (1973). This neti criterion assumes that fai'iure starts

by breaking material elements at fin'ite distances alay from the crack

front. The locations of these elements are determined from the relalive

minimum of strain energy density. S'ih established that for most loading

conditions the energy of volume change is larger than the energ.v of shape

change at these locations. As a result of the material elements breaking

up, the crack grotvs in certain preferred directions which can be computed

and the load required to produce a certain value of strain energy density,

characteristic of the material at fracture, can also be obtained.

in tlo dimens'ions, fracture initiates from a point element ahead of

the crack where the strain energy density factor, S, reaches a critical

value, S.r, and if the fracture is considered as three dimensional, titen

there is a vrhole line of critical elements para11e1 to the straight crack

edge. trJhen all three stress intensity factors, K,KII and KrII,are

present along the crack border, the fracture criterion should express

{

b
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that fracture occurs vrhen some'combination of them reaches a crit'ical

value such that

;l,l

Atl 2E
(o**, * oyr, * ozz ) - i (o**oyy * oyyrr, + orrc**)1

1 + ,r
f-

E

(n 2 + n 2 + n 21iuXY , ,XZ ,"yZ I (2.24)

{
where v is Poisson's ratio, E is Young's modulus of the material,

ox*, oyy, and oxy are expressed by equat'ions (2.22) and arr, 6xz,

oyz are given bY

and

and

ozz = Zrt

v
0 ^ lIanc : - /rr

a y'Zrr
N

ffi
,0

sr n -
2

K 0IIi si noxz
v Znl z

Kttt
o - n

cos j
n

(z.zs)
zv /'Gi

U

Substi tuti ng the stresses frorn equati ons (2.22) and (2.?5) i nto

(2.24), the strain energy per unit volutne may be vrritten as

tl',J = I + non-s inqul ar tern:s (? ?s\
dY 

,. J"'Ju'Jr LErlu) \L.Lv./

f(K,K11, Kttf ) - f.,.

Such a criterion is developed by referring to the strairr energy stored

in a volume element ahead of the crack. The strain energy stored in a

volume element dV - dx dy dz'is a quadratic form of the stresses o**,

oyy, ozz, oxy, axz and oyz such that
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wh'ich become s'ingularin the ljinit as r -> o. Tire strain energy densr'ty

S is defined only if r f 0 and hence the volume element'is always kept

at a finite distance auray from the crack border. S is expressed as a

quadratic form in the stress jntensity factors kr, k, and kr:

S = u1i k1, + 2a* k, oz uzZ Kn' +a '))
JJ

l't zt\+ lr2

r.rharo L, -

are constant along the crack front and S is only dependent on the polar

ang'le e. The coefficients u11, a12, aZZ and a33 are given by

K

/=-
Y tl

1
"11

In tyro dimensional problems the factors ki, k, and k,

1' {(3-4u-coso)(1+coso) }
-i bb

uz?

urZ -l- r(2sinc) (coso) ( 1-2u) ]( 16G

,fu r+tI-,)(1-coss) + ( 1+coss) ( 3cose-1) I

Id^^
JJ .+ tr

(2.28)

Sih (1975) has prcposed that crack. propagat jon 'ini t'iati ng from an

i nherent f I arv 'in the materi al 'i s determi ned by the energy dens i ty i n the

region of high stress elevation. The'locations of maximurn yielding and

of brittl e fracture can be found from the stat'ionary val ues of the sti'a.in

energy density factor, S. The basic hypotheses of the strain energy

density factor theory as appl ied to tlo-d'imensional crack problems are

outl i ned as fol I orrs :

b

z



22

{
Hypothesis ( 1) : The direction of crack propagation at any point

a'long the crack b0rder i s to',vard the region vri th the mi nimum val ue of

strain energy density factor, S, as conrpared r^rith otlrer regions on the

same sphericai surface surrounding the point.

Hypothesis (2): irack extension occurs when the strain energy

density factor in the region determined by hypotheses (1), S - Smin,

reaches a critical value, Scr.

Hypotheses (1) and (2) are sufficient for determining vrhere and rvhen

unstable crack propagat'ion occurs in a two-dimensional problem in ivhich

all the elements at the same distance ro from the straight crack front

are assunted to fail simultaneously. The relation Scr - ro(dl'l/dV)cr

implies that if ro is constant along the crack front then the va'lue S..

i s uni quely rel ated to ( dll/dV) cr.
In order to apply the strain energy density theory, the ntjn'itnurtt

value of S along the crack border is required. It is seen from equation

(2.27) that S is a function of o through the coefficients Arr. The range

of e js (-n,ir). The functjon S(g) is said to have a local mirtjmum at

(00) in the region R(-n101n), if s(o) , S(oo) for all po'ints (o) in the

neighborhood of the point (oo) in R.

If the function S(o) is differentiable in the region R and a sta-

tionary value 'is attained at an interior point (oo), then the first

derivative of S(0) wi th respect to (o) vanishes at (oo), i.e.,

I ) ?')\

(

is ( oo)0 ai
a0

If S is a relat'ive minimum at

S satisfied the condition
{

(e o) , then usual 1y the second deri vat'ive of
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Sih's strain energy density theory pr0vides an analytical nrethod

for investfgating mixed mode fracture and the propagation of cracks.

B. METHODS OF PREVENTION

i'lany hi ghuiay agenci es have experimented wi th numerous methods of

asphal tic concrete overlay construction. The five methods general 1y used

by mcst highvray departments in attempting to prevent reflection cracking

in an asphaitic concrete overlay, implemented either independently orin

combinations, are: (1) increase the thickness of the asphaltic concrete

overlay, (2) use an interrnediate layer of granular base (cush'ion course),

(3) reseat the slabs by ro11ing, (4) break the slabs into smali segments,

and ( 5) use a stress rel ief (open-grade asphal t) base course. A1 though

not t,rideiy used, several other experirnental methods have been extensively

studi ed. These other methods fal I i nto tlo genera'l categories . 0ne

category gives three methods that nray be considered in the design of the

aspha'ltic concrete overiay. These three methods provide the use of:

( 1 ) rei nforcement, tZ) admixtures , or ( 3) asphal t sti ffness . The second

category gives three methods of treatment of the ioints and cracks. The

three joint treatnrent methods consjst of: (i) filling existing joints

with 'imcompressibles, (2) breaking bond betueen asphalt and pavement, or

(3) repl icat'ing the exi sti ng joi nts by sar.ri ng the overl ay 1ayer.

1. INCREASTD THICKNESS OF ASPHALTIC COIICRETE OVTI?LAY - SeveTAI studies

i nvesti gated the ef fects of overl ay thi cknesses 'in con junct j on i'ti th other

methods such as vrire mesh reinforcement (Zube, i956) and pavement

breaker-ro'lling (Korfhage, 1970). Regardless of the overlay thickness(
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used, all stud'ies shoyt some degree of reflection cracking. Figure 2.5,

from KorfhaEe's report, indicates that an increase in thickness tends to

reduce the amount of reflected cracking. llote that for the 5,6, and 9
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Figure 2,5 lncreose in Tronsverse Join/ Ref/eclion
(From Korfhoge, /970)

inch overlays a roller was used to break the existing pavement. A major-

ity of the joint reflections occurred during the first year. After five

years, all of the sections had developed sixty or more percent joint-

reflections with only about a ten percent reduction betlveen the 5 inch

and the 9 inch overlaYS.

2 INTERIIEDIATE GRAI'IULAR BASE - A base of crushed gravel overl ayi ng a

portland-cernent concrete paveinent has been effective in reducing refiec-

tive cracking. It is assunred that the cushjon absorbs most of the slab

nrovement'rlithout transmitting detrir:rental effects to the overlay. Erick-

son and liarsh, 1956, reported that after five'years 0ne pavement t'rith a

o 24 lo 56 42

MOI..l THS

{

I
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e layer of crushed gravel base three inches thick la'id over the oid pave-

ment reflected joints but nct serious enouglr to impa'ir riding quality. A

pavement with a s'ix inches thick crushed gravel base,rtas in exce'llent

condi t'ion and di d not refl ect cracks .

Billingsley, i966, experimented rvith a cushion course over reguiar

iointed slabs that had been broken into approi'imately one foot segments.

Comparison, over a seven year period, of the cushion course section to one

vrhere the asphalt'ic concrete pavement was piaced directly on top of the

pavement, indicated the cushion course section to be superior.

Copple and 0chler, 1968, reported varying resu'lts from their in-

vestjgation. Aithough cushions did reduce reflect'ion cracking, thick-

nesses of eight 'inches did not completely eliminate them. Ihis method

does not appear to be economically feasible because of the large quantity

of aggregate required both in terms of cost and ava'ilab'ility, because of

the additional problems created during overlay operations, and because of

the lack of structural stabi'lity of the aggregate 1ayer.

3. RESEAT SLABS BY R0LLI|IG - The purpose of sea t,i ng the ex'isti ng concrete

pavement slabs is to el irninate excessive vertical movements or rocking

of the slabs. This is accornpf ished by app'lying sufficient weight and

roller applications to the pavement that,rlill place the slab in contact

rvith the base at al1 points. The cont'inuity of the slab is thus main-

tained and the load carrying capac'ity is increased. Fr'gure 2.5 shours that

rolling of the pavement slabs prior to a 5 inch overlay reduced reflec-

t'ion cracks by over 30 percent when compared to the unrolled 4r, inch

over'lays. llowever, over 50 percent of the joints had reflected in the

5 i nch overl ay r,r'ith'in tr.io years . Thi s method reduces ref I ection cracki ng

caused by excessive vert'ical movement of the slab, but has little effect

(

L
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on the magnitude of movement due to therrnal changes (Highway Research

Board , 1972) .

4 . BREAKI NG SLABS INTO SI'iALL SEGi']ENTS - Techniques which break up the

existing cracked or jointed pavement slabs into small pieces or small

blocks are used to rninimize or delay the occurrence of reflection crack-

ing. Smjth and Bartner (1962) found that break'ing of the existing rigid

pavement into approximately 3-ft. pieces prevented the reflection of

original cracks and joints. 0n1y a few cracks v/ere noted where the pave-

ment was broken. In all cases these cracks !{ere reported to be fine in

magnitude and short in length. Lyon (1970) reports on a ten year study

where s'ignificant reduction of reflection cracking was observed on one

project where the original rigid pavement had been broken dorvn by ro11ing.

Hol.rever, on Subsequent projects , the use of heavy roi I ers fai I ed to

crush the base pavement. in othe:^ studies results uiere incohclusive

because, although there were significant reductions of reflection cracks,

otlrer type cracks, such as longitudinal and alf igator cracking had

developed (Korfhage, 1970). The disadvantages of this technique are

the large loss jn load-carrying capacity caused by break'ing up the slabs,

and the added construction costs involved.

5. STRESS RELIEF BASE COURSE - An o pen-grade asphal ti c concrete mi x

hav'ing interconnecting voids in the range of 25 to 35 percent' was pro-

posed by Hensley (1975). The open-grade course is used in two and three

layer systems. It is laid on top of the existing concrete pavement and

then overla'irl with a conventional binder course and/or a surface course.

Hensley recommends the three layer system because the surface course of

the tvro layer system infiltrates jnto the voids of the open-grade course

and defeats the purpose of the mix. l.Jith tlre tlrree layer systen anb
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intermediate binder course over'lays the open-grade course r,rith aggregates

sufficiently sized to prevent infiltration. The purpose of the open-

grade course is to dissipate the crack action before it reaches the

surface course.

Arkansas has experimented wi th both a tr.ro l ayer system and a three

layer system. Approximately two years after the construction of a tvro

layer system, using a ?-inch top-size aggregate open-grade course over-

laid with a surface course, approximate'ly 25 percent of the joints and

cracks had reflected to the surface. fo date, approximate]y seven years

after construction with the three layer system using a 3-inch top-size

aggregate open-grade course overlaid rrrith a b'inder and a surface course,

the system has been 100 percent effective in eliminating reflect'ion

cracking. However, rutting has occurred on some sections and it may be

a major concern for this type oi construction.

6. REINF0RCEI'IENT - Bone et aj. (1954), Zube (1956), Tons et al . (1961),

Srni th and Cartner (1962) , Chastai n and I'li tchel I (1964) , and Bushi ng et

al. (1970) have experimented yrith the use of urelded rvire mesh reinforcing

in the asphaltic concrete overlay in attempts to distribute the stresses

induced by opening of a joint or crack to values insuffic'ient to cause

the overlay to crack. Experiments, varying from short strips placed

directiy over the joints or cracks to cont'inuous reinforcement, have had

from good to poor degrees of success in the prevention of refiection

cracking. Fabric reinforcement such as polyester fabric, non-woven poly-

propylene fabric, asbestos fabric, and other synthetic fiber ntaterials

are being studied for use in the prevent'ion or retardation of reflection

cracki ng. Because of the vari abi i i ty i n resul ts , ui re mesh and fabri c

reinforcing is considered to be experimental construction.

{

b
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9. FILLIIIG EXiSTiNG JOIIiTS I.JiTH INC0I'lPRESSIBLES - 0ne project attempted

to reduce movem€nt. at the joints of an overlaid concrete pavement by

filling the joints rvith incompressjble nraterial . This resulted in djs-

astrous b'lor,rups occurring at every fifth joint (Synthes.is of Highr.ray

b

7. ADi4IXIURES - Additives have been introduceci into asphaltic concrete

mixes in attampts to increase the ductility or stretchabiiity of the

asphaltic concrete so that it can absorb the joint and crack movements of

the concrete pavement slabs. Roggureen and fons (1956) experimented vrith

emulsified rubber asphalt, synthetic rubber and natural rubber crumbs,

but no difference fn performance was observed betr,reen sections with or

without additives. Bone and Crump (1956) reported that various types of

rubber added to asphal tic concrete mixes can si gni ficantly i ncrease the

ductif ity of the mix, but there is no indication that the increase is

suffjcient to prevent reflection cracking. Gould (1961) and a study of

the Road Research Laboratory in England indicated that rubber in the

asphalt did not reduce cracking. Several agencies have experimented

with the use of asbestos additives in asphalt'ic concrete overjays, but,

resul ts have been inconclusive.

B. ASPHALT STIFFIIESS - Roberts (1954) compared reflection cracking in

two different penetration grades of asphalt. The softer asphalt (11s-

penetration) reduced reflectjon crackfng to approx'irnately one-half of

that in the stiffer asphalt (80-penetration). This study ind'icated that

the asphalt stiffness nray play a signjficant role in the amount of re-

flection cracking. Although rubber additives and softer asphalts have

been used in overlays, precautions should be taken in the mix design to

develop mixes that are not as susceptible +"o temperature changes (Hass

1970 and Burgen et al. 1971).

(
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Practice 9, HRB, 1972). Because of the results of this study, no further

investigation of this method has been done.

10. BREAKIIIG BOIID BETi.IEEI,I ASPHALT AND P
n \tr!trt,T
/1 vLitLriI An experimental test

section by the Road Research Laboratory impiemented the use of smooth

p'lates and expanded metal strip betrecn the concrete pavement and the

asphaltic concrete over'lay, in an attempt to have a longer gage length

for the asphalt to absorb joint movements. Reflection cracking was re-

duced slight1y, but those sections that did crack had severe disintegra-

tion. vicelja (1963) used aluminum foil, building paper, sheet meta1,

stone dust, and wax paper as bond breakers. The sheet metal and building

paper were eliminated early because of construction problems. Vjcelja

reported approximately 50 percent reduction in reflection cracking in the

test secti ons uti 1 i zi ng !^,ax paper and al umi num foi I . Duri ng the four

years covered by the report, no cracks had occurred i n the section r.ihere

stone dust vras used, t,thereas cracks developed throughtout the entire un-

treated control section. Luther (1973) reports that fn addition to con-

struction problems in placing the bond breaking material, detrimental

effects may resu'lt from their use by setting up an additional free sur-

face into r,rhich air and water may more readily attack the resurfacing

materiai.

11. REPLICATE JOiNTS BY SAI.IING THE ASPHALTIC C0NCRETE LAYER - I,Ji I son

(1962) experinrented rvi th control I i ng refl ecti on cracki ng by sar,ri ng three-

eights fnch rvicIe, and from one-hal f to one and three-quarters inch deep

joints in the asphal tic concrete over'lay above the exist'ing concrete

pavement jo'ints. This substantialiy extended the maintenance-free life
of the overlay, but it did not reduce reflection cracking.

Practical'ly all studjes revievied that attempted methods to control

(

g
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reflectjon cracking, reported the occurrence of reflection cracking in

varying degrees. The nrost promising method appears to be a three layer

asphaltic concrete structure rii.f', uses a stress relief base course over-

laid rvith a binder and surface course. The economic value of this method,

in re'latjon to ant'icipated maintenance cost savings compared to the

system cost, are sti'l I to be determi ned.

C. METHODS F PREDiCTION

Predicting the rate at which joints or cracks in an underlying layer

of a pavement wi 1 i refl ect through an as pha'l t'ic concrete overl ay has been

the objective of several research projects. The basic approach to the

problem of predicting the initiation and growth of ref'lection cracks, ufi-

der the conrbined influence of rcpeated vehicular loading and changes in

temperature, has been an appf ication of the principles of fracture me-

chani cs .

Subs tanti al wo.rk has been done on l4ode I fracture i n bi tumi nous nra-

terials where danrage grourth is represented in accordance with Paris' lar,r

dc ^,,4ii - AK- (2.32)

where c is the crack length, N is the number of cycles, gg is the rate of"dN
crack propagation, A is a material property and K is the stress-intensity

factor (Ramsanrooj, 1970; Luther, 1973; Ranrsarnooj , 7975; l,lajidzadeh and

Ramsamooj, 1973; Luther et al., I976; l4ajidzadeh et el., 1977).

Analytical methods have been developed to deterrnine the stress-

intensity factor K for a given crack size and specimen geometry and for

various boundary conditions. Figure 2.6 shows the results of Gross and

Sra'rrley's analysis of K values for a s'imp1y supported beam acted on by a

load at the center. The K-va'lue for a beam supported on an elastic

foundation with a centrai load was determined by Ramsamooj (1970) by thet

r
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boundary col l ocati on method and by a f i n'ite el etnent program. Rams.atnooj's

results for the stress-intensity factors versus crack iengths for tvro

types of foundatr'ons are reproduced in Figure 2.7. For beams on elastic

foundations, Majidzadeh and Ramsamooj (1973) report that K for any type

loading, crack pattern, and geometry can be determined experimentally by

measuring the change in deflection as the crack grovrs and by app'lying

the formula

v? - PzE 6[t4=--

2( 1-rz) 6c

l\(.JJ/

(

tb

where P'is the load, E is Young's moduluS, v is PoiSson's ratio, L is the

compliance (ttre inverse slope of the load-deflection diagram), c'is the

crack length, and 6L/6c is the rate of change of the compljance cf the

system vt.i th crack depth. Fi gure 2. B, reproduced from Rantsamoo j ( 1970) ,

shows K versus c curves for the experimentally deduced K vaiues compared

wjth the boundary collocation and finite element solutions.

In the research work carried out at the Ohio State Univers'ity, the

applicabjlity of the theory to asphaltic materjals has been examined'in

the light of tvro important assunrptions made in the theoretjcal concepts

(Najidzadeh and Ramsamooi, 1973) :

1 . The materi al must be homogeneous , i sotropi c , and essenti a'l 1y

elastic-p1ast'ic, and

2. The s'ize of the plastic zone at the tip of the crack must be

small in comparison to the crack and specimen dimensjon.

The first assumption is one that is general'ly accepted for asphaltic

nraterials. lJith regard to Lhe second assumption, the size of the plastic
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r ( 2.34)

where oy is the yield stress in tension.

Using this estinrate of the size of the plastic zone, Srarv1ey and

Roberts (1969) established criteria for the crack length, vridth, and

depth of beam to ensure piane strain conditions and the applicability

of l'inear e'lastic fracture mechanics. The criteria state that both the

crack depth and ulidth of the beam should exceed

tV)1 rl\1 r'-
= J ( rJ

ltt d- lt
J

z.st \l
oy

2

iz.:s)

(

b

For a pavement the theory is applicable if the thickness of the asphaltic

layer is greater than 1.25 ( fr/or)2.

Results of experiments conducted at Ohio State University from tests

on simp'ly supported beams of sand aspha'lt tes ted at 230F shorved that the

rate of crack propagation correlated well with the stress-intensity fac-

tor in accordance with Paris' 1avr, equation (2.32). The beams failed

yrhen the crack reached the critical crack length cf corresponding to the

critical stress-intensity factot KIC. The fatigue life Ng of the beant

was expressed as

cf
1

IKt'
( 2 . 36 )dc

co
t.l^t

where co is the starter flai,r. The fatigue f ife nray be considered as the

zone ry can be cajculated from the formula
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(
number of cycles of repeated loading to propagate a starter f1aw, co,

into a crack of critical size, c1. The starter flavr is a material con-

stant, but is subjected to statistical'rariation and is believed to be

principally responsible for the statistical variation of fatigue life.
fhe cracking of flexible pavements under moving load was investi-

gated by Majidzadeh and Ramsamooj (1973). They presented a grovrth law in

the form of

,,1)ÛL

aN'
=A V ana nrfrf2

1 I (2 .37 )

(

b

where K, and K,, are stress-jntensity factors for l4ode I and l,lode IIr lL

crack'ing. The obvious assumption here is that the damage resul t'ing from

the action of each fracture nrode is additive and 'independent.

Ramsamooj (1973) formulated a method of solutiorr to the problem of

the initiation and grovtth of reflection cracks under the combined influ-

ence of repeated vehicular loading and changes 'in tenrperature, Both the

theory of ljnear elastic fracture mechanics and that of delayed fracture

in vfscoelastic materials are used. Ramsamooj assumes that the crack

will propagate in tl.ro modes: the opening mode and the in-p1ane sliding

mode, with the opening mode be'ing of greater irnportance. 0nce the range

and distribution of starter flals in the overlay aiong the potential iine

of cracking and the properties of the component iayers of the pavement

have been determined experimentaliy, Ramsamooj theorizes that the rate of

crack propagat'ion can be obtained from the crack growth 1aw:

dc
aTi I

(al',, ) 
L' + AZ (aKr, )', l') 1()\
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r'/here ,rK is'the increment in K due to the passage of a wheel 1oad, K, and

K1 are the stress-intensity factors for Modes I.and II cracking under

the stresses produced by traffic loading. Equation (2.38) is appiicable

when the ntean load is constant. For a variable mean load the rate of
crack propagation is gfven by

dc
a[ = A' (1+B), (of;u (2.3e)

vrhere K . K.r, B - (*ru* * Kn,i n)/Z* and A, is the crack propagation

constant. Equation (2.39) is a"ppljcable if the vehicle speed'is greater

than 15 mph so that the response of the pavement due to the passage of
wheel loads may be considered elastic.

The response of the pavement due to stresses produced by siorvly

varying'temperatures is essentia'l1y viscoelastic in nature. A crack in

a viscoelastic materfal initiates after a time

tf = tP-11nr) (2.40)

where m is equa'l to (Ktc/Kl)2, .:(t) is the the compliance at time t, rp is

the conrpl iance function equal to J(t)/ *j(0) and rp- 
1 i, ill. j nverse com-

pl iance function. The crack then grows at a fin'ite rate unti'l eventua'l1y

at time, t^.^, when the stress-intensity factor reaches 'its criticalcr
value, K,^, catastrophic failure occurs. The rate at rrthich the subcriti-IL

cal crack gro!^/s, for t- < t . tar, is given by

dc

(

/r=-
,r- t (KI6/K1)2

b
dt

(z . at1
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yJhere A x "(r,1/o r)2

B( t-vz;

If the r,rheel loads pass over the crack at regular intervals at the

rate of n per day, where ll - nt, then the total rate of crack gro,lth,

(dcldt)*, due to both vehicular loading and tenrperature stresses vrill ber
given by (for t, < t < tcr)

(:t) nni(1+o)2(aKI)q + nAz (1+s)2(aK1i)q

+ A

,r,=rQn,lz (2.42)

(

b

andfort<t

dc( nAr(1+e)2(arr)'* + nAi (i+B)z(,lKi1)q
d (2.13)

Ramsamooj states that equations (2.42) and (2.43) are sufficient to
comp'leteiy describe the rate of gror.lth of refl ect'ion crack at any t'inre

during the loading history. Hor.rever, in provid'ing an examp'le applying

these principles, it was assumed that the resistance to cracking in the

in-p1ane s'liding mode was much greater than that in the openinq mode

anci, therefore, the in-p1ane sliding nrode was neglected. Rainsamooj

recognized that this assunrption may not be true and recommended that the

method be compl ete'ly veri f ied experimental ly.

ttu
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Luther et al. (1976) conducted fatigue tests to verify the hypothe-

sis that reflection cracking is of nrixed-mode fracture (specifically not

Mode I) and to observe the generai propagation and mechanics of crack

grorvth. The general concept of Sih's strain-energy-density factor is

presented as a method of analysis for mixed-mode fracture experienced

i n asphal t overl ays . The f i ni te el ement method r.ras used to eval uate the

minimum strain-energy-density factor, Smin, and 0o for various initial
flayr crack lengths of a tr,.ro dimensional overlay model shown in Figure 2.9.

The e angles were al'l calculated to be about 12 degrees and agreed weil0-
wjth the observed fracture ang'le obtained during fatigue tests on the

models. From the crack iength'versus cycle data obtained during these

fatigue tests dcldll uras obtained, and its relation vlith S*.n is shown

in Figure 2.10. The grourth is described by

(

b

)ÛL

d['l ' lU
n

S (2.44)

4

min

-6
where A' - 6.8 x 10 in./cycle and n - 2.309. Equation (2.44) rvas

derived for the same sand-asphalt material as that used in modeling

flexib'le pavements where crack gror,rth vras found to be proportional to K,

Si nce K 'is proportional to Sli, Lutheq et al . concl ude that any growtlr

law involving S,nin for sand asphalt rrtouid expect to have an n povter of

about 2.0. They further conclude that, pending further invest'igation

of the constants n and A', the fatigue life of an asphalt over'lay (for

load-endured refiect'ion cracking) may be expressed by

Cc
=l

J
1

n
C

iY

o
A'S

mtn
dc ll.r),)
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yrhere c^ = initial flavi and c. is the crack length at vrhich S_o t - -cr

reached or the overl ay thickness, r.rhichever i s I ess .

t)

D. SUI']MARY

Attempts at reducing or eljmjnating reflection cracking by imple-

menting triai and error nrethods have resulted in moderate to poor

degrees of success. Trial and error design methods based on experience

and emp'irical testing cannot incorporate the many variables involved

in the design of pavements, nor can they incorporate neur advances in

technology and products.. Horvever, the modern day computers can be

progranrmed for these variables and changes to aid in the solution of

these probiems. llith the aid of the computer, several analytica1

methods have been devel oped r,rhich pred'ict crack i ni ti ation and rate

of crack growth to aid in the design of asphait'ic concrete overlays that

wi I I el imi nate or retard the devel opment of ref 'l ecti on crack'i ng and

thereby increase the nraintenance-free life .of the overiay.

0ne computer model reviewed makes simplifying assumptions rvhich

have been neither experimentally nor fjeld verified and rvhich may or

may not be applicable. They recommend the need for verification.

Another model analyzed the effects of ltlodes i and I I type fai I ures and

their findings reportedly verified b,v instrumentation of 'laboratory

models. This, hoviever, dealt r,rith a singie layer overlay system. Most

computer mode'ls provide analysis of multilayered systems, but the as-

phaltic concrete over'lay is generai'ly tr eated as a single 'layer rrrith

the other layers being the subgrade and/or the concrete pavement. l,lhen

a multilayered asphaltic concrete overlay is considered, especially r.rhen

an open-graded base course is used, the properties of the 0pen-graded

course and that of the binder course are considerably different, and"

(

{
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therefore, must be treated as a separate layer. fhere are also sign'ifi-

cantly different properties betvreen the binder and surface courses.

This literature review did not produce any studies on the determination

of the physical properties of an open-graded asphaltjc concrete mix.

Although surface deflections have been commoniy measured using the

Benkelman beam or the method of dynaf'lect def]ection, the I i terature

reviewed did not produce any studies where actual movements urere

measured within a multilayered overlay structure in the vicinity of an

overlajd jo'int to veri fy a computer ana'lysis.

One of the objectives of this research project is to obtain field

measurements of vertical and horizontal movements rvithin a multilayered

overlay structure in the vicjnity of an overlaid joint. The i.nstru-

mentation wh j ch r.ii I I be used to mon'i tor these movements i s presented i n

the fol 1 owi ng chapter.e

g
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CHAPTER III
I NSTRUMENTATI ON

A. GENERAL

The instrumentation system is designed to measure horizontal move-

ments at each interface and vertical movernents in each layer of a

multi-layered asphaltic concrete hot mixed overlay structure in the

vicinity of a joint in an overlaid Portland cement concrete pavement.

It is also designed to measure the temperature at each interface of the

overlay. This system w'ill provide both static and dynamic measurements

of vertical and horizontal movements in the vicinity of an overla'id

joint. Stat'ic measurements will prov'ide data to determine daily move-

ments and cumulative 'long-term movements primarily assoc'iated with daiiy

and seasonal temperature ctranges. The dynamic measurements will provide

data to determine instantaneous movements in the vicinity of an overlaid

joint as a whee'l load travels across the joint.

Embedded induction coil sensors wil I provide the s'igna'ls for both

static and dynamic measurements of disp'lacement. Thermistors will prc-

vide temperature measurements. Stresses at layer interfaces will be

measured by strain gage d'iaphragm-type pressure cells.

Data acquisition or readout of static dispiacements will be accom-

plished using a single channel battery-operated meter. Dynamic displace-

ments w'ill be recorded using a 2O-channel data acquisition system con-

trolled by a m'icroprocessor. Stress cell data w'ill be taken w'ith the

dynamic data acqu'isition system. Temperature data from the thermistors

will be taken with a batte_ry-operated analog meter. Details of the

sensors used and the data acquisition devices are g'iven'in this chapter.
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1

SENSORS

INDUCTION COIL SENS0RS - The two basic c omponents used to make the

static disp'lacement measurements are a pair of wire wound induction coil

discs and an external instrument package (Figure 3.1). Pairs of sensors

are piaced in coaxial and copianar alignment. A pair of sensors does

not require any physica'l connection between the two coi1s, except for

the coaxial cables independently running back to the signal conditioner.

When a pair of sensors'is energized, one becomes the transm'itting coil

and the other the receiv'ing coi1. The separation of the pa'ir is sensed

by using the electromagnetic coupling between the two because they operate

on the basic princip'le that two electrical coils in proximity wili couple

energy from one to the other (F'igure 3.2). The electricai output of the

Figure 3.1 Bison Strain Gage Console with a Pair
of 2 in. and a Pair of I 'in. D'iameter induction Coil
Sensors, Cal ibration Apparatus 'is 'in the Foreground.

receiving co'il w'ill be an inverse and non'linear funct'ion of the spacing

between the coils (Figure 3.2b). An induction bridge allols the output



44

t

€in 

-

€str1 ' f (d)-

s
.S

s
B

d

(o) CO$ttAt OR|ENTAflON

(b) RECEIVED SIaNAL VS SPACINO

lnducliye
, Coupling

A.
"ln 

-

(c) COPLANAR ORtEtvTAnON

d

, f(d)

Coil

\
I

ceiving

Figure 3.2 Basic inductive Coil Displacement Transducer.

I

Coil

I

I

\
I

\



45

voltage to be measured as a function of strain, since a change in spacing

from the 'in'itial spacing produces a bridge unbalance. The sensor pairs

can genera'l1y operate at any spacing between one and four times the

nominal coil diameter. They are capab'le of measuring dynamic strains

of 0.005 percent and long term static stra'ins of 0.05 per.cent with an

accuracy of 1 percent.

The two axis, tvro-inch diameter coil configuration shown in Figure

3.3 vras selected for six locations along the contraction joint in the

outside lane of the overlaid concrete pavement, to measure verticai

movements in each course of the overlay and horizontal movements across

the ioint at each interface of the overlay. The three axis configuration

shown in Figure 3.3 was selected for the center iine joint between the

outside and 'inside lanes.

Y

ti

x x

(o) 9t&YtAL ARRAY (b) TRIAXIAL ARRAY

Figure 3.3 Coi'l Configuration in Three Layered Over1ay.
The vertical extenscmeter (Figure 3.4) is designed to measure the

vertical movement of the overlaid concrete slab at the joint. The

\iq,
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TOP HALF ASSENNSLY

2" diameler induction coi/ sensor

S" diomeler X .1/8" plexiglos cop

t 3/g" /2 X g" oluminum pipe sleeve

tighl pocking

EOTTOM HALF ASSEMBLY

lA" x l" m. boll

" diomeler induclion coil sensor

/,1,4" x /4" aluminum cop

/,/2" x 5!9" s1ss1 1od

3/4" tO. flexibte hose

/ //4" x J" steel driving poinl

Figure 3.4 Detail of Vertical Extensometer.

sensor pa'ir used with the extensometer consists of a one-inch and a two-

inch diameter sensor.

The extensometer is assembled in the field. A two-inch diameter

hole is cored through the ex'isting concrete pavement. A one-half inch

diameter steel rod six feet in 'length is driven through the center of the

hole and into the undisturbed subgrade until the top of the rod is ap-

proximateiy t'rro and one-half inches below the top of the concrete pave-

ment. The rod is encased in a three-quarter-inch diameter flexible hose

,l
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to prevent the development of frictional stresses between the rod and

the subgrade sojl. A one-'inch diameter Sensor set on an aluminum cap

is secured to the top of the rod. Th'is completes the bottom half as-

sembly of the extensometer. The top half assembiy consists of a two-

inch diameter Sensor set on a plex'ig'lass cap and secured to the top of

an aluminum pipe sleeve. The pipe sleeve is placed in the cored hole

and encases the one-inch diameter sensor. This mainta'ins a coaxial

alignment between the one-inch and two-inch sensors. Us'ing epoxy and

contact cement the top half assembly is secured to the concrete pave-

ment. For fur"ther discuss'ion and illustrations on the extensometer,

refer to the section on F'ield Installation.

2. TEMPERATURE SENSORS - The temperature measuring system (Figure 3.5),

consists of thermistors embedded at each interface of the overlay at

the approx'imate center line of the outside traffic lane. The sensors,

which have the capab'i'lity of measuring temperature between -200F and

?L?oF, are connected to a remote temperature ind'icator which has a

resolution of zoF accuracy of + one percent of fuil range.

Figure 3.5 Remote Temperature Indicator with
System Expansion Box and Thermistor.
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1. INDUCTION C0IL SENS0RS - The calibration a pparatus shown in Figure

3.1 is used to obtain spacing calibration curves for pairs of jnduction

coi'l sensors. l,Jith the proper accessories, a pair of sensors is attached

to the apparatus in either a coaxial or coplanar orientation. The

extension and retraction of the micrometer, which is mounted on the ap-

paratus, produces accurate changes in the spacing between the two sensors.

The sensors are connected to the strain 'instrument which has three coarse

balance settings to permit operation over the ent'ire range from one to

four nominal coil diameters. For each coarse setting the spacings of

the sensors are correlated with the ampiitude dial readings. This is

accomp'l'ished by setting the amplitude diai reading and then adjusting

the spacing and phase balance so that both are nulled. This'is repeated

for every fifty or one hundred unit increments over the full one thousand

3. STRESS CELLS - Stress cells designed as a flat circular diaphragm

with f ixed edges were constructed for installation at the layerinter-

faces withjn the overlays. Strains induced by externally applied stress

were sensed by semiconductor strain gages bonded to the diaphragm. A

full bridge c'ircuit was used with connections made to give the maximum

output. Two sizes were used, one for placement on top of the ex"isting

concrete pavement, and the other smaller size for embedment'in the

aspha'ltic concrete. The cell placed on top of the concrete pavement

was 1.1 inches in diameter and 1 inch thick with one act'ive diaphragm 7

inches in d'iameter and 0.250 inches thick. The free field cells embedded

in the overlay material were 4.50 inches in diameter and 0.500 inches

thick with two active diaphragms (opposing faces of the cell) 3 inches

in diameter and 0.125 inches thick.

C. SENSOR CALIBRATiONS
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units range of the amplitude dial, and for each of the three coarse

settings on the strain instrument. A typical set of spacing calibration

curves for a pair of sensors, first in coax'ial orientation and then in

coplanar orientation, i's shown in Figure 3.6

To investigate the effect of misalignrnent through lateral trans-
'lation and rotat'ion that may occur with the free floating sensors,

numerous calibrations were conducted with various misalignments of the

sensors, Figures 3.7 and 3.8. Essentially misalignment causes a downward

shift in the spacing calibration curves as shown'in Figure 3.6. Since

the slopes of the curves rsnain about the same, the measured spacing

change will still be correct. The sensors, however, will appear to be

farther apart than they actual'ly are. This wjll introduce a small eror
in strain because too large a gage length wi'li be specified. Ana'lysis

of the calibration data for lateral displacements of up to l/4 of an

inch and for rotations of up to ten deqrees about a longitudinal or a

transverse axis, indicate an error of less than one percent of the com-

puted strain when the sensors are in alignment. Misalignment, therefore,

is not a critical factor, because a lateral shift or a small rotation

produces a signal which is an order of magnitude smaller than an equal

axial or an equal planar movement. The gage is practically insensitive

to laterai movements or small rotations in the vicinity of a coaxial

and cop'lanar al ignment. A study by Se'lig and Grangaard (1970) presents

similar conclusions, and adds that a rotation of + 10 degrees is not

significant and that a rotation of + 20 degrees causes an error usual'ly

less than 10 percent.

Due to the method and precision with rvhich the sensors were installed

and the nature of the material into which they were embedded, it is
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doubtful that misalignments having the magnitude of those calibrated will

occur. Addit'ional support for this belief was obtained by the examina-

tion of two cores taken from a three layered overlay site, with each

containing a stack of three sensors. In both stacks, the three sensors

were in very near coaxial alignment. The top and bottom sensors in

each stack were very near para'l'1e1. The center sensors (on top of the

open grade course) had rotated. One sensor rotated approximate'ly 6

degrees and the other approximately 3 degrees from parallel with the

others in their respective stack. It is concluded that the effects of

sensor lateral movement and rotat'ion are generally smalj and thus it is

possible to accurately measure strain.

Calibration of the extensometer is performed by assembling the ex-

tensometer on the calibration device as shown in Figure 3.9. The same

procedure as outlined above for coaxial orientation of sensors is fol-
lowed and a similar set of spacing calibration curves as shown in Figure

3.6 is obtained.

2. STRESS CELLS - The calibration of the stress cells was accompiished

in the'laboratory by constructing pressure chambers, filling them r,rith

sand, enrbedding the stress cells within the sand, and app'lying pressure

to the sand using ain pressure and a flexible membrane. Since the stress

cell is very stiff compared to either sand or asphaltic overlay material,
no significant error will be introduced by calibrating the cel1 in sand

rather than in the overlay material. The gage factor of the semicon-

ductor gages used changes with temperature, thus requiring calibratfon
for the range of service temperatures expected. The pressure chambers

containing the stress cells were placed in freezer units and allowed to

cool to looF and then calibration data was obtained. Calibration data
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was also obtained at room temperature of 72oF and the final calibration

was done after heating the chamber and stress cell in an oven to a tem-

perature of 140oF. Typica'l calibration curves are shown in Figure 3.10.

3. THERMIST0RS - The manufacturer's caljbration of the thermistors us ed

for temperature measurement was checked by immersing the sensors in ice

water and hot water, checking the temperature wjth a mercury thermometer.

The supplied calibration was sufficient'ly accurate and was used.

D. STATIC DISPLACEMENT DATA ACQUISiTION

The external instrument package to be used for static measurements

is a commercial soil strain instrument introduced in 1970 by Bison In-

struments, Inc., Minneapolis, Minnesota. The Bison instrument to which

the sensors are connected contains all necessary driving, ;rmp'lification,

balance, readout, and calibration controls along with a self-contained

power supply. The bridge balance is accomplished by means of the phase

and amp'litude controls, using the meter to indicate null. The amplitude

dial reading corresponds to the sensor spacing. changes 'in spacing may

be determined by renul'ling and noting the changes in the amplitude read-

ing. They may also be determined by meter deflection from zero or by

voltage output on a recorder connected to the rear pane1.

E. DYNAMIC DATA ACQUISITION

The field instrumentation system developed specifically for this

project was designed to meet the following goals:

1) Acquisit'ion and conditioning of at least 20 signals from induc-

tion coii pairs;

2) D'ig'itization of each channel at. a maximum samp'ling rate of

2A0A Hz/channel (40 KHz sampling rate total) with a resolution

of at least 8 bits;
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3) Recording of this data on one-half inch magnetic tape in IBM-

compatible format;

4) Capabiiity for plotting out any selected channel from a pre-

vious'ly recorded run for verification of run data; and

5) Straightforward system operation requir.ing minimal operator

trai ni ng.

The above goals were ach'ieved and resulted'in the system henceforth

described as the Pavement Data Acqu'isition System (PDAS).

1. THE PDAS HARDWARE - Physically, the PDAS instrumentation resides

r,rithin a modif ied 1978 Ford long wheel base van. The PDAS basical'ly

consists of three consoles, refered to below as left, right and center,

with an operator's chair facing the center console and looking out the

left side of the vehicle. Provision for external AC power was also in-

stalled. The van itself is equ'ipped with dual air condftioning b)owers

and the engine with heavy duty cooling capacity so that the interior of

the van can be kept at near room temperatures even on very hot days.

The left console consists of the fol'lowing items

1) A bank of 20 Va'lidyne CD90 Carrier Demodulators for powering

each transmitting coil and decoding the signal from each re-

ceiving coil. These units reside in a case with a common power

supply. Each transmitter output and each receiver input is

connected via a twisted wire pair to a BNC bulkhead connector

located on the left rear quarter panel of the van. From outside

the van, there appears two doors, approximately 8 in. square,

each of irhich covers an array of 20 BNC connectors. with trans-

mitting and recejving connectors grouped separately. In addi-

tion, there is also one BllC connector behind each door for
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attachment of tape switches for signafing the beginning and end

of a run.

2) A variab'le frequency pulse generator for control'ling the input

signai samp'le rate.

3) The magnetic tape formatter which controls the tape drive and

provides the appropriate characters necessary for producing an

IBM-compatible tape.

The center console is a self-contained microcomputer with the fol-
lowing components:

1) Intel SBC 80/i0 sing'le boqrd computer with 13K byte assembly

language program.

2) Video controller board and 9-inch CRT.

3) Tape controller board

4) ASCIi keyboard

6) 25 channel multiplexer with 8 bit A/D converter. Full scale

input voltage + 2.5 volts.

The right console consists of the following:

1) 45 ips magnetic tape drive (DigiData MAXIDECK), capable of

reading and writing 2400 foot tape reels.

2) AXI0M 820 printer-plotter for reproducing run headers and data

previously recorded on tape.

For conditioning the input AC power, a S0LA CVN voltage regulator

was installed inside the left rear door of the van. A covered AC

receptable on the outside left rear quarter allows power to be provided

by a stationary or portable source.
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2. THE PDAS SIGNAL PR0CESSING - Connections are made between the van

connector panels and the desired mix of buried transmitter and receiver

coils. Each Validyne CD90 generates a 5 VRMS,20 KHz s'ignai for driving

a transmitter (in phase for al1 20 units). The output from a rece'iving

coij is compared internally in the CD90'in magnitude and phase, result'ing

in a DC signal with a +10 volt swing. Since th'is magnitude was found

to generate considerable crosstalk in the downstream mult'ipiexer, the

CD90 outputs were modified with Zener diode clipping to restrict the

output swing to 14 volts. The CD90 has front panel controls for balancing

(required for each change in'iq'itial coil spacing), zero offset and sen-

sitivity (range 0.1 to 100 mv/v). The latter was set to the largest

value which would not generate an output exceeding 12.5 volts, genera'l1y

on the order of .25 mv/v.

The A/D converter produces an 8 bit digital equivalent of each sig-

nal on software selected channels. The sample rate can be varied by the

pulse generator in the left console. The order in which input channeis

are sampled is controlled by software. The digitized signals are input

to the tape controller, which writes the data to tape together with the

IBM checl( characters. All data'is written in 4K (4096) byte blocks.

Recordjng format is ASCII for all text and I bit 2's complement for all

data.

Following a run, dry selected channel can be plotted out on the

AXIOM 820 plotter. Run header informat'ion and calibration data are also

included. since the data on tape represent digital samples, they must

be converted before plotting. This is done by extracting the stored

CD90 sensitivity settings and using the fact that for the A/D converter

+2.5 volts equals 256 counts. This results in the calculation of a



demodulated voltage at the receiver coil. Then using the stored values

of initiai coil spacing and installat'ion mode (e.9., coaxial, coplanar,

etc.) and the nonlinear curve of displacement vs. voltage stored in R0M,

the actual coil d'isplacement from the initial spacing can be determined

and plotted.

3. THE PDAS S0FTWARE - From the operator's viewpofnt, PDAS control is

very straightforward. A menu of operations is made available from which

a mode is selected. Listed below is the menu; fol'lowing the menu list
is a description of each of the modes. The "MENU" key may be pressed any

time during operation of the system. If an action is being performed,

tlt will be halted. The system then displays a menu which describes each

of the functions that may be performed. The operator seiects a funct'ion,

enters the corresponding function number, and presses the "ESC" key. The

selected function will then be started.

The menu functions are:

1) reset date and time

2) initialize new tape

3) define channel

4) define channel order

5) display channel summary

6) start new run

7) rerun previous run

8) scratch last run on tape

9) piot run

10) tape diagnostic.

60
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1) Reset Date and Time (entered on automatically at powerup) - Wnen

power is applied to the system, certain information must be supplied by

the operator before any other actions are taken. The date and time must

be specified, along with a 40 character location name and the length of

the test pavement. This information is entered via the kayboard as

fol I ows :

* DATE

The current date is specified in the form "MM/DD/YY", where "MM is the

numeric representation of the month, "DD" is the day of the month and "YY"

is the last two digits of the current year. Slashes separate the month

from the day and the day from the year. If the system is operated past

midnight, the date will be automatically incremented.

* TIME

The current time is specified in the form "HH:MM", where "HH" is the

number of hours since midnight and rrMMrr is the number of minutes into the

hour. A colon separates the hour and m'inute. The system operates with

a 24-hour clock. For exampje, 00:00 represents midnight, 10:00 is 10 AM,

12:00 is noon, and 20:00 is 8 PM. The date and time are written to tape

each time a run is started and are also printed each time a channel is

pi otted "
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* LOCATION NAME

This field allows the operator to describe the test location using

the alphabetic and numeric buttons on the keyboard. Any combinat'ion of

letters and numbers up to 40 characters in length may be entered. The

location name is written to tape each time a run is started and is also

reproduced each time a channel is piotted.

* DISTANCE BETI^JEEN START AND STOP SWITCHES

In order for the system to calculate the speed of the vehicle used

in each run, the length of the pavement must be known. For this calcu-

lation to be valid, the run must be started and stopped with signals

from tape switches iying on the pavement. The operator enters the. num-

ber of feet and inches which separate the tape switches.

2) Initializing a New Tape - Before a new magnetic tape can be used

by the system it must be initial'ized. Th'is operation writes a tape header

record at the beginning of the tape which includes a tape name, the ioca-

tion name, and the current date and time.

* TAPE NAME

Before the tape is initialized, the operator is requested to enter a tape

name. The name may be any combination of letters and numbers up to 40

characters 1ong. when the "ESC" key is pressed, the tape header record

is written to the tape. If no error is detected, the,,INITIALIZATI0N

COMPLETE" message will be shown.
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* TAPE ERRORS

If the tape drive is not on line or is marfunctioning, an error

message will be displayed at the bottom of the screen.

3) Defininq a Channel - The Pavement Data Acqu'isit'ion System takes

its input frorn up to 25 transducer channels. Each channel may be set up

separately for different operating parameters which correspond to the

transducer be'ing used. The operator must define each of the channels

which will be included in a test run. This information is written to

tape when the run is started.

* CHANNEL NUMBER

This window allows the operator to select a channel number from one to 25.

* TRANSMITTER ID

This is a number from zero to 255 which identifies the transmitting co.i'l

attached to the selected channel number. This number may be matched

against a list of transducers present at a given location.

* RECEIVER ID

A number from zero to 255 which identifies the receiving coil attached

to the selected channel number.
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* CONFIGURATION

There are four possible configurations which describe the placement of the

transmitting and receiving coils:

Confi qurati on Coil Placement

Coax i a'l

Copl anar

1" extensometer

2" extensometer

Face to face

Edge to edge

0ne inch coil transmitting

Tt^ro inch coi I transm'itting

* II'IITiRL SPAcING

This is the "AT REST" spacing between the two co'irs attached to the

selected channel number. This distance may be specified .in tenths or

hundredths of an inch by using a decimal point.

* DEMODULATOR RANGE

The gain for each channel may be set by adjust'ing two knobs on the

Validyne modulator/demodulator unit. One knob selects the range and the

other se]ects a percentage of that range. The poss.ible range settings

are: 100, 50,25,10, 5,2.5, L,.5, .25, and .1 millivolts per volt.
The demodulator range value should correspond to the setting of the middle

know for the selected channel on the Validyne unit.
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* DEI,IODULATOR GAIN

This field allows the operator to specify a percentage (0.0 - 100.0) of

the desired range. This number corresponds to the setting of the top

knob for the selected channel on the Validyne unit.

Note: The gain knobs for all channels which are not

connected- to a transducer must be set to zero to

avoid interference with the rest of the channels.

* COMMENTS

This w'indow allows the operator to describe the setup for the selected

channel. It may be any combination of letters and numbers up to 18

characters 1ong.

4) Defining the Channel Order - The operator may select up to 25

channels to be scanned during a test run. The channel numbers may come

in any order, and a channel may be repeated if necessary.

* CURRENT CHANNEL ORDER

Each time this display is selected, the current channei order is shown.

If no channels are selected, a window will be opened and the operator

will be requested to fill in the desired channel order.

* CHANGING THE CHANNEL ORDER

If the current channel order is to be changed, the operator presses the
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"ESC" button on the keyboard. This causes the window to be blanked so

the operator may enter the new channel order. The channel numbers are

entered one after another, separated by commas. pressing the ,'ESC,, key

causes the new order to be displayed. If there is an error in the speci-

fication, on'ly those channels up to the emor will be saved.

* CHANNEL DATA DISPLAY

Directly below each channel number, the current channel reading (-12g to
L27) is continually displayed. Th.is allows the operator to use this
display for monitoring the channel activity during setup and testing.

5) Displaying the channel surnmary - This d.isplay shows a summary

of each of the 25 channels. All of the information which was specified

by the operator when defining the channels is displayed in a tabular for-
mat. This information is also reproduced each time a channel .is plotted.

The f irst 15 channels are initial ly disp'rayed. pressing the ,,RETURI'I,'

button on the keyboard causes the rsnainder of the channels to be shown.

The "RETURN" key may be pressed any number of times to view both pages

of channel information. An example of the informat'ion format is shown

bei ow.

CHANNEL TX ID RX ID CONFIG SPACiNG RANGE GAIN COMMENTS

10 100 C0PL 3.lB .25 15.3 Channel 1 comments

where:

CHANNEL = channel number (t-ZS)

TX ID = transmitter ID (0-Z5S)

1
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RX ID = receiver ID (0-255)

C0NFIG = configuration: C0AX = coaxial

C0PL = coplanar

EXT1 = 1" extensometer

EXT2 = 2" extensometer

SPACING = init'ial spacing (inches)

RANGE = demodulator range (mv/v)

GAIN = demodutator gain 1b.o-tOo.oZ)

6) Startinq a New Run - Before starting a new run: a) define each

channel to be scanned (see "Defining a channel",3) above), and b) define

the channel scan order (see "Defining the channel 0rder",4) above).

When a new run is started, the system first searches for the end of

tape record. when the tape has been positioned after the last set of

data which was previousiy recorded, a sequential run numberis assigned

and the operator is requested to enter some infonnation about the new p1an.

* CHANNEL DEFiNITION ERRORS

"N0 CHANNELS DEFINED" indicates that the channel order was not specified.

"CHANNEL X NOT DEFINED" means that the named channel number was included

in the scan order but was not defined. In either case, the',MENU,' key may

be pressed so the operator may supp'ly the required 'information.

* AXLE LOAD

This window allows the operator to specify the axle load (pounds) for the
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new run. This information does not affect the operat'ion of the systern,

but is recorded on the tape for reference. The axle load is also printed

each time a channel is plotted.

* PAVEMENT LAYER TEMPERATURES

This l'ine allows the operator to enter the temperature (degrees Fahren-

heit) for each of four pavement tiyers. Th'is jnformation does not affect

the operation of the system, but is recorded on the tape so it may be

printed each time a channel 'is plotted.

* COMMENTS

This w'indow allows the operator to describe the run using any combinat'ion

of letters, numbers and specia'l symbo'ls. The w'indow'is 20 lines by 79

characters. The editing keys are expecially useful when entering these

comments. The comments are recorded on tape and printed each time a

channel i s p'lotted.

* WAITING FOR ZERO READiNG

At the bottom of the screen, the current channel scan order is shown a'long

with a continuous display of the channel data values. The "RBAL" control

on the Vafidyne unjt is used to obtain a zero reading for each of the

selected channels. The higher gain settings will make it hard to get a

reading that is exactly zero. Any number near zero will do. !,Jhen all

channels are balanced, the operator presses the "ESC" button. This causes
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the zero readings to be saved for future reference. These readings are

written to the tape and are reproduced each time a channel is piotted.

In addition, the zero reading is used to adjust the channel data during

the plot operation. The plotted value equa'ls the channel reading minus

the zero reading.

* WAITING FOR POSITIVE CALIBRATION READING

This allows the operator to set up each channel for calibration in the

positive direction. The "ESC" button causes the calibration readings to
be saved They are recorded on tape and reproduced each time a channel

is piotted, but do not affect the plotted data values.

* WAITING FOR NEGATIVE CALIBRATION READiNG

This allows the operator to set up each channel for calibration in the

negative direct'ion. The "ESC" button causes the calibration readings to

be saved. They are recorded on tape and reproduced each time a channel

is plotted, but do not affect the p'lotted data values.

* ADJUST SCAN FREQUENCY

The scan frequency is determined by an external square wave signal from

the adjustable signal generator on the left console. The system counts

the incoming pu'lses and continually disp'lays the frequency so the operator

may adjust the signal to the desjred rate. There is a maxfmum frequency

which depends on the number of channels selected. This number is dis-
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of the rnodulus of elastjcity computed at each test temperature are given

in Table 4.3 and a nrodulus of elasticity versus temperature curve is plotted

in Figure 4.15. using the observed volume change readings, the changes

in volume per unit volutne u/ere computed and plotted versus strafns for each

test sampl e. f he resul ts of those pl ots are shor,rn in Figure 4.6.

2. BINDER C0URSE - The as phal tic concrete b jnder course 'is a I eve'ling

course composed of a compacted mjxture of mineral aggregate and asphalt

cement constructed on the exjsting pavement or on an asphaltic concrete

open-graded base course in accordance with the specifications in Appen-

dix A. The rnix 'is composed of 95.4it" mineral aggregate and 4.6t Ac-30

aspha'lt cement and meets the graduation requi rernents of a Type 2 ACHI4

Binder Course l{ix (Table 4.2).

The binder course specinren obtained from the field uras batched into

3600 gram samp'les. Each samp'le was heated to 2500F and then molded in

a four inches diameter by eiglrt inches h'igh moid. The sanrple t{as com-

pacted with a Hveem kneading compactor (Figure 4.7) to a compact'ion

pressure of 2000 psi. The sample was unloaded, inverted and compacted

from the opposite end. The sample was then rentoved from the nrold and

allowed to cool to room temperature (73og;.

All test saniples were capped (Figure 4.8) and then allorved to cure

for seven days prior to testing. The same testing procedure,rras used

to test the binder sampies as was used to test the open-graded samples

(Figures 4.9 and 4.10). Tests on the binder samples yiere performed at

five different tentperatures. Three sanrpies were tested at each of the

follovring temperatures : l27oF, 73oF, and 350i. Two samples lvere tested

at each of the fol lorving temperatures: 73oF and 500F. Stress-strai n

curves for each test sanrple at the five test temperatures for the

o

o
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asphal t'ic concrete bjnder course are sho'lin in Figure 4.11. Averages of

the modulus of elasticity computed at each test temperature are given .in

Table 4.3 and a modulus of elasticity versus temperature curve is plotted

in Figure 4.15. Plots of changes in volume per unit volume versus strains

are shovrn in F'igure 4.12.

3. SURFACE COURSE - The as phaltic concrete surface course is a wearing

course composed of a compacted mjxture of minera'l aggregate and asphalt

cement constructed on the exjsting pavement or on an asphaltic concrete

binder course in accordance wjth the specificatjons in Appendix A. The

mix is composed of 94.4% nineral aggregates and 5.6% AC-20 asphalt cement

and meets the gradation requ'irenrents of a Type 2 ACHI4 Surface Course 14ix

(raot e 4.2) .

The surface course spec'imen obtained frorn the field ulas batchecl

into 4000 grarn samples. The same procedures t{ere used for molding and

testing the surface. course samp'les as v/ere usecl for molding and test'ing

the binder course samples. Three samples were tested at each of the

following ternperatures: 1200F, 1050F, 73oF and 500F. Tr,ro samples r,/ere

tested at 350F. Stress-strain curves for each test sample at the five

test temperatures for the aspha'ltic concrete surface course are shown

jn Figure 4.13. Averages of the modulus of elasticity contputed at each

test temperature are given"in Table 4.3 and a modulus of elasticity
versus temperature is plotted in Figure 4.15. Plots of changes in vol-

ume per unit volume versus strains are shourn in Figure 4.14.
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TABLE 4.3

ASPHALTIC CONCRETE PROPERIIES

l,lodul us ofll_qlljtiLr ( ps i )
Tem p

(

erature
ol-/

Surface
(v'152 pcf)

B i nder
(v-148 pcf)

40,000

27 ,000

10,000

5,000

2,600

0pe n- grad ed
(v- 11 0 pcf)

i 0 ,000

2,000

35

50

73

105

110

120

r27

70 ,000

42 ,500

12,ooo

5 ,800

3,900

500

C
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CHAPTER V

DATA ACqUiSiTION AND RESULTS

A. PROCEDURE - STATIC DATA AC QUIS ITl0N

Static measurements were begun as soon as each test section was

compi'eted. Initial measurements were observed and recorded. These

measurements served two purposes: one, to check out the system, and

two, to establish a data base from which magnitudes of movements could

be determfned.

The objectives of the static measurements were to measure the

cumulative deformations due to traffjc loads and the cyclic movements

due to both daily and seasonal temperature variations of the aspha'ltfc

concrete overiay system in the vicinity of a joint in the overlaid

pavement. static readings were made approximately every two weeks for

several months after construction was completed and then approximate'ly

once a month during the winter months. l.lhen weather permitted, readings

were made twice a day, once in the early morning and once in the after-

noon, for periods of two and three consecutive days so that daily move-

ments as urell as long term movements could be observed.

Static readings were accomplished by systematically connecting

related coaxial, coplanar, or extensometer sensor pairs to a Bison

strain gage meter and obtaining an amplitude dia'l reading by balancing

the phase and amplitude on the meter for each sensor pair. Each ampli-

tude dial readfng was recorded and later reduced to a spacing betleen

the corresponding sensor pair by extrapolation from previousiy compiled

calibration data tables associating amplitude dial readings with sensor



lt3

C spaci ngs . Three sets of cal i brati on data tabl es uJere requi red; one

fOr Coaxia'l sensOr pairS, One for COplanar senSor pairs, and One fOr

extensometer sensor pairs.

Movements were determined by computing the differences bett*een

successive spac'ings and the 'initjal spacings. A negative djfference

betrleen a coplanar sensor pair indicates that the joint in the PCC

pavement closed relative to the initjal spacing or that compression

occurred in the asphalt overlay across the ioint. A negative difference

between a coax'ial sensor pair indicates compression of the asphaltic

concrete iayer, or for the extensometer, settlement of the PCC pavement

relative to the initial spacing. Similarly, a posjtive difference

betvreen a coplanar sensor p:ir indicates that the ioint in the PCC

pavement opened rel at'ive to the i ni ti a'l spaci ng or that. expans'ion

occurred in the asphalt overlay acrosss the ioint. A positive difference

between a coaxial sensor pair indicates expansion of the asphaltic

concrete 1ayer, or For the extensometer, up'lift of the PCC pavement

relative to the initial spac'ing. The strain was computed for each sensor

pajr by dividing the movement by the injtial spacing for each corres-

ponding sensor pair.

Each time a set of static readjngs was made at one of the test

sections, the temperature at each interface of the asphaltic concrete

overlay was observed and recorded.

Various movement versus tinre plots and stra.in versus tinre plots

have been draurn to graphical'ly present the accumulative deformations

and cyclic nroventents observed fronr the static measurements. This data

'is presented and d'iscussed in the follor'ring sections.

C

o
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B. VERTICAL I4OVEI4ENTS - TOP OF PCC PAV TI4EIIT

1. ONt LAYER SYSTEI"I - The one layer test site is located in tte east end

transition zone of the east bound lane approximate'ly two hundred feet

beyond the I-30 Congo exit ramp, which is located on the east side of the

to|n of Benton. Approximately two inches of surface course overlays the

PCC pavement at this test site. Static data acquisition uras begun on

April 15, 1977 and has been periodically maintained until the present

time. Figure 5.1 shor,rs a vertical movement of the PCC pavement versus

time plot for each of the extensometer locations along the overlaid joint
From Figure 5.1 it is seen that the majority of the verticaj move-

ment of the PCC pavement occurred withfn turo to three months after the

section was opened to traffic. Additional settlement occurred betrrreen

0ctober and December when the average temperature of the pavement dropped

about forty degrees. It appears that since mid-December the vertical

settlement has virtually ceased. At all 'locations.along the joint the

settlement is greater for the west side slab (the "up-stream,,traffic

side) than it is for the east side slab (the "down-stream" traffic side).

0n the west sjde of the joint,.magnitudes of total settlements are appro-

ximately 0.16 inch at six inches from the edge of the pavement and ap-

proximately 0.22 inch inch and 8'-6" from the edge of the pave-

ment. However, the djfferential settlements with the adjacent east side

slab are considerably smaller. The magnitudes of the total differential
settlentents are approximately 0.07 inch at six inches from the edge and

approximately 0.13 inch at 3'-6" and B-'6" from the edge of the pavernent.

Measurements recorded for the west side s'lab at 11,-g" from the edge

of the pavement ind'icate considerable settlenrent of approximateiy 0.34
'inch from mid-June to late August. The total settlement recorded at thjs

o
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locat'ion is approximately 0.45 inch. l{owever, the adjacent east side slab

across the contraction jo'int and the adjacent west side slab across the

centerline joint show virtual'ly no settlement. Since no visible surface

distress has been observed at this location it is doubtful that this

magnitude of settlement has occurred at this location. Aithough the

exact cause of thi s sudden vertical movement 'is not knovrn, the fo11o'ai ng

two possibil ities exist: ( 1) The friction course was p'laced and rol led

during the latter part of June. The corner of the PCC pavement slab may

have broken off and reseated duri ng the l aydor.rn and ro'11 i ng of the fri c-

tion course. ( 2) Di ffi cul t'i es urere encountered durj ng the i nstal I ation

of the extensometer at this location. The stabilizing rod of the exten-

someter assenrbly could not be driven to its full depth. Therefore the

top of the rod had to be cut r,li th a torch. The one i nch s.ensor and the

alurnjnum cap, which were normal'ly Screwed to the top of the rod, r,lere in

this case giued. It is possib'le that the sensor and the aluminum cap

became unglued and popped off the rod. Both possibilities would result

in a closer sensor spacing as ind'icated by the movements.

2. Tl^lQ LAYER SYSTEM - The two layer test site is located in the west

end transition zone of the west bound lane which is located on the west

side of the town of Benton. Approximately two and one-half inches of

binder and one and one-half inches of surface course overlays the PCC

pavement at this test site. Stat'ic data acquisition was begun on

0ctober 5, i977 and has been periodically maintained since then. The

top hal f of Fi gure 5.2 shot.ts a vert j cal movement of the PCC pavement

versus time plot for each of the extensonreter locations along the over-

I ai d joi nt.

(
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Figure 5.2 sho'rrs a gradual increase jn differential vertjcal move-

ments between adjacent slabs from the edge of the pavement to the center-

line joint. fhe total differential settlements are approximately 0.01

inch at sjx inches from the edge,0.02 inch at 3'-6" from the edge,0.04

inch at 8'-6" from the edge and 0.08 inch at 11'-9" from the edge of the

PCC pavernent.

3. THREE LAYER SYSTEI"I - The three I ayer test site is located in the west

bound land at approximately one thousand feet east of the two layer test

site. Static data acquisition was begun on 0ctober 4, 1977 and has been

periodically maintained since then. The bottom half of Figure 5.2 shows a

vertical movement of the PCC pavement versus time plot for each of the

extensometer locat'ions along the joint.

Total settlement of only 0.02 inch and no differential settlement

have been recorded at six inches and at 3'-6" from the edge of the pave-

ment. There has been no settlement of the west side slab at B'-6" and

on'ly 0.05 inch settlement of the east side slab at 11'-9" from the edge

of the pavement. Differential settlements at these tvio locations are

unobtainable because of inoperative sensors across the joint.

4. C0llPARiSON 0F VERTICAL l'10VEl4El{TS - The di f ferential settl ement be-

tween adjacent slabs at the two layer test site has a similar pattern as

that of the one layer test site, i.e., the differentia'l verticai movement

betleen adjacent slabs increases from the edge to the centerline of the

pavement and the west side slab settled more than the east side slab.

However, the nragnitudes of differential settlements at the tvro layer

test si te are much smal I er than those at the one 'layer test s'ite and,

although the settlement of the yrest side slab is greater than the east

(

U
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C
side slab at both test sites, traffjc flols in opposite directions.

Little or no settlement of the slabs occurred at the three layer test

site.

Prior to overlay construction, pressure grouting undef the existing

pavement t'ras pet'f ormed al ong the l ength of the pavement that rlas to have

the ful'l depth three layer overiay. fhe transition zones, hourever, were

not pressure grouted . A'l though the thi ckness of the three i ayer over'lay

would reduce the intensity of stresses at the top of the overlaid pave-

ment due to a load at the surface of the overiay, it is more probable

that the small settlements of the PCC pavement at the three layer test

si te are the posi ti ve resul ts of pressure grouti ng.

Prior to the pressure grouting operation it was observed that at

pract'icaily all of the contract'ion joints in the west bound lane from

the two layer test site to several thousand feet beyond the three layer

test site, the west side slabs had characteristica'l'ly settled from one-

eighth to one-fourth of an'inch more than the east side slabs. From

the measured vertical movements at the two'layer test site after overlay

construction, it is evident that this trend has continued, whereas at

the three layer test site this trend has apparantly been arrested. This,

again, is probably due to the increase in stability of the overlaid

pavement at the three layer test site by pressure grouting.

Tests performed on the subgrade material at the three layer test

site confirmed the subgrade material classification indicated on the

Arkansas Highway Department construction plans. The construction p1ans

also indicate the same subgrade material classification at the one and

two layer test sites, therefore, it has been assumed that the subgrade

material at ail three test s'ites are the sarne. This assumption seems to

t

q,
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(
be reasonable for the two and three layer sites because of their close

proximity and because of the comparison of their vertical movements.

However, the one layer test site is approximately two miles from the

other tulo test sites and is located in the opposite djrection traffic
lane. Therefore, the comparative'ly large vertical movements between the

one'layer test site and the two and three iayer test sites may be indica-

tive of a different subgrade material. It may be desirable, then, to

perform an analysis of the one 'layer test site subgrade material.

Traffic was detoured off of the Interstate for several months during

overlay constructjon. The recorded movements, in partjcular at the one

layer test site, indicate that a'large majority of the settlement of the

PCC pavement cccurred during the first three months after the Interstate

was reopened to traffic. It'is believed that thjs sett.lement is primarily

induced by traffic loads. The effects of moisture and mojsture changes,

however, shoul d be i nvesti gated.

C . VERTI CAL I'lOVTI'1ENTS - TOP O F OPEN GRADE

1. THREE LAYER SYSTEM - Figure 5.3 is a vertical movement versus time

plot for the open-graded course. Movements on each side of the ioint are

piotted for each sensor location along the ioint.

0n1y one sensor each and on opposite sides of the ioint are operative

at locations six inches and 2'-6" from the edge of the pavement. Vertical

movements at these two locations are smal'l ranging from a +0.02 to -0.02

inch. At location 3'-6" the vertical movenlents ranges from +0.05 to

-0.08 inch on the ttest side of the ioint rrith approximately 0.04 inch

differentia'l vertical movement with the east side of the joint. At loca-

tion 6'-0" an upr,rard total movement of +0.10 inch occurred on the west

(

(
U
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C
side of the ioint rvith only about 0.02 inch differential movement with

the east side of the joint. At location B'-6,'the east side of the joint
has moved upward about 0.12 inch with about 0.05 differential movement

with the west side bf the joint. The total vertical movement at loca-

tion 11'-9" is about 0.04 inch.

From Figure 5.3 it can be seen that most of the vertical movements

are occurring between location 3'-6" and B'-6" which are the approximate

locations of the vehicular wheel paths, and oniy very small movements

occurring away from the vehicluar r,rheel paths. it seems apparent that the

vertical movements in the open-graded course are at least partly related

to vehicular induced loads. First consider the time fnterval from mid-

December through mid-June. Vertical movements and differential vert'ical

mOvements appear to have been reasonably stable rvith the exception of

locations 6'-0" and 8'-6". From March to June at rocation B'-6", which

fs the approximate location of the interior vehicular wheel path, the

top of the open-graded course displaced do,rrnward approxfmate'ly 0.06 inch

whf le at location 6'-0", which is betvreen the wheel paths at the center

line of the outside lane, it disp'laced upvrard by approximately the same

amount. This is probabiy due to open-graded material being shoved side-

urays under the application of repeated wheel loads and may be the first
i ndicati on of rutti ng.

The stiffness of the asphalt reduces as the temperature increases.

Thereforer som€ densification of the asphalt may be expected particular-

1y in the wheel paths as is indicated from June through August at loca-

tion 3'-6". Another point of interest is the upward movement or sweliing

which typically occurred at all locations along the joint from mid-

November to mid-Decenrber as the average temperature of the pavement

(
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dropped. Again, the movements are comparat'ive1y larger in the vicinity

of the uheel path. One possibil ity r,rhich may create this type of move-

ment would be the freezing of water trapped in the voids of the open-

graded course. However, the aggregate gradatioh of the open-graded

course creates a high'ly porous layer from r,rhich water should easily

drain. The overlaid PCC pavement vras initial'ly constructed with a drain-

age s'lope torrlard the outside edge of the pavement. Side drains were

installed al1 along the outside edge of the pavement prior to overlay.

These facts make it improbable that water would be retained in the open-

graded course. Another observation is that if the upward movement was

due to the freezing of water, then similar magnitudes of uprvard move-

ments may have been expected at all locations along,the ioint. Also, the

larger movements in the vicinity of the.uiheel paths leads to the belief

that the movements are related to the appiication of repeated vtheel loads.

During the compression testing of the open-graded mix, it was

observed that the test samples increased in volume when loaded'in compres-

sion. It may be possible that, if the open-graded course was subiected

to horizontal compressive stresses induced by the horizontal movernent of

the underlying pavement slabs, svrel'ling cf the open-graded course could

occur. in that time period, from mid-llovember to mid-December, the con-

crete slabs contracted due to the decrease'in temperature which caused

the joint to open. (llorf zonta'l movements will be discussed later in the

chapter.) Because the open-graded course is bonded across the ioints, it

is more probable that tension stresses rather than compress'ion stresses

were induced near the joint. If, however, compressjve stresses were

induced and they produced the upuiard movement, again, sirrrilar magnitudes

of these movements may have been expected at all locations along the
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joi nt

It seems more log'ical that the uplard movement was caused by shoving

of the material arvay from the rvheel paths . The I ocati ons 3,-6,' and

Br-6tr from the edge of the pavements are approx'imate locations of the

exterior and interior wheel paths. First, consider that the actual

exterior wheel path is between locations 2'-6" and 3'-6". Locat'ions

3'-6" and 6'-0" nol falI between the wheel paths. As the rvheel Ioad

depresses the material in the wheel path, the materia'l is also shoved

toward the opposite wheel path thereby creating an upheaval as indicated

at 3'-6" and 6'-0". Similar upheavals should be occurring at locations

2'-6u and 8'-6" uthich are now just outside of their respective rrrhee1

paths. However, the upward movement at 8'-6" is much greater than that

at 2' -6".

l'low consider that the actual exteriolrrheel path is one foot auray

from location 3'-6", t,lhereby now iocations 6t-0" and 8'-6" fall between

the ivheel paths. Similar to the above, as the r,iheel load depresses the

materiai 'in the vrheel path, the materjal is also shoved torvard the

opposite 'rrheel path, thereby creating an upheaval as indicated at 5'-0"

and 8'-6". Location 3'-5", which is novr just outside of the exterior

wheel path, experiences a similar upheaval Locations 2'-6" and 11'9"

are nouJ approximately the same distance from their respective wheel

paths and indicate very similar movements. Ihis is bel'ieved to be the

most logica'l explanat'ion for the upward movements of the open-graded

course.

D. VERTICAL I'1OVEI'IENT . TOP OF BINDER

(

1

L
I1^r0 YER SYSTEI'I . F'igure 5.4 i s a vertical movement versus time
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plot for the binder course at each sensor location along the joint. The

pattern of dispiacement is very similar at all locat'ions with the excep-

tion of the east bound lane at locat'ion 4'-6". Front late l4arch to August

the data points are scattered which leads to the belief that the sensor

pair on the east side of the joint'is not functioning properly. All

other 'locatf ons show smal ) magn'i tudes 
. 
of ntovenrent rangi ng from -0 .02 to

0.01 inch from 0ctober through June. Differential movements across the

joint are only about 0.01 inch. As the warming trend continues from June

through August, the overlay. loses stjffness and increases compact.ion.

The top of the binder has settled from 0.01 to 0.08 jnch with a maximum

differential settlement of only 0.02 inch.

2. THREE LAYER SYSTEI'I . Fi gure 5.5 'is a vertical movemement versus time

plot for the binder course at each sensor location along the joint. From

0ctober'through l,larch a very s'imilar pattern of vertical movements has

developed at all locations in the binder layer as has developed in the

underlyi ng open-graded 1 ayer ( Fi gure 5. 3) . Total verti cal movements at

al'l locations except at 11'-9" range fronr -0.02 to +0.07 inch w'ith maxi-

mum differential movements of only 0.02 inch during this time period. A

simflar upward movement or svrelling is indicated between mid-l{ovember

and mid-December and then relative stability through March r'rith no

appreciab'le changes in differential movements. It is believed that the

upward movement is the result of the material being shoved away from the

wheel paths in a similar manner as v/as discussed for the open-graded

1ayer. The slow settlement [rend from April through mid-June at locat'ions

2'-6",3'-6" and 4'-6" could be due to the binder material being slorviy

compacted into the surface voids of the open-graded course as the tenrpera-

ture increases and the st'iffness of both layers decreases. The continu-
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ing warm temperatures through July promote further dens'if icat'ion of the

bi nder course.

fhe total movement of 0.15 inch and different'ial movement of 0.20

inch as is 'indicated for June at location 8'-6" do not seem realistic in

comparison to the mov.smsnl5 at the other locations. This js also about

three t'imes the total movement and tyro times the d j f f erential movemerrt

indfcated at the same location in the underlying open-graded course. It
is doubtful that this magnitude of movement has occurred on the west side

of the joint. The sensors may be malfunctioning or the top sensor may

have been driven into the binder course.

Discrepancies are aiso apparent between the magnftudes of movenrent

at location 11'-9" and those at the other'locations. The order of magni-

tude is approximately three times greater at location 11'-9". Here, too,

it is doubtful that this magnitude of upward movement occurred especial'ly

when comparison js made to the much smaller uplard movements at the same

location in the underlying open-graded layer (Figure S.3): Because of the

smaller aggregates and the greater density of the binder course, it would

be expected that smaller movements would occur in the binder'layer rather

than the open-graded 1ayer. This can be seen by comparing the movements

of the binder'layer to that of the open-gr.aded layer at each of the other

locations. The reason for the apparent'ly large indication of upward

movement at location 11'-9" is not known, however, one possibility will
be di scussed.

During overlay construction of the open-graded course the sensors

at location i1'-9'i were damagecl and had to be replaced. A small area

of the open-graded material had to be renroved in order to repiace the

sensors. The open-graded material r.ras replaced by hand and tamped

(

b
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in p1ace. This small area !{as not rolled until after the binder course

had been placed. The sensors set on top of the open-graded Iayer may

not have been stable and may have been subjected to rocking under small

movements. This rocking may be the reason for the large variation in
movements on consecuti ve'days as i ndi cated by the October and I'lovember

readings. t',Jhen the sensors did stabil ize their orientations may have

been in misal fgnment with their respective sensor pair. Large misa'l ign-

ments through rotation or lateral translation or a combination of both

lrtould result in observed movements being'larger than the actual move-

ments.

E. HORI ZONIAL STRAINS - TOP OF PCC PAVET1ENT

In Figures 5.6,5.7, and 5.8, various horizontal strain versus time

p'lots are presented. Horizontal strains were plotted rather than hori-

zontal movements because of the dffferent gage lengths between the various

coplanar sensor pairs. The differences in gage lengths were due to the

difficu'lty in placing the coring rig exactly over the locations marked

for the extensometers. The two inches in diameter sensor which is part

of the top half assembly of the extensometer is also one of the cop'lanar

sensor pair across the joint on top of the PCC pavement. Consequentiy,

the distances between coplanar pairs vary from about four and one-half

inches to six and one-half inches. Therefore, the strains provide a

better representative value for comparison.

F'igure 5.6 shors horizontal strain versus time plots for the one,

two, and three layer test sites at each location along the joint on top

of the PCC pavement. Since the joints at each of the three locations

were in'itial ly approximately one inch r,ride, the strains can be inter-

(

b
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preted as opening and closing movements of the joint in the PCC pavement.

Positive and negative strains, respectively, indjcate opening and closing

of the jojnt relative to the data base.

1. ONE LAYER SYSTE!'I - From A pril through mjd-June,1977, the movements

at locations 0'-6", 2'-6", and 1'-6" indicate that the joint was clos'ing.

This would be expected for that tinre period because the increase in the

average temilerature of the pavement would cause expansion of the slabs on

each sjde of the joint and thereby cause closing of the joint. However,

the magnitude of closing is largest at locatio! 0'-6" and becomes pro-

gressively smaller as the distance from the edge increases until beyond

Iocation 3'-6", where there was vjrtual'ly no movement. At Iocation

0'-6", the magnitude of movement was approx'imately -0.10 inch, at location

2'-6" approximately -0.05 inch, and at location 3'-6" approximately -0.02

inch. The magnitudes of movements at all the other locations urere less

than 0.01 inch. As the warming trend continued through August of L977,

the movernents indicate that the jo'int began reopening at locations 0'-6"

and 2'-6", contrary to what would be expected. Other than the joint

closing 0.01 jnch at location 4'-6", no movements occurred at the other

locatiorrs. From September of 1977 through June of 1978 all of the loca-

tions indicate very'little movement wjth the nraxirnum being about 0.02

inch. From June through August of i978, the joint at locations 0'-6"

and 2'-6" r.rere closed back to their approxjnrate rnagn'itudes of the June

1977 clos'ings. They noul shorv magnitudes of -0.11 inch at location 0'-6"

and -0.05 inch at location ?'-6". The magn'itude of movement still de-

creases away from the edge. At location 3'-6" the movernent is approxi-

mately -0.05'inch, at location 4'-6" approxinrately -0.02'inch, at loca-

(
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tjon 6'-0" none, and at 1i'-9" approxinrately +C.01 jnch.

2. Ti/J0 LAYER SYSTEM - The react'ion of closin g and openi ng of the jo'int

due to seasonal changes in temperature rdas consistent'in pattern and

magn'itude at all'locat'ions along the joint. As the temperature decreased

from November through December the joint opened due to the contraction

of the pavement slabs. The magnitudes of opening at all locations were

betvreen 0.02 and 0.04 inch. Then as the temperature began increasing

in March, the joint s1ow1y closed to its approximate origina'l spacing.

3. THREE LAYER SYSTEI4 - The pattern of the joint movements was similar

at al I locations al ong the joi nt. From l,lovenrber through December the

joint expanded from 0.03 to 0.05 inch at all locat'ions due to the con-

traction of the pavement slabs as the temperature decreased. But during

the warming trend from March through July, the pavement apparently d'id

not expand and the jojnt has remained opened. Since the three layer test

sjte js overlaid with the open-graded course, jt'is beljeved that due to

rolling of each overlay course and due to repeated traffic loads, some

of the large aggregates have been forced into the jo'int, and thereby

prevented the slabs from expanding and closing the joint.

4. COT1PARISON OF HORIZONTAL STRAINS - The horizontal strains, or move-

ments in this case, across the joint on top of the PCC pavement were

cons'istentiy greatest for the three layer system and cons'istently smal -

lest for the one'layer system. Perhaps the greater thicknesses of over-

1ay allow the overla'id pavement to retain maxirnum high or cold tenrpera-

tures for longer periods of tjrne, vrhich, in turn, would allow more tjme

for the slab to expand or contract at that temperalure.

(
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F. HORIZONTAL STRAINS . TOP OF OPEII-GRADE

1 . THREE LAYER sYSrEl'l - in Fi gure 5 .7 i I can be seen that expans i on

strains developed over the joint at the top of the open-graded layer as

the temperature decreased from November through December. l4agni tudes

of strains varied a'long the joint from 0.02 to 0.05.inch per inch.

These expansion strains were probably i.nduced by the contraction of the

underiy'ing pavement. Al though some reversal 'in strain occurred as the

temperature increased jn I'larch, by July most of the locatjons along the

ioint had reta'ined expansion stra'ins. This woul d be expected since i t
was observed in Figure 5.6 that the joint in the underlying pavement

remained opened.

G. HORiZONIAL STRAINS - TOP OF BiNDER

1. TI'JO LAYER SYSTEM - Figure 5.8 shovrs a similar pattern of strains

on top of the bjnder layer as was observed.in Eigure 5.6 for the top of
the PCC pavement. As the temperature decreased from lJovember to Decem-

ber, expansion strains developed at a1i locations along the joint. The

magnitudes of expansion strains were approximately +g.OZ inch per .inch

at all locations. As the temperature 'increased in I'1arch, reversals in

strains of magnitudes slightly less than -0.02 inch per inch occurred.

But then, fronr April through July all locations along the joint, except

at 4'-6" show the development of gradual expansion strains rvhile the

temperature continues its vrarming trend. It appears evident that other

factors, not knoln at thjs time, other than temperature changes are

creating movements in the overlay structure.

(

2. THREE LAYTR SYSTEI'i - The d'isconti nued curves for the three l ayer

system in Fjgure 5.8 are the result of tlre sensors at those locatjonsU
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beconring inoperative. The bas'ic pattern of strains which developed

across the jojnt on top of the pavement and on top of the open-graded

layer are again present on top of the binder. Expansion stra'ins occurred

as the temperature decreased from November through December. As the

temperature increased from lvlarch through July, only at location 0'-6"

from the edge is there ind'icatjon of a reversal in the strains. All

other locations indjcate a retention of the expansion strains. Similar

to the top of the open-graded )ayer, since the overlaid joint in the

pavement remained opened rvhen temperatures jncreased, then it would be

expected that the top of the binder iayer would retain expans'ion strains.

3. COIIPARIS0N 0F H0RIZ0NTAL STRAINS - The horizontal strains across

the iojnt on top of the binder layer were 'larger for the three layer

system than they l^tere for the two layer system. The same observatjon

was nrade across the jo'int on top of the PCC pavement. It is evident

from the data that the movements on top of the binder course of the

trvo layer systenr and that the movements on top of the binder and open-

graded courses of the three )ayer system are related to the movements

of the overla'id joints in the PCC pavement.

(

\



137

H. PROCEDURE - IC TA U IS ITiON

Dynamic data were taken using the PDAS to record pavement deformat'ions

as vehicles with various axle loadings passed over the instrumented sections.

several passes at different speeds were made by each vehicle. it was

necessary to block off the outside lane of Interstate 30 during the data

acquisition.

VEHiCLES AND AXLE LOADS - Several differen t vehicl e configurations

and weights were selected in cooperation with the Design Division of the

Arkansas State Highway and Transportation Department. These are as follows:

1. Trucks with two sing'le axles, with axle loads as for lows:
Steeri nq Ax1 e Dri ve Axl e

a

b
c

a

b

c

B

12
1?

ki ps
il

ll

14
l8

ki ps
I

ll20

?

4

5

a.
b.
c.

Trucks with a single steering axle and a tandem drive ax]e,
with axle loads as follows:

Steeri n Axl e Dri ve Axl e
a.
b.
c.

12 rl

12,
28 ki ps

3? '|,

34 rl

ps

Tractor-trail or with single ax'l es, wi th axle I
Steering Axle Drive Axle

16 kips
1g ,

20 rr

Steering Axle Dri ve Axl e
lZTips
9"

12,
28 ki ps

8 kips
12,
12.

ki
il

ll

l6
l8

oads as fol lows:
Rear Axle

ps

Rear Axl e-Z-[.ips-

20

Tractor-trailor with tandem drive and rear axles, with axle
loads as follows:

3? '|,

34 rr
32 ',,

34 '!r

6

A small truck with a gross weight of about l0 kips.

A ful'l-size automobile with a gross weight of about 5 kips.
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2. VEHICLE SPEEDS . I t was p'lanned that each vehicle configuration and

weight would pass over the test section at 70 mph, 55 mph, 30 mph, and 5

mph. Due to the locat'ion of entrance ramps and the undesirabiiity of
blocking entrance ramps and the presence of uphi11 grades near some test

sections, it was not possible to achieve the higher speeds with the more

heavily loaded trucks.

3. FOiL SHIELDING - Prelimina ry tests on the instrumented sections showed

a significant amount of interference with signals from the induction coils
due to the ignition systems of 

^gasoline engines. Diesel engines did not

produce measurable interference. Experimentation showed that aluminum

foi'l was effective in preventing ignftion interference and a three-foot

wide strip 'llas placed across the traffic lane above the sensors prior to
each series of tests.

4. TAPE SWITCHES - The starting and stopping of the data acquisjtion was

controlied by tapeswitches placed across the roadway. Preliminary tests
'indicated the optimum location of the start tapeswitch was 20 feet from

the instrumented section and a spacing of .l00 feet between tapeswitches

was adequate to gather the required data. The spacing was input through

the keyboard of the PDAS and was used along with the elapsed time between

start and stop to compute actual vehicle speed.

5. TEMPERATURE - Temperature readings were taken periodica'l1y wfth a

battery-operated anaiog meter and entered through the keyboard of the

PDAS. This data was displayed and recorded for information only and

did not enter into the computations of deformations.
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6. INITIAL SPACING - Each time the PDAS was set up to acquire dynamic

data, the initial spacings, both coaxial and cop'lanar, were determined for
all adjacent pairs of induction co'ils. The initial spacing data was

obtained with the Bison single channel battery-operated meter. This

data was entered through the ke-vboard of the PDAS and was used along with

stored calibration data to determine the dynamic deformations. The

calibration data was a table of change in spacing per unit change in voltage

as a function of distance between coils.

7. S N C0NNECTiONS - The leads from the sensors were connected by

coaxial cable to a termina'l block on the outside of the van housing the

PDAS. All of the coil pairs could not be energized simultaneously because

of interference between adjacent pairs. It was therefore necessary for the

vehicles to make mult'ip1e passes at the same speed and weight with different
pairs of coils energized on each pass in order to gather all of the desired

data.

I. DATA REDUCTION

A complete guide to data reduction using PDRS (Pavement Data Reduction

System) has been furnished to the Research Section, Arkansas State Highway

and Transportation Department. This 18.t page guide documents the programs

and JCL statements required to take the ffeld data tapes and process them

to obtain printed and plotted output. No further discussion of this topic
is required here.
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J. RESULTS OF DYNAMIC DATA ACqUISITIQ!

During the period of July 9, .l983, through July 24, .l980, 
307 passes

of vehicles across the instrumented sections were recorded. 0n each pass,

data was recorded from approximate'ly sixteen pairs of induction coils at

the rate of 2,000 data points per second. During subsequent test periods,

less data was obtained because fewer different axle loads were used and

because some sensors had ceased to function. Between January 27, .I98.l,

and January 29, .l981, .l35 passes were recorded and 58 passes were recorded

on August 17 and 
.l8, .l981. 

Because of the large amount of data, only

typical results will be presented. The data tapes are available for

use upon request by the Arkansas State Highway and Transportation Department.

Figures 5.1 through 5.35 show the results of the dynamic data acquisition

without any smoothing or enhancement of the data
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

As a result of this research effort, the fol'lowing conclusions

and recommendations are stated:

1. A system capabie of measuring the dynamic behavior of pavement
systems has been developed. The components of this system are:

a. Sensors and installation procedures
b. Data acquisition system
c. Data reduction procedures.

2. The horizontal movements under dynamic loading were very smal1
and probably of no significance.

3. The sampl ing frequency cou'ld be reduced without 'losing significant
data.

4. Signal processing or enhancement would improve the usability
of the data.

I. Although protection against voltage surges or drops is incorporatedin the PDAS, additional protection should be provided.

6. The portable generator used was subject to voltage and frequency
fluctuations which caused prob'lems in data acquisition, espec'ial1y with
the magnetic tape drive.

7. The temperature sensors should have a range at least equal to
the laydown temperature of the asphalt pavemeni. Adequate protection
of the leadwires is essential.

8. The temperature data should be taken by the pDAs, with the
instantaneous temperature profi'le recorded for each vehicle pass.

9. t^laterproof connectors should be used to protect the leadwires
and connections from moisture damage and corrosion. BNC connectors
are acceptable for connectfon to the terminal block on the pDAS but
are not acceptable for the leads from the sensors.
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APPENDIX

Tabulated Data of Vertical and Horizontal
Spacings, Movements and Strains in the
Vicinity of an 0verlaid Joint in a pCC

Pavement for a One, Two and Three
Layered Overlay Systems
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ONE LAYERED SYSTEM

Vertical Spacings, Movements and Strains

I
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VERT/CAL SPAC/NGS, A|OVEMENTS, B STRA/NS
/NTERSTATE H/GHWAY I-30 BENTON, ARKANSAS

LAYE/]ED SYSrE/L.I - rOP oF COI,IC RETEE

00 
I -6II FROM EDGE OF PAVENNENT

IYEST S/OE OF JO/NT EAST S/DE OF JO|NT

197 7

l97B

OATE lemp

B2

spocing movemenl sl roin spoc ing movemenl slrotn
4 /15 0.9874 I .31 24
5 /30 120

B4

0.9039 -0 .0835 -0.0846

-0 .081 I
-0. 0B9B

5/3r 0 q065 -0.0809 1 .2577 -0.0547 -0.0417
5/31 122 0.8 987

8927

0.8876

-0.0887
6 /15 7B -0.0947 -0.0959

-0.1 oil6 /20 126
oai

- 0 .0998
6 /4_
6 /21

_ 0.8909
0 . 881't
0^Bgl5

-0.0965 -0.0977
12A -0. I 003 -0.1016

6 /22 89

120
-0.0958 -0.0970 I

5 /22 0.8873 -0.'l001 -0.10.l4
6/23 89 0.89.l I -0.0963 -0.0975
6 /23 tt4 0 .8876 -0.0998 -0.1 01 1

7 /20 B6 0 . B95B -0.09.l6 -0.0c28
7 /20 100 0.8878 -0.0996 -0.1 00e i

7 /21 o() 2

ilB
__-0._89?Z_
_0_ggi_3_

0 .892.l

-0.0947 -0.0959
7 /zt -0 I 001

-0.0913
-0.0953

-0.1 0.I 4
7 /22 B6

94

-0.0e65 I

I /25 0 - Bs2t -0.0965
B/25 t2B 0.8842 -0.1032 -0.'l 045
B/26 96 0.8891 -0.0983 - 0 .0996
8/?6 126 -0.1035 -0. I 048
eL_
I /2A

_-9 q.

115

B9

0.8909 -0.0965 -4.0977 i

0.8820
0 . BB73

-0. I 054 -0.r067 I
I

I .2008
I

10 /s -0. I 00.l -0.1 0t 4

-0.0967
-0.'1il 6 -0.0850

.1-a/1-1
ll/B

73 0. B9t q -0.0955 1 .2173 -0.0951 -a .07 25
J+

76
0.8381 -0.1493 -0.'1512 I

I
I
I

1t /g n R?q2 -o 148? -0 I 501 'l 't R6'l -0.'1263 -0 .0952
1l/r0 64 0 .8451 -0. I 423 -0. I 441 1.2173 - 0. 095.l -0 .07 25
12/12
1_UJ9
12/15
2/2

46 0 .830s -0. I 569 -0. I 589 r I I 894
1 .2595

-0.1 230 -0.0937
56 0 .8335 -0.1539

-0.1479
-0. I 559 -0.0529 -0.0403

36

36
0.8395 -0.1498 I .21 93 -:0.093.I -0.0709
0 .83 05

_-0_B?*9 6_
0.8249

-0.156q -0. I 589 1 .2485 -0.0639 -0.0487
1t1J/ J

3 /22
_.4 s.

U3
-0.I57_B
-0. I 625

-_:_0_l5gJ_
-0.1646

1 .2407 -0 .07 17 -0.0055
1 .?328 -0.0796 -0.0607

0. BB39
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VERT|CAL SPAC|NGS, MOVEMENTS, 8 STRA|NS
lNTERSTATE flGHWAY /.30 EENTON, ARKANSAS

ONE LAYERED SYSTEM-TOP OF CONCRETE

O'-6'I FROM EDGE OF PAVEMENT

I 978

oAr€ lemp
WEST SlDE OF JOINT EAST SlD€ OF JO/NT
spocing movemenl slroin spoc ing moyemenl slroin

3 /23 76 0.8277 -0. I 597 -0..l617 I .33'l 8 +0 .0,l 94 +0-0l48
5 /10 74 0.8258 -0..l6,16 -0.I636 1.2251 -0.0873 -0.0665
6/6 B9 0.8221 -0. I 653 -0..l674 1.1765 -0.1359 -0..I035
6 /22 il6 0 .8203 -0. I 671 -0.169?
6 /23 il0 0.8203 -0. I 67.| -0.1692
6 /27 128 0-8203 -0-I57'l -0. I 692
7 /20 118 0.8.l 32 -0 .17 42 -0 .17 64
7 /26 il0 0. B1 32 -0 .17 42 -0.17 64

I
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VERT|CAL SPACINGS, MOVEMENTS, 8 STRA\NS
lNTERSTATE HlGHWAY /.30 EENTON, ARKANSASoNE LAYERED SySfEM - fop OF corucnsrr

3'.6'' FROM EDGE OF PAVEMENT

1977

OATE
,Y€ST S E OF JOlN EAS S/DE OF JO
spocing movemenl sl ro in spoc ing movemenl slro i n

4 /15 82 l -0s74 0.872e
5/30 120 0.9286 -0. I 288 _-0. I 2t 8 0.81 't 8 -0.061 I -0.07005/31 84 0.9127 -0 .1447 -0.1368 0 .8003 -0.0726 -0.0832
5 /sl 122 0.9248 -0. I 326 -0.1254 0.8093 -0.0636 -0.07?9
6 /15 7B 0. 90.l 7 -0..l557 -0.1472 0.7944 -0.0785 -0.0899
6/20 126 0.9090 -0.'1484 -0..I403 0.80.l 2 -0.0717 -0.0821
6 /21 88 0. 8976 -0.'t598 -0.1511 0 .7 944 - 0 .0785 -0.0899
6 /?1 1?0 0.9095 -0.'1478 -0. I 398 0.8003 -0 .07 26 -0.0832
6/?2 89 0.8q75 ,- :0. I 5gg :0.l5ll 0 .7 936 -0.0793
6 /22 120 0 q073 -0 I qo] .0. I 420 0.799s -0.0734
6 /23 89 0.897 4 -0. I 600 -0..I513 0.7936 -0.0793 - 0 .0908
6/23 124 0.9't t 3 -0.I46't :0.'1382 0.801 2 -0 .0717
7 /20 B6 _0.89lt -0. I 663 -0.I573 0 .7 919 -0.081 0

-:0 
. 0928

7 /zo 100 0. Bgt 1 -0.1663 -0. 1 573 0 .7 928 - 0. 0801 -0.091 B
7 /zt 82 0-9886 -0. I 688 -0.1 569 0 .7 894 -0.0835 -0.0957
7 /21 HB 0 .8998 -0.'1576 -0. I 490 0.7969 -0.0760
7 /zz 86 0.8889 -0. I 691 -0. I 599 0.7919 -0.0810 -0.0928
8/25 94 0.8601 -0. I 973 -0. I 866 0 .7 894 -0.0835 -:!.095i8/ 2s 1?8 0.8724 _:0 . 

't 850 -0.'t750 0.7959 -0.0760
8/26 96 0 .8597 -0.1977 -0.1870 0.7870 -0.0859

v. vu/ I

-0. 09848/?6 1?6 0 .8695 -0. I 879 I

=0.1777 0. 79s3 -0 .077 6
9/1 96 0 .8570 -0.20a4 -0.1895 I a.7878 -0.0851

-u . t/Qo,

-0.0975
9 /20 il5 0.791 r -0. oB]8 :0 . 0937
r 0/s 89 0.7845 -0.1013l0/r3 73 0.8570 -0.2004 -0. 

.I 
89s 0. 7853

ll/8 94 0.847r -0.2103 -0. I 989 0 . 7853 -0.0876
11 /g 76 0.8395 -0.2179 - :0.206.I 0.7820 - 0. 0909 -0. I 0411tl10 64 0 .8436 -0. 2t 3B -0.2022 0.7845 -0. 0884 -0.10t3
1? /12.
12/14

46 0.7812 -0.091 7 -0. r 051
56 0.784s -0.1 01 3

12 /1s
2/2

36 0.7853 -0.0876
35 _0.8395 _ -0 .217 9 -0.2061 0 -7 804 :0.0925

3/3 45 0.8365 -0.2209 --:0 . 2089 -0.0941
3/22 85 0.7845 -0.0884 -0.1013

I 978

-0.0908
-0-0841

-0.082r

-0 08R4

-0 1 nn4

-0. I 004

-0 0RR4

-0 'lon4

o.77RR
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VERT/CAL SPAC/NGS, hlOVEMENTS, 8 STRA/NS
/NTERSTATE H/GI/IY,AY /.30 8E'NTON, ARKANSAS

nr rr LAYERED SYSTEM - TOP OF CONCRETE

3'-6': FROM EDGE OF PAVETVENT

tr€,r s/DE F JO lNT €AST S/D€ JO/N T
spo c in movemenl

I 978

OATE /emp
spocing m )yemenl slroin sl roin

3 /23 76 o 77q6 -o ng?? -0 I o6q
5/t 0 74 a.7812 -0.0917 -0.'1050
6t6 B9 0.7828 -0.0901 -0. I 032
q3L 

_

6 /23
I I 6

il0
0.6367 -0.4207 -0.3978 0.7845 -0.0884 -0..I013
0.6373 -0.4201 -0.3973 0. 7845 -0.0884 I

6 /27 128
ilB

-0.0851 -0.0975
7 /20 - 0. 0892
7 /26 'lt0

0 .77 96 - 0. 0933 -0..l069

I

!

I

I

I
t
I

I

li

o 7 P,7R

0.7A37 -o 10?7

I

\

\
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VERT/CAL SPAC/NGS, IICVErtIENTS, B STRA\NS
/NTERSTATE H/GHIYAY /-30 BENTON, ARKANSAS

nilrUII L LAYEREO SYSTEI4 - TOP OF ETE
8I.6II FROM EDGE OF PAVEMENT

ty€9r s/oE oF JO/ r EAS SlDE oF J
m oyemenl slroin

/Nr

197 7

I 978

OATE lemp
spoc ing sp0c ing moremenl

U

slroin
4 /15 B2 1 -?397 I .2401
5 /30 1L0_

B45 /tt 1.2173 -0 .0288 -0.0.l87
5 /31 122

7B6/r 5

6 /20 126
ot16 /21

6/21 120

6/22 B9_.

1206/22
_6 /23
6 /?3

B9

124
B6

100

I

7 /20 I .0547 -0..l850 -0 .1492

-0. I 500

-0.r466 i

l.l01B -0.0483 -0.0389
JJ-?9_

7 /?1

't .0538 -0. I 859

-0 . 'rBt 
B

r .1 963

1 .1942
-0.0438 -0.0353

B2

ilB
t. 0579
1 .A27 6

-0 .0459 - 0. 0370
7 /21 -0.2121 -0.1 7il I r.tB37 -0.0564 -0.0455
7 /22 B6 1.0565

I .051 I
-0.1 832 -0. I 478 1 ..l 954 -0.0447 -0.0360

B /25 q4 -0 -'l BB6 -0.'1521
.I 

.1 930 -0.047'l - 0 .0380
8/ 2s 128 0.9968 -0.2429 -0. I 959 1 .17 22 -0.0679 - 0. 0548
B/26 96

126

96

1 .0524 -0.1 873

-0.2203
-0.1511 1 .1927 -0 .047 4 -0.0382

B/26 1 .01 94 -0.1777 'l .1780 -0 .062.l -0.0501
9/1 1 .0506 -0.I89'l -0.1525 l l.l92t _ -0.0480 I -0.0387

vzp_
'ln/q

-::!t 
e

l0/r3

lJ5
B9

I .0248 -0 .2149 -0. I 733 1 .17 77 - 0 .0624 -0.0503
'l 

^ os] 'r -0 '1R85 -0.'l 521
.l 

.1 852 -0.054q -0.0443
73 'l -0570 -0 1777 -0..I393 I

.l.r736
-0.0565 -0.0536

lt/8 j-4.1 I 04e7
761 1.04s7

-0 1 900 -0..l 533 l.lBt3 -o.os8g | -i.oqtq
11/9 -0..I900 -0. I 533

.l 
.1 682 -0.07.l9 -0 .0580

il /10
12 /12
12/14

64 r .0529 -0.1868 -0. I 507 1 .1716
1 .1514

-0.0685 -0.0552
46 'l 

- 0280 -0.2117 -0.,l703 -0.0887 -0.0715

36 1.0385 -0 12
.I

5
nc
IJ r ._q?-

-0 .17 22 I 1.il46 -0. I 255 -0..l 01 2
12/ 15

2/2
-0. r 623 i 1.1626 -0 .077 5 -0.0625
-0 .17 22

.l 
.1 545 -0.0856 -0.0690

I t')
_J_ll_

3 /22
-0. I 741 1 .1 553

.| 
..I 366

-0. 0848
-0.1035

-0 .07 44

-0.0835

I

56 't 02 62
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VERT|CAL SPAC|NGS, i,/OVEMENTS, 8 STRA/NS
/NTERSTATE H/GHIYAY /-30 BENTON, ARKANSAS

OilE LAYERED SYSTEL,{ - TOP OF COI'ICREIT

_9,-A,: FROM EDGE OF ?AVEMENT

,y€-cr s /DE OF JOlNT

I 978

DATE /emp EAST S/DE OF JO|NT
spoctng m ovemenl sl ro in spoc in g

1 .1 588

mott emenl sl roin
3 /23 76 -0.0813 - 0.0556
5/.l0 74 t.t5B8 -0.081 3 -0.0655
6/6 _89-

il6
il0
t2B
lrB

.l 
.1 669 -0.0732 -0.0590

6 /22 I .1553 -0.0848
-0.0864

- 0. 0684
6 /23 t.t 537

1 . 
'1288

-0.0697
6/27 -0.1I t 3 - 0. 0898

J/3_9_
7 /26

,| 
.1 606 -0.0795
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I

I

I

I

I
I

I

-0 .0641
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VERT/CAL SPAC/NGS, II/OVEMENTS, B STRA/NS
/NTERSTATE HlGHWAY /-30 EENTON, ARKANSAS

OIIE LAYERED SYSTE,U - TOP OF CON C RTTE

]]'.9" FROM EDGE OF PAVEMENT

ITEST S/OE OF JO/Nr EAST S/DE OF JO/:YT
s oc ing m ove menl

AL197 7

I 978

OATE
slrotn spoc/ng mov emen I slroin

4 /15 0.7458
0.7635

a.7894
s /30 120

OAo't

+0.0177 +0.0237 a.7828
0 .7 969

0.7861

-0.0066 -0 .0084
c t11JI J I 0.8262 0.0804 0. I 078 +0.0075 +0.0095
5 /31 122

t6
0.7659 0.0201 0.0270 - 0.0033 -0.0042

6 /15 0.75il 0.0053 0. 007.I 0.7894 0.0000 0.0000
6l2A 126 0.7230 -0.0228 -0.0306 0 .7 820 -0.0074 -0.0094
sJ4*
6/21

ooUU 0 .7 643 +0.0'185 +0.0248 0.79 ll
0.7820

+0.00] 7 +0.0022
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B9

a -7259 -0.01 99 -0.0267 -0.0074 -0.0094
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6/23
6/23
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lt39_
7 /2A

_q_6_
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o4
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-0.0030
7 /21 0.4892

0 .4348
0.4753

-0.2566
-0.3.l10
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8/25 J2g
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0.4248
0.4404
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I

0.7845) -0.0049 . -0.0062
r 0i l3 73 -0.3054 0 .7 928 +0.0034 -0.0043
liiB 91 - 0.3390 -0.4545 0.7845 - 0. 0049 -0 .0062
11/e
il/r0_
12 /12
J2114
12 /15
2/2

76 - 0 .3082 -0.4132
-0.4059

I 0 7903 !0-!!L9
0.0075

+0.001 I
64 0.4431 -o 30?7 0.7969 0. 0095
46 0 3q57 -0 3501 -0 4694

I
I 0 .7853 - 0. 004] -0.0052

_E-6
36

0.3q09
a.4?77

-0 354C -0 .47 59

-0.4265 --0 
28-10--
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0 .787 8

-0.0024 i -0.0030
-0.31 Bt -0.0008 i -0.001 0

_3_6.
(+)

-.;.
OJ

0 - 3850 - 0 .359&
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VERT|CAL SPAC/NGS, I4OVET,IENTS, B STRA/NS
/NTERSTATE H/GHWAY /-30 BENTON, ARKANSI.9

OIIE LAYERED SYSTEM-TOP OF COI]CRETI

l]_el FROM EDGE OF PAVEMENT

WEST SlOE OF JOlNT EAST S/OE OF JO|NT
spocin

OATE

3 /23

m ovemenl sl roin moyemenl slroin
0.3590 -0.3868 -0.51 85 a.7828 -0.0066-f:o -0084

5/10 74 0.3607 -0. 3B5l -0. 5t 63 0.7788 -0.0'105 -0 0'134
6/6 B9 0.3676 -a 3782

-a .4097
-0. s071

-0.5493
0.781? -0.0082 -0.01 03

_9132_
a /23

il6
lt0

0.3361 0 .7771 -0.01 23 -0 .0r 55

0.3361 -0.4097 -!. s4e3

-0. 5664
-0.5959

0.7771 -0.01 23 -0 .01 55
6 /27 1?B 0.3234 -0.4224 0.7715 -0.0'l7g -o.o??o
71_?g_

7 /26
lrB 0.30.l 4 -0.4444 a .77 63 -0.0.I 3t -0.01 66
il0 0.3087 -0.4371 -0.5861 0 .7 667 -0.0227 -0.0288
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ONE LAYERED SYSTEM

Horizonta'l Spacings, Movements and Strains
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VERT/CAL SPAC/NGS, fulOVEfi/ENTS, 8 STRAlNS
/TVTERSTATE HlGHWAY /-30 BENTON, ARKANSAS

Tl^lO LAYERED SYSTEIV- TCP OF CONCRETE

00I -6'I FROM EOGE OF PAVEMENT

ST S/O€ OF JO|Nr
slrotn

1 977

l978

DATE /emp
spoctng m ovemenl movemenl slroin

10 /5 90 0 .8889 0 .8570
10/6 90 0.888] -0 .0008 -0 .0009 0 .8570 0 .0000 0.0000
r0/r: B2 0. 8881 -0 .0008 -0.0009 0 .8582 +0.001 2 +0.00.l 4
1t /g B2 0. BBl 7 -0.0472 -0.0081 0 .8460

0 - 8460

-0.01 I 0

-0.0005
-0.01 28llltc 76 -0 - 0039 '-0.0044

0 ^ 0000
-0 .0006

12 /14 ,15 0 - 0000 -0.01.I0 -0 .0'128
12 /15 4t 0.8894 +0 .0005 +0.0006 0. 3

0 .841 7

-0.0.l 07 -0.01 2s
? t? J1 0.8889 0 .0000 0.0000 -0 .01 53 -0 .0'l 79
3/3 42 0 - 8889 0 0n0n 0 - 0000 0 .8385 -0 - 0'l 85 -0 . 02'l 6
3/22 72 0.8929 +0 .0040 +0 .0045 0.8545 -0.0025 -0 .0029
3/ 23 63 0.893? 0 .0043 0.0048 0.8550 -0 .0020 -0 .0023
5/'r0 _!_6_

ono$

96

0 8906 -0 -001 7 -o 00lq 0.8555 -0 . 00'l 5 -0 - 00't7
6/6 0 .891 4 +0.0025 +0 .0028 0.8500

0.8455
-0 .0070 -0 .0081

6 /22
6 /23

0.8842 -0 .0047 -0 .0053 I -0 .01 05 -0 .01 23
90 0.8878 -0.00'n -0.00'r 2 0.8480 -0 .0090 -0 .01 05

6 /27 lt0 0 . BB85 -0 .0003 -0 .0003 0.8460
0874

0 - R505

-0 .0'l 'l 0 ,0 .01 2B
7/a

.l00
0. BB50 -0 .0039 -0.0044 +0.2304 +0 .2688

7 /?0 9B 0.8825 -0 - 0054 -0.0072 -0 .0065 -0.0076
7 /26 100 0 .8825 -0 .0064 -0.007? _0 .8480 i -O . oOgo -0 .01 05

l

EAST S/DE OF JO/NT
spoc ing

O RRqN 0 - 8565
O RRRq
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VERf/CAL SPAC/llGS, ilOVEl\,ENfS, I STRA\NS
lNTERSTATE H/GH''/,4Y /.3O BENTON, ARKANSAS

Trii0 LAYERED SYSTEM - TOP OF CONC E

3r-6rr FROIq| EDGE OF PAVEL|ENT

IYEST S lDE OF o lNr €AST S/OE /Nr
spoclng

1977

l978

b

OATE 'l spocirg movernenl s/roin
UT

moy emenl
U

slroin
10 /s 90 O. BB2B 0.8853
J1J_L

10/1:
90 0.8825 -0.0003 -0.0003 0 .8858 +0.0005 +0.0006
oa
OL 0.8822 -0 .0006 -0 .0007 0 .8839

c .87 62

0 .8808
0.8746

-0.0014 -0 .001 6
11 /g
ll/tc

Q)VL

76
0. B7l 9 -0.01 09 -0.0123 -0 .0091 -0.01 03
0.874'l -0 - 0087 -0 .0099

-0.0.l74
-0.004s -0.005'l

tl I 45 0.8674 -0.0'154 -0.01 07 -0.0.l 2l
12 /1a 42 0 .8679 -0.0'l 49 -0.0169 0 .8739

0 .8688
-0.oil 4 -0 .01 29

2/2 32 0.8525 -0 .0203 -0 .0230 -0 .01 55 -0 .01 B5
3/3 42 0 .8555 -0 .0263 -0.0298 0.8674 -0.0't 79 -0.4202
3/22 7? 0.8719 -0.0'109 -0.0'123 0 .8878 +0.0025 +0 .0028
3 /23 63

_65
B4

0.8698 -0 .0] 30 -0.0'l 47 0.883.| -0.0022 -0.0025
5 /10 0 86 ?.q -0 0l q3 -0 02'l R 0-8791 -o no62 -0 .0070
6/6 0 - 8555 -o o?7i -0 - 0309 O R72L -0.01 2q -0 - 0't 45
6122 96

90
.-o*8ig3

0 .8503
-0 .0335 0.8684

O . 8688
-0 .0.l 69 -0 .0.l 9l

6/zt -0.0325 -0.0358 I -0.0165 -0 .01 86
6/27 il0 0. 8456 -0.0372 -0.042'l 0 .8693 -0 .0r 60 -0 .0.l Bl
7/6

.l00
0. 8443 -0 .0385 -0 .0436 0 .8681 -0.0172 -0.0.l 94

7 /20 98 0 ^8429 -0 03gq -0 - 0452 0 - 8550 -0 .0'193 -0.02.I8
7 /26

.l00
0 .8420 -0 .0408 -0.0462 0.8642 -0.02'l 'l -0 .0238

-0 0?7q
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VERT/CAL SPAC|NGS, /t/OVE:|\ENTS, B STRA\NS
/NTERSTATE HlGHWAY /-30 BENTON, ARKANSAS

Ttl0 LAYEREO SYSTEA,I - TOP OF CONCRETE

8'-6"FRON4 EDGE OF PAVEMENT

WEST S/OE OF JOlNT €AST SlDE OF JO|NT
s oC ingl spoc in

1977

1978

DATE lemp
m ove menl slroin mot emen/ slroin

I o/s 90 0.8054 0.9895
10 /6 90 0.8046 -0 .0008 -0.00.l0 0 .9895 0 0.0000
r0/t: a) 0.8071 +0.001 7 +0 .0021

-0.0106
_g-_196t_

0.9821
-0.0027 -0.0027

11 /9 8Z 0.7969 -0 .0085

-o noL?

-0 .0074 -0 .0075
r1ltc 76 o-aQt z

0.7903
-n nn(,

JIUU JL

-0.0187
0 - 9833 -00 2

+0.0030
-n nn6?

12/14 45 -0 - 01 5'l 0 - gc25 +0.0030
12 /15

A.).+L 0.791 I -0 .01 43

-0 .0209
-0 .0.I 78 0.9921

0.9862
0 .0026 0 .0026

2/2 1) 0.7845 -0.0259 -0.0033 -0 .0033
313 42

72
0.7796 -0 .0258 -0 0320 0.9850 -0 .0045 -0 .0045

3/ 22 0.7870
0.7870

-0 .0r 84 -0.0028
.l.0006 +0.0lll +0.0] 1 2

3/ 23 63 -0 .01 84 -0 .0028 0 .9984 0 .0089 0.0090
5/l 0 66 0.7820 -0.0234 -0.0290 l

i

6/6 B4

96
0 _7755 -0 .0299 -0 - 0371 0 .997 4 0 .0079 0.0080

6 /2? 0 .7 699 -0 .0355 -0 .044.l 0.9948 0 .0053 0.0054
.6/23 90 0.771s -0 01jq -0.0421 0 - gc40 0 .0045 0 .0045

6 /27 i.t.0_.l00
0 ^ 7559 -0 0395 -0.04q0 0-ggt7 o oo2? a -0022

7/o
0.981 77 120 9B 0.7583 -0 .037 I -0.046.| -0.0078 ,0 .0079

7 /26
.l00

0.7575 -0.0379 -0.047.l 0.9904 +0 .0009 +0.0009

i

ll

I
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VERT/CAL SPAC/NGS, N,IOVEL,\ENTS, A STRA\NS
lNTERSTATE H/GHWAY /-30 BENTON, ARKANSAS

TH0 LAYERED SYSTEM - TOP OF CONCR E

11'-9"FROM EDGE OF PAVEMENT

W€ST S/CE OF JOl r
s octng

1 977

l978

OATE lemp EAST SlDE OF JO|NT
m oye menl slroin spoc in g mov emenl slroin

1o ls 90

90

I .0067 .l.0056

10 /6 I .0056 -0.001 'l -0 .00r 1 I .0045 -0.001 I -0 .00'l I
r0/t: 82 I .01 33 +0.0066 +0.0066 .l.0042

-0.00r 4 -0.0014
11/9
ll/lc

B2

76

45

0.9948 -0 .0il 9 -0.01 I B 0 .9968 -0.0088 -0 .0088
I .001 9 -0 .0048 -0.0048 1.0028

---0-.99_BZ-_
0.9987

-0.0028 -0 .0028
12 I 0 .9790 -0.0277 -0 -0275 i

-0.0069 -0 .0059
12/15 42 0.9821 -0.0246 -a.0244 -0.0069 -0 .0069

-0 .01 5s
) /2 32

42

72

63

0.9665 -0.o40? -0 .03qq 0 .9900 -0 .0't 55
3/3 0.954? -0.0525 -0.0522 0 .9880 -0.01 75 -0.0175
3/22 0.9492 -0 .0575 -0.0571 1.0042 -0 .001 4 -0.001 4
3/23 0 - q555 -0 .0502 -0 .0499

.l.004q
-0.0007 -0 - 0007

5 /10 66

B4

96

0 .9404 -0 .0553 -0.0658 0.9996 -0.0050 -0.0059
6/6 0.9223 -0 .0844 -0 .0838 I .001 9 -0.0037 -0 .0037
6/?2 0 q13? -0 - 0935

-0.0890
-0.092q 0-gg7t -0 - 0085 -0 008q

6/23 90 0.9177 -0.0884 0.9984
0 qgnq

-0.0072 -0.a072
6/?7 ltq_

.l00
0.904s -0 -102? -0..l 01 5

-0.01?7 -0.01 267 /a 0. 9070 -0.0997 -0.0990 I 0.9929
0.9929__
0.9929

7 /20 9B 0.91 04 -0 .0963 -0 .0957 -0.0127 -0.0126
7 /26 100 0 - q082 -0 ^ 0qB5 -0 .0978 -0.0127 -0 .0'126

I

-0 0]47 I -n n] 4A

I

I

I I
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VERT|CAL SPAC/NGS, TIOVET1ENTS, 8 STRAlNS
/NTERSTATE H/G//WAY /-30 EENTON, ARKANSAS

lrr
I lrJ 0 LAYERED SYSTEM - TOP OF BINDER

00I.5'' FROM EDGE OF PAVEMENT

WEST 5 /OE F JO INT EAST SlOE OF JO
spoc ing

1977

I 9iB

DATE /emp

B5

U

movemenl slrotn mov emenl slroin
r 0/5 2 .597 3 2 .57 54

10 /6 B6 2.5948 -0.0025 -0.00.l0 2.5730 -0.0024 -0 .0009
i 0/'l : 76 2.5924 -0.0049 -0.00.I9 2.5706 -0.0048 -0.0019
11/g 79 2.58A2 -0.0r 7l -0.0066 2.56.l 0

2.5730
2.5754

-0 .0.l 44 -0 .0056
ll/tc J4

48
? 5875
2.5924

-0 .0098 -0.0038 -0.0024 -0 .0009
12/14 -0 .0049 -0.00r 9 0.0000 0.0000
12/_U

2/2
40 2 . 5899 -0.0074 -0.0028 2.5754

2 -57 54

0 .0000 0 .0000
32 2 6Rqq -0 n074 -o 0n2R .__0. 0000

-0.0024
0 0000

3/3 42 2.587 5 -0.0098 -0 .0038 ?.5730 -0 .0009
3/zz *8_5_

.57

2.5997 +0 .0024 +0 .0009 2.5778 +0.0034 +0 .00.I 3
3/23 2 .597 3 0 .0000 0.0000 2 .57 54 0 .0000 0 .0000
5 l0
6 6 95

6 22 I

? .597 3
2.6022

0 .0000 0.0000 2.5778 +0.0024 +0 .0093
+0 .0049 +0.00.l 9 2.5802 0 .0048 0.0018

?.5924 -0 .0049 -0.0019 2.5706 -0.0048 -0 .001 9
2.5924 -0 .0049 -0.00.l 9 2.5706 -0 .0048 -0 .001 9

6 /27 12d

124

2.5924 -0 .0049 -0 .001 9 2 .57 06

2.5558
-0 .0048 -0.00.I 9

-0.00377/6 ? (aoo -0 .0074 -0 .0028 i -0.0096
7 120 10? 2.5826 -0.0147 -0.00s7 I

7 /26 __ 9_6_ 2.5826 -0.0r47 -0.0057 2.56.I 0 -0.0.l 44 -0 .0056

I I

l

f

spocing

70

6 t23 q7

I

I
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vERrlcAL SpAC|NGS, MOVEMENTS, A STRA.NS
lNTERSTATE HlGHWAY /.30 BENTON, ARKANSAS

LAYERED SYSTEfuI. TOP OF BINDERT1^'0

2'.6" FROM ED6E OF PAVEMENT

1977

I 978

OATE lemp
W€ST SlOE OF JOINT EAST SlOE OF JO|NT
spocing moYemenl sl ro in spoc ing moyemenl slrain

I 0/5 85 ?.5826 2 .427 5

10 /6 R6 2.5826 0 .0000 0 .0000 2.4255 -0.0020 -0 .0008
r0ir: 7 6i ?.slzo 0.0000 0 .0000 2.4255 -0 .0020 -0.0008
11 /9 7q 2.5706 -0 .01 20 -0 .0046 ? .411 9 -0.0156 -0 .0064
llltc 74 2.5682 -0.0'144 -0 .0056 2 .41 57 -0.01 1 I -0 .0049
1211q 48 2.5778 -0.0048 -0.00.l 9 2 .421 6 -0.0059 -0 .0024
12/11 40l z.57tB -0 .0048 -0 .00.l 9 L.4216 -0 .0059 - 0 .0024
?/2 i? 2.5754 -0.007? -0.0028 2.4196 -0 .0079 -0 .0033
3/3 4? 2 -5754 -4.0072 -0 .0028 2.4196 -0.0079 -0 .0033
3/?2 85 i 2.5875 +0.0049 +0 .001 9 2.4275 0 .0000 0 .0000
3/23 67t, 2.5850 0 .0024 0.0009 t.ct55 -0 .0020 -0 .0008
5 /10 70 ?.5778 -0.0048 -0.00.l 8 I 2.4255 -0.0020 -0.0008
6/5 -0.0.l68 -0.0055 2.4255 -0 .0020 -0 .0008
6/22 -0.01 92 -0.0074 2 .41 77 -0 .0098 -0.0040
6/?3 g7 2.56.l 0 -0.0215 -0.0084 2.4177 -0 .0098 -0 .0040
6/27 1?41 2.5610 -0.0216 -0.0084 2.4157 -0.0.l.l8 -0 .004 9

7/6 124t1 2.5469
1n/-L5352

-0.0357 -0.0'l 38 2 .41 00 -0.0.l 75 -0.0072
7 /20 -0 .047 4 -0.0.I 84 2.4024 -0.0251 -0 .01 03
7 /26 9 -0 .047 4 -0 .0'184 2 .4005 -0.0270 -0 .0il 1

0q 7 q6CR

108 I z.satq

t z -sssl

I
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VERT|CAL SPAC|NGS, T4OVEMENTS, 8 STRA\NS
/NTERSTATE HlGHWAY /-30 EENTON, ARKANSAS

Tl'I LAYERED SYSTElV - TOP OF BINDER
3', -6" FROM EDGE OF PAVEMENT

1977

I 978

OATE lemp
WEST SlDE OF JOIN EAST SlOE OF JO/NT
spocing moyemenl sl ro in spoc ing moy emenl slroin

I 0/5 85 2.7524 2.8689
10/6 86 2 .7 495 -0.0029 -0.001't 2. 8655 -0.0034 -0.001 2
l0/13 76 2.7 495 -0.0029 -0.00il 2.8622 -0.0067 a

J
11/9 79 2.7350 -0.0.I 74 -0 .0063 2.8489 -0.0200 -0.0070

1 I 74 2.7 408 -0.01 I 6 -0.0042 2.8489 -0.0200 -0.0070
12 /14 4B 2.7 495 -0.0029 -0.00.l 1 2.8622 -0.0067 -0.0023
12 /15 40 2.7 466 -0.0058 -0 .0021 2.8622 -0.0067 -0.0023
2/2 32 2.7 437 -0 .0087 -0.0032 2.8622 -0.0067 -0.0023
3/3 4? 2.7 437 -0.0087 -0 .0032 ?.8622 -0.0067 -0 .0023
3l?? 85 2.7 553 +0.0029 +0 .001 I 2.87?3 +0.0034 +0.001 2
3/23 67 2.7 495 -0.0029 -0 .00.l I 2.8689 0.0000 0.0000
5110 70 2.7 437 -0.0087 -0.0037 2. B5B8 -0.01 0t -0.0035
6/6 95

108
2.7350 -0.01 74 -0.0053 ? g5?? -0.0'157 -0 .0058

6/22 2.7236 -0.0288 -0.01 05 2. 8358 -0.033] -0.01 I 5
6 /23 s7 i 2.7236 -0.0288 -0.01 05 2. 83sB -0.0331 -0.01r5
6 /27 124 2.7208 -0.031 6 -0.01 1 5 2.7 642 -0. I 047 -0 .0355
7 /a 124 2.7095 -0.0429 -0 .01 56 2. Bl 33 -0 .0556 -0.01 94
7 /20 102 2.6957 -0.0567 -0 .0206
7 /26 96 2.6930 -0.0594 -0 .021 5

l

I



209

VERT/CAL SPAC/NGS, rt/OVEMENTS, B STRA\NS
lNTERSTATE HlGHWAY /-3O BENTON, ARKANSAS

Tl,l0 LAYERED SYSTElW - TOP OF BINDER
4'-6il FROM EDGE OF PAVEMENT

H/€ST /DE OF JO/rVT EAST SlOE OF JO/NT

1977

197 8

DATE lemp
5'

spoc ing m ovemenl sl ro in spocing
Z 490I

mov emen I stroin
10/5 85 2.6273
10/6 OCUU 2.627 3 0.0000 0.0000 2.4901 0 .0000 0 .0000
l0l.l3 75 ?.6247 -0.0026 -0 .00.l 0 2.4879 -0.00?2 -0.0009
11/9 79 2.612_2

2.6147
-0.0.l 5l -0 .0057 2.4792 -0 .01 09 -0.0044

I r /r 0 t4 -0.0.I 26 -0 .0048

-0.0038
2.4792 -0.0.l 09 -0 .0044

12 /14
12 /15

4B

40

2 .617 ? -0.01 01 2.4836 -0.0065 -0 .0026
2.6172 -0 .01 0t -0 .0038 481 4 -0 .0087 -0 .0035

2/2 JZ 2.512? -0 0l 5t -0.0057 -0.01 09 -0.0044
3/3 4? 2.6122 -0.01 51 -0 .0057 2.4792 -0.01 09 -0.0044
3 /zz 85 2.617 2 -0.01 01 -0 .0038 2.4836 -0 .0065 -0 .0026
3 /23 67 2 -6147 -0 01 26 -0.0048 I 2 .481 4 -0.0087 -0.0035
5/.I0

-Zo-e5.
r0B

2.59e7 _-g-l.us_
-0 .0374

-0.0.I 05 2.4255
2.3640

-0.0646 i -O.OZSg
6/6 2.5899 - -0.0r_42_l

-0.0216 l

-0. I 261 -0.0506
6 /22 2.5706 -0 .0567 2.3497 -0. I 404 -0.0564
6 /23 st I 2.5706 -0 .0557 -0 .02.l 6

I

i 2.35r 5 -0.'1385 -0 .0557
6 /27 124 ? 55P,? -0 ^ 05qt -o o??5 | 2.37 66 -0-.l135 -0 .0456
7/a 124 2. 551 5 -0.0758 -0.0289 i 2.3334 -0..l567
7 /20 102 2.5375 -0.0898 -0 .0342 2.3533 -0. I 368 -0 .0549
7 /26 96 2.5352 -0.0q21 I -0. o:sr 2.2923 -0. I 978 -0.0794

I

I

I.

I

il

i

? 47q2

-O -O€)?q

tl
ll
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1977

I 978

VERTlCAL SPAC/NGS,,IIOVEL\ENTS, B STRA\NS
/tV Tf RSTAT E H/ GHtyAY /- 3 O B ENTON, A RKA NSAS

TI{O LAYERED SYSTE|L4 - TCP OF B INDER

6'-00'' FROM EDGE OF PAVEMENT

'Y€ST 
S/DE OF JO/Nr EAST SlD€ OF JO r

-0.0025

DATE
m oYe menl slroin spoc ing

2.4538
movemenl slroin

t 0/5 B5 2.5422
10/6 B6 2.54?2 0.0000 0.0000. 2.4538 0.0000 0.0000
t 0/13 *75

79

2.537 5 -0.0047 -0.001 8 ?.4497 -0.0041 -0.001 7
11/9 2.5?60

2.5260
-0.01 62 =0.0064 2.4415 -0.01 23 -0 .0050

il /10 74

48
-0.0.I 62 -0.0064 2 .441 5 -0.01 23 -0.0050

12/14 2.s329 -0.0063

-0.0025 2.445

-0 .0062 -0.0025
12 /15 40

32

2.5352 -0 .0093 -0.006? -0 0025
2/2 2.5329 -0.0063 -0.0082 -0 .0033
3/3 42

B5

2. 5306 -0.01 I 6 -0.0.l 03 -0 .0042
3/22 2.5352 -0 .0070 -0.0028 2.4497 -0 .004] -0 .00r 7
3/23 67

70

2.5329
2.5?37

-0.0r 23 -0.0048 2.447 6 -0.0062
5/10 -0.0.l 85 -0 .0073 2.4415 -0 .0.l 23 -0.0050
6/6 e5l ?.

r0Bi 2.

qt o,
5079

-0.0230 - -a=q09!_l
-0.0135 i

2.437s -0 .01 63 -0 .0066
6 /?2 -0 .0343 2.4216 -0.0322 -0.0131
6 /23 e7 | 2.5079

124
124 2.4967

-0.0343 -0.01 35 2.427 s
24 275
2.4196

-0.0263 -0.0.l 07
6 /27 -0 - 0343 -0 .0'135 -0 - 0253 -0 0]07
7 /a -0 .0455 -0 .0r 79 -0.0342 -0.0.I3q
7 /20 102 2 4R5P, -0 - 0564 -n n?2) 2.408r -0.0457 -0.0186
7 /26 96 ?.4836 -0 .0586 -0 .023 I 2.4081 -0 .0457 -0.0186

I

I

I

ii

spocing

-0.0025 2.4476
-n n0'17 ? 4&76

-0.0045 2 _4435

2 
^O70

I

i

I

I
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VERT/CAL SPAC/NGS, I|OVE'\ENTS, B STRA/NS
/NTERSTATE H/GHIYAY /-30 BFNTON, ARKANSAS

Tr^t LAYERED SYSTEM - TOP OF BIIIDTR
8I -6'I FROM EDGE OF PAVEN|ENT

ST S/DE OF JO|Nr EAST S/DE OF JOlN T
movemenl sl ro in Spocing

1977

I 9iB

OATE /e 'l spocing moyemenl slroin
B510/5 2.8723 2.8261

10/6 B6 ?.87 23 0 .0000 0.0000 2.8?61 0.0000 0.0000
l0/13 75 ?.862? -0 .0.1 0t -0 .0035 2.81 65 -0 .0096 -0.0034
11 /9 79

74
_ l-gqgg

2.8489
-0.0234 -0.0081 )

L. ?q

2.8039
-0.0222 -0 .0079

r r /r 0 -0.0234 -0 -0.0222 -0.0079
12/14 .4c)SU

40

__3?-.
42

2. B5BB -0.0.l35 -0.0047 2.8102
2 0

2 .8039
2.8039 I

-0.0.I 59 -0.0056
12 L1!
2/2

2.8588 -0.01 35

-0.0135
-0.01 9t -0 .0068

-0 .00792.8588 -0.0222
3/3 2. B58B -0 .01 35 -0.0047 -0.0222 -0.0079
3 /22 B5 2.8723 0.0000 0 .0000 ?.8197 -0.0064
3 /?3 67 2.8655 -0.0068 -o. ooi4ll 2.81 33 -0.01 28 -0 .0045
5/.l0 70 2.8689 -0 .0034 -0.0012 i 2.8197 -0.0064 -0.002?
6/6 _ 9--5

l0B
2.8757 +0.0034 +0.00.] 2 2.8229 '-0.0032 -0 .001 I

_alz_
6 /23

2.862? -0.01 0t 2.8102 -0.0.I 59 -0.0056
* _9_7_

124
2.8588 -0 .01 35 -0.0047

-0 .0024
2.8070 -0.01 9t -0 .0068

'6 /?7 2. 8655 -0 .0068 2.BA7A _ -0.0t91 -0.00681tc 124

7 /20 102 2.8325 -0 .0398 -0.0.I 39 2 .7 613 --:0,0648 I -o.ozzg
7 /26 96 2.8325 -0 .0398 -0.0.I 39 2.77 93 -0 .0468 -0 .01 66

I

I

l

I

I
I

i

i

I

I

i
ir
rl

-0 .0047
-o.oo47

-0 .0023

-0.0035

I

I

I
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VERTICAL SPAC|NGS, AlOVEuIENTS, & STRA\NS
/NTERSTATE H/GI/W,4Y /-30 EENrON, AR/(ANSAS

Tr.,l0 LAYER€D SYST E/V - TOP OF BII'{DEII
I ] '.9" FROM EDGE OF PAVEMENT

WEST S/DE OF JO|NT
sPoc/ ng m ove menl

197 7

r 978

OATE lemp
s/ ro in

EA r SlDE OF JO/NT
moremenl

10/5 85 2.5778 2.5237
10 /6 B6 2.57V8 0 .0000 0.0000 ?.5237 0 .0000 0 .0000
t 0/r 3 76 2.5754 -0 .0024 -0 .0009 2.s169 -0.0068 -0.00?7
11 /g 79

t+
2.5634 -0.0144 -0 .0056 2.5079 -0.01 58 -0 .0063

il/r0 2.5634 -0 .01 44 -0 .0056 2.5079 -0.01 58 -0.0063
12/14 AOAU 2.5802 +0.0024 +0.0009 2.5169 -0.0068 I -0.00?7
12 /15 40 2.5778 0 .0000 0.0000 2.5169 -0.0058 -0.0027
2/2 _32_

42

2.5754 -0.0024 ___:_0-o!og_
-0 .0009

2.5146 -0.009.l -0.0036
1 t'tJI J 2.5754 -0 .0024 2.5124 -0.01 I 3 -0 .004s
3 /22 85 2.5754 -0.0024 -0.0009 I

I
2.5169 -0 .0068 -0.00?7

3 /23 67 ?.5706 -0.0072 -0 .0028 2.5146 -0.009.l -0 .0036
5/10 70 2.5634 -0.01 44 -0.0056 I 2.5056 -0 .01 B1 -0.0072
6/6 9.5_

108
2. 551 5 -0 .0263 -0 . qr_or_

-0.01 47
2,4967 -0.0?70 -0.0107

A /2?
-:J-_:=_

6 /23
2.5399 -0 .0379 2.4836 -0 .040.I -0.0.l 59

e7 I 2.53ss -0.0379
-0.0472

-0 .01 47 2.4814
2.4749

'-0 .0423 -0.01 68
6 /27 124

124
2. 5306 -0 .0.I 83 -0 .0488 -0.0.l93

7/o 2.5169 -0 .0609 -0 .0236 2 .4580 -0 .0657 -0.0260
7 /20 l!_2_

96

2. 5034

2.5034
-0.07 44 -0.0289 2.4435 -0.0802 -0.031 8

7 /26 -0 .a7 44 -0 .028e il 2 .43e s -0 .0842 -0 .0334

,l

I

I

I

spdc/nq slroin

!

I
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I1^IO LAYERED SYSTEM

Horizontal Spacings, Movements and Strains
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HOR/ZONTAL SPAC/NGS, NiOVEM€NTS, A STRA/I/S/TvTERSTATE H/GHtyAy / - Jo B€NroN, ARK,4 N sA srWO LAYERED SYSrE,W O'.6'' _ FROy4 EDGE CF PAVENTIAT

rOP OF CONCR rE roP F B/ND 'D

spoc ing spocinq
1977

1978

DATE
motremenl slroin lemp

ur alNut,
movamenl s tro in

t0/5 90 85 4.5920
Lo/a 90 4.4666 -0.0451 -0.0082 86 4.5678 -0.0242 -0.0053
t0/13 OAUA 5.5088 -0. 0029 -0.0005 84 4 q700 -0.0121 -0.0026tt/g 61 5 .3644 -0.0473 -0.a267 79 4.5286 -0. 0634 -0. 0138
Lt/10 76 5.4861 -0.0256 -0.0046 74 4.592A 0.0000t2/ 14 45 5.6540 +0. 1423 +0.0258 4B 4.6293 +0.0373 +0. 008it2/ t5 42 5.6540 0.1423 0.0258 40 4.6293 0.0373 0. 0081
2/? 32 5.6639 a.t5z2 4.0276 32 4.6257 0.0331 0.0072
3/3 42 5. 5681 0.0564 0. 01 02 42 4. 5BB0 -0.0040 -0.0009
3/22 72 5.4722 -0 .0395 -4.007? 85 4. 5758 -0.0162 -0.0035
3/ 23 63 -0.0031 67 4. 5758 -0.0162 -0.0035
5/ to 66 5. 5291 +0.0174 +0.0031 70 4. 5961 +0.0041 +0.0009
6/6 B4 5.5804 0.0687 __0.!.11!_

0 .0026
95 4. 6335 0.0415 0. 00906/22 96

90
5.5262 0.0145 108 4.6209 0.0289 0.00636/ 23 5.5439 0.0322 0.0058 97 4.6167 0.4247 0.0054

6/27 110 5.5681 0.0564 0.0i02 124 4.6209 0.0289 0.0063
7 /6 100 5.5651 0.0534 0.0097 124 4.6209 0 .0063
7 /20 9B 5.5350 0.0233 0.0042 102 4. 6084 0.0164 0.0036
7 /za 100 5.5s29 0.0412 0.0075 96 4.61?6 0.0206 0.0045

5. 5i 17

0.0000

5. 4945 -0.0772

0.0289 i
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H OR/Z ONTAL StrAC/NGS, I,IOV€fll€NT5, 8 ST,?A/Il S/NTERSTATE H/GHWAY /- 3O 6€NTON, ARKAIlSASrWO LAYIR€D SYST€IW 2'-6' _ FROM EDGE OF 1AVE,+\ENT

rOP OF CONCR rE
spoctng stro i n

1977

t97B

DATE r P 0F I ER
movemenl /emp spocinq movomenl slro/n

L0/5 90 4.6309 B5 4.5839
10/ 6 90 4.6166 -0.0143 -0.0031 86 4.5638 -0.0201 -0 .0044
10/ 13 B4 4.6473 +0.0164 +0 .0035 B4 4.5718 -0. 0201 -0.0026tL/9 B2 4. 5933 -0.0376 -0.0081 t3 4.5247 -0. 0592 -0.0i29
i 1/to 76 4.6t24 -0.0185 -0.0040 74 -0.0437 -0.0095
12/1t
L2/15

45 4.7302 +0.0993 +0.0214 48 4.6209 +0.0370 +0.0081
42 4.7348 0. 1039 0.0224 40 4.6t67 0.0328 0.0072

2/2 32 4.7 487 0.1178 0.0254 32 4.6t26 0.0287 0.0063
J/ J 42 4.6857 0.0548 0.0117 42 4.5758 -0.0081 -0.0018

-0.00513/22 7? 4.5920 -0.0389 -0 .0084 85 4. 5559
3/23 63

66

4.6t26 -0.0183 -0.0040 67

70

'4.5559
-0.0280 -0.0061

5 /t0 4.6726 -0. 0183 -0. 9

-0 .003 i
4.5799 -0. 0040 -0 .0009

6/6 B4 4 t67
4.5961

-0.074? 95
108

4.6084 +0.0245 +0.0053
6/22 e0

90
-0.0348 -0.0075 4.6A02 0.0163 0. 0036

6/23 4.6L26 -0.0183 -0.0040 , 97 4. 5961 4.0122 0.4027
6/ 27 110

'100
4 - 5758 -0.0551 -0. 01 19 124 4.5961 0.0122 0.0027

7/6 4.5799 -0.0510 -0.0110 I 124 4.5920 0.0081 0.0018
7 /20 4. 5758 -0.0551 -0 .01 19 t02 4.5799 -0.0040 -0.0009
7 /?a 4.5920 -0.0389 -0.0084 96 4. 5880 +0.0041 +0.0009

4.5402

-0.0280

gf

10r



216

HoR/zoNTAL sPACitr/Gs, firovErtl€NTS, B srRA/rls
/N TERSTATE H/GHI,,YAY / - 3O EENTON, ARKA I/ SA SrWO LAYERED SYSTEN4 3I.6'' FROM EDG€ CF P,AVET\ENr

r OF B/NDER

1977

1978

OATE
roP OF C R,E rE

t spocing movemenl slro i n spocin movemenl slroi n
t0/5 90 4. 5695 85 4.0785
L0/ 6 90 4. 5554 -0.a74? -0.0031 86 4.0643 -0.0142 -0.0035
t0/13 B4 4.5907 +0.021 1 +0.0046 B4

79

4.0762 -0 .0023 -0. 0006Lt/9 82 4.5234 -0.0462 -0.0101 4.0455 -0 .0330 -0.0081
1 1/10 76

45
_ 4.5619 -0.0a77 -0.0017 74 4.0595 -0 -012/tq 4.7004 +0. 1308 +0.0286 48 4.t102 +0.0317 +0.0078

1?/ ts 42 4.7125 0.7429 0.0313 40

32
4. 1078 0.0293 b.octz

2/2 32

4?

4.7L96 0. 1500 0.0328
0.0163

4. 1078 0.0293 0.0a72
3/3 4.6443 0.07 47 42 4.0785 0 .0000 0.0000
3/2? 7Z 4.5785 -0.0413 -0.0090 85 4.0548 -0.0237 -0.0058
J/ (J 63 4.5464 -0.023? -0.005i 67 4 .0548 -0.0237 -0.0058
s /t0 66 4.5477 -0.0219 -0 .0048

-0.0025
70 4.0690 -0.0095 -0.0023

6/6 B4 4. 5580 -0. 01 i6 95 4 .0834 +0.0049 +0.0012
6/22 _96

90
4.5580 -0 0115 -0 0025 108 4.078s 0. 0000 0.00006/23 4.5722 -0 .0026 -0.0006 97 4.0690 -0.0095 -0. 0023

6/?7 110 4.5336 -0.0360 -0.0079 124 3 .9978 -0.0807 -0 .0198
7 /6 100 4.537 4 -0.0322 -0.0070 702 4 .07 6? -0.0023 -0.0006
7 /?0 9B 4.5297 -0.0399 -0.0087 96 3 .9649 -0.1136 -0.0279
7 /26 100 4.537 4 -0.0322 -0.0070
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H OR/ZONrAl..^SpAC/,/GS, nicvErti€NTS, I STRA/NS/IVTERSTATE I/\GHH'AY / . 3O gEUrOiV, ARKA I/ SA Srty? LAY€R{D SYST€I|I 4'-6" FRO/,.| EDGE CF 1AVE|,/ENT

rOP OF C ONCR, r€ roP F 8/NDER
spoc t, s/ro i n

1977

l97B

DATE
movemenl lemp spocinq

U

movemenl s lroin
1A/5 4. 6968 85

86

4.7581
1o/ a g0 4.684'l -0.0127 -0.0027 4 .7 302 -0.0279 -0.0059
10 11

J.J on 4 7017 +0 
^ 0049 +0. 001 0

-0.0.l I I
84 4 .7 487 _-0.0094 -0.0020

R? _4. 641 3 -0.055s 79 4 .6897 - 0.0684
-:0.0.I44Lt/10 76

45

4.6710 -0.0258 -0.0055 74 4.6941 -0.0640 -0.0135t2/ L4

1 15
4.7 961 +0.0993 +0.021'l 4B 4 .7 993 +0.041 2 +0. 0087

42 4 .7 977 _0. I 009 0.021 5 40 4 .7 961 0. 00802/z 3?
42

4.8154 0. I 186 0.0253 32 4.7882 0.0301 0.00633/3 4 .7 502 0.0534 0.0114 42 4.7 439 -0.01 42 -0.0030'1 totJI LL 72 4 .661 4 -0.0354 -0 .0075 85 -0.0399 -0.00833/23 63 4 .6792 __-0.01 76 - 0. 0037 67 4.7153 -0.0428 -0 .0089
5 /10 _66

84
4 .687 4 _____-0.0094 -0. 20

-0.001 0
70 4 .67 42

4.6280
-0.0839 -0.01756/a 4.6922 -0. 0046 95 -0. I 301 -0 .027 36/22

---96
90

4 .67 9? -0.0.l 76 :0 . 0037 _4.61 I0 -0.030q6/ 2z 4 .6968 0.0000 0.0000 97 4. 6208 -0..l373
-:0.0289

6/?7 ll0 4 - 55C8 _10 .0370 -0. 007s tt4 4.6678 -0.0903 _-0.0'l907 /a '100 4 _55q7 -0 0370 _-,0 ^ 007 c 1?4 4 604'l _-0-I540 -o o?,?47 /20 E8 __4.662e -0.033s -0.007? 10? 4 .597 4 -0. I 507 _ -0. 03387 /za '100 4.5726 -0.0242 .0.0052 g5 4 .57 09 -0.0393

I

I
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HOR/ZONTAL SPAC/NGS, I,IOVETI€NTS, d STRA/NS/NTERSTATE H/GHIYAY / - 3O 8€NTON, ARKA I,/ SA SrWO LAYERFD SYSTEM 6I.OI' FRCN4 EDGE OF PAV€N\ENT

roP F CONCRETE
'cing

roP 'F 8/ND€R
slroin

1977

l97B

DATE U

moyemenl lemp spocinq
U

movemenl stroln
1o/ s 90 4.727A 85 4.4432
lola 90 4.7L53 -0.0117 -0. 0025 B6 4.42L9 -0. 0213 -0. 0048
10/ 13 B4 _ 4.733L +0. 005I +0.0013 B4 4.4360 -0.0072
1

i 1/10
82 4.6775 -0. 049s ---:0.0105 79 -0. 0590 -0.0133
76 4.7043 -0.0227 -0.0048 74 4.3875 -0. 0557 -0. 012s

L2/ L4 .15 4.8360 +0.1090 +0.0231 4B 4.4832 +0.0400
12/ ts 42 4. 8309 0. 1039 0.0220 49 4.4795 0. 0353 0) /) 32 4.85L2 a-7242 0.0263 32 4.4758 0. 0326 0.0073
3/3 42 4.7866 0.0595 0.0126 Aa2L 4.4360 -0. 0072 -0. 0015

-0. 0079
J/ LL 72 4.6809 -0.0461 -0. 0098 B5 4.4080 -0
3/23 63 4.6986 -0.0284 -0.0060 67 4.4046 -0. 0386 -0. 0087
5/ t0 66 4.7075 -0. 019s -0.0041 70 4.4219 -0. 0213 -0. 0048
6/6 B4 4.7L65 -0.010s -0.0a22 95 4.4360 -4.0072 -0. 00166/22 96

90
_4J03q_

4.7165
-0.0240 -0. 0051 108 4.4290 -0. 0I42 -0. 00326/23 -0.0105 -0.0022 97 4.4290 -0.0L42 -0.0032

6/27 _u9
100

4.6897 -0.0373 -0. 0079 L24 4.4290 -0.0r42 -0. 0032
7/a 4.694l- -0.0329 -0.0070 L24 4.42L9 -0.0213 -0.0048
7 /20 9B 4.5897 -0.0373 -0.0079 J.02 4. 4185 -0.0247 -0. 0056
7 /26 100 4.694L -0.0329 -0.0072 96 4.4254 -0. 0178 -0.0040

I

I
i

-0.0015
4 -3842
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HoR/zoNTAL spACiNGs, nlovE/tlENTS, a srRA/NS/NTE,?STATE H/GHWAY I.SO AIATOiV, ARKANSASrWO L,AYEI?ED SYSTE/L.I Br-6rt FROL4 EDGE CF 7AVEh{€NT

POFE/ ER
spocin

1977

i97B

DATE
TOP F CONC rE

ocing moyemenl slro i n /emp
NU

movemenl slroin
t0/ 5 90 4. s208 B5 4.0248
10/6 90 4.5069 -0.0139 -0.0031 B5 4.0tt2 -0.0136 -0.0034
i0l13 84 4. 535I +0.0153 +0.0034 84 4.0L37 -0. 0091 -0. 0023
LL/ 9 82 4.4782 -4.0426 -0.0094 79 3.9956 -4.0292 -0.0073
Lt/ t0 76 4. 5119 -0. 0089 -0.0020 74 4.0000 -0. 0248 -0. 0062
L2/14 45 4.6462 +0.L254 +0.0277 4B 4.0619 +0.0371 +0. 0092
12/ts 42 4.6462 0.1254 4.0277 40 4.0572 0.0324 0. 0081
2/? 32 4.6634 0.1426 - 0. 0315 32 4.06L9 0.0371 0, 0092
3/3 42 4.5920 ,,0.07L2 0.0157 42 4. 0339 0.0091 0.0023
3/22 72 4.46L2 -0.0596 -0.0132 B5 4.0a45 -0. 0203 -0.00503/zt 63 4.4795 -0. 0413 -0.0091 67 4.0067 -0. 0181 -0. 0045
s /10 66 4.4648 -0. 0560 -0.0L24 70 4.A27L +0.0023 +0.0006
6/6 B4 4.4685 -0.0523 -0. 0115 95 4.0548 0.0300 0. 0075
6/22
6/23

96

90

4. 4539
4.4685

-0. 0659 -0. 0148 IOB 4.0548 0. 0300 0;0075
-0. 0523 -0.0115 97 0.0502 0. 0254 0.0063

6/?7 110

100
4.42s4 -0. 09s4 -0.0211 124 4.0502 0.0254 0.0063

7 /a L24 4.0502 0.0254 0. 0063
7 /20 9B 4.3576 -0.1632 -0.0361 102 4.0502 0. 0254 0.0063
7 /za r00 4.4432 -0.0776 -0.0L72 96 4. 0502 0.0254 0.0063



n0

H oR/z oNrAL sPACiilG-q, MovEfif€llTS, B srRA/,^/s/NTERSTATE H/GHLYAY / . 30 BENTON, ARKA N SA Srwo LAYIRED sYsr€/w rl'-9" FR)M EDGE oF FAVEI\\ENT

roP F CONCRETE roP oF B/NOER
spocing

1977

1 978

DATE
U

movemenl slro i n lemp spocing movemcnl slro/ n
rc/s 90 6. 3611 B5 5.4t23
1o/ a 90 6.26L8 -0. 0993 -0.0155 85 5.3644 -0.0479 -0.0089t0/13 84 6.2822 -0.0789 -0.aL24 B4 5. 3644 -0.0479 -0. 0089Lt/9 82 6. 0534

-0. 1BB2
-0. 0484 79 5.2715 -0.7407 -o -0260

1 1/10 76

45

6.1729
5.5303

-0.0196 74 5.2892 -0. 1231 -0.0227Q/ru +0.7692 +0.0266 4B 5. 4639 +0. 0516 +0.0095
t2/Ls 42 6.5243 0. 1632 0.0257 4A s - 4611 0.0488 0. 0090
2/2 32 6.5243 0.1632 0.0257 32 5.4557 0.0434 0. 0080
3/3 42 6.3992 0.0381 0.0060 42 s. 3958 -0 -9. o0:o

-0. 0103';3/22 74 6.2669 -0.0942 -0.0148 85 5.3567 -0. 0555
3/ze 53 6.2926 -0.0685 -0. 0I0B 67 5.3591 -0. 0098
s/ 10 66 6. 3451

6.3992
-0. 0160 -0.0025

+0.0060
70 5.4t77 +0. 0054 +0 .0010

6/6 B4 +0.0381 95 5. 4889 0. 0765 0. 0142
6/?2 96 6. 3398 0. 02t3

0.0000
-0. 0033 108 5. 4833 0. 0710 0. 01316/ 23 90 6. 3611 0. 0000 97 5.4777 0. 05s4 0.0121

6/ 27 110 6. 3611 0. 0000 0. 0000 L24 5.4861 0. 0738 0.0136
7/a 100 6. 3504 -0. 0107 -0.0017 124 5.4722 0.0599 0. 0111
7 /zo 9B 6.3344 -0.0267 -0.0042 ta2
7 /za 100 6. 3451 -0.0150 -0. 0025 96 5.4777 0.05s4 0.0121

-0.3a77

-0.0532
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TOP OF C 'RETE roP oF 8/NDER
spoc

1977

1978

DATE UN

movemenl slro i n lemp spocing movemcnl slroin
to/ s 90 B5 4 -7722
t0/6 90 B6 4.7446 -0.0282 -0.0059
10/13 84 B4 4.7394 -0.0328 -0. 0059tt/9 82 79 4.6809 -0. 0913 -0.0191
lt/ t0 76 74 4.694t -0.078r -0. 0164
L2/ tq 45 5. 3519 0.0000 0.0000 4B 4.7866 +0. 0144 +0.0030
t2/ts 42 40 4.7866 0.0L44 0.0030
2/z 32 32 4.7770 0.0048 0.0010
3/3 42 5. 3095 -0.0424 -0.0079 42 4.7675 -0. 0047 -0. 0010

+0.00203/22 72 B5 4.78L8 +0.0096
3/?3 63 5. 3171 -0. 0348 -0.0065 67 4.7770 0.0048 0.001-0
5/rc 66 70 5. 8309 0. 0123
6/6 B4 95 4.8824 0. 1102 0.0231
6/22 96

90
108 4. 8360

4.8360
0. 0638 0. 0134

6/23 97 0. 0638 0. 0134
6/ 27 110

100
124 4.7963 0.024L 0. 0051

7 /a 124 4.7L65 -0 -0. 0117
7 /20 98 102 4. 7818 +0. 0095 +0. 0020
7 /26 96 4.7866 0.0144 0.0030

HoR/zoNrAL sPAC/ilG-c, flfovErtlENTS, B srRA/NS/NTERSTATE H/GH'YAY / . 30 EEN\ON, ARKA // SA Srwo LAYERED sYsrEltl !z'-2" FR2M EDGE 0F 1AVEh\ENT

100
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THREE LAYERED SYSTEM

Vertical Spacings, Movements and Strains
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TOP VERT|CAL NNOVEMENTS W/TH RISPECT TO
STAELE REFERENCE PO\NT- THREE LAYERED SYSTEM

/NTERSTATE HlGHWAY /.30 gENTON, ARKANSAS
/z'-z" FRolyt EDGE oF qAVEMENT

SOUTH OF C. L. JO|NT

L977

1978

DATE
WES OE OF JO|N

concre open
EAST SlDE T

conc
to/4 0.0000 0. 0000 0. 0000
10/ s +0. 0093 +0. 0174 +4.0264
LO/6 0.0093 0.0L7 4 0.0264
),0 /L3 0. 0050 0. 0090 0.0433
LL/9
11l 10 0.0l-77 0.0298 0.1466
t2/L3 0.0244 0. 0325 0. 1731
L2/ L4 4.0244 0. 0325 0. 1731
L2/1\ 0.0251 4.0372 4.L677
2/2 0. 0255 0. 0337 0.l-57 4
3/3 0.0254 0.0294 0.1194
3/ 22 0. 02 18 0. 0258 0.129L
3/ 23 0.0213 0. 0213 0. 1179
O/ t) 0.0183 0.0345 o -21LL
617 0. 0180 0.0342 0.214L
6 /22
6/ 23 0. 02 31 0.027t 0. 1937
6 /27
7/6 o.0L47 0.0187 0.1877
7 /L2 0.0299
7 /20 0. 0129 0.0089 0.1308
7 /26

binder open gr.ode b inder



?27

VERT|CAL SPAC/NGS, tL,|OL/EMENTS, B SfRA\NS
/NTERSTATE H/GHWAY /-3O BENTON, ARKANSAS

TI-{R T E LAYERED SYSTE,U - TOP OF COIICRETE

00'-6'' FROM EDGE OF PAVEMENT

IYEST S/DE OF OlNT EAST S/OE OF JO/NT
spaci slro/n spo c ing

197 7

I 9i8

DATE lemp
m ovemenl moy emenl slroin

10/4 q5 0.8203 0 .8557
10/5 a2

o?

BB
on

0.8230 +0.0027 +0.0033 0 .8 584 +0.001 7 +0.0020
1016_
l_8/_1 3

I I /q

0.8221 _ 0.0018_
e.0055

0.0022 0.8589 0.002?
0.0025

0.0026
-_0.-1258 _

0.8221
.-0- 00 67

0.0022
0 .8592 0. 0029

0 .00.l I 0 .8552
0 .8620

-0.001 5 -0.001 I
ll/.l0 _80.-

49

0 .8258 0.0055 0. 0067 +0 .0053 +0.0062
12/13 0.8262 0. 005q 0 -007 2

0. 0069
0 86q2 0.0025

u/_11
12/1s

C,')

46

0.8260 0.00s7 0 .8587
0.8597

0. 0020 0
0 .827 8 0.0075 0.0091 0.0030 0.0035

2/2 36 0 .8289 0. 0086 0.01 05 0.8592 0. 0025 0. 0029
J/ J 42

60

50
-7

7_

0 .82 53 0. 0050 0.0061 0.8s50 -0.001 7 -0.0020
J / (( 0. Bl 75

0.81 65

0.Btt0

-0.0028 -0.0034 0.Bs'13 -0.0054
-0.0 0 .851 0 57
-0.01 I 3 0 8480 -0.0087
-0.0.I I 3 0 .8473 -0 00 94

.0r 61

-0.01 7t 0 .8434 -0.0128

-0.0063
3/zs -0.0038 -0.0067
6 6

6 23

- 0. 0093 -0. 0l 0'l
0.Bt 10

0.807r
-0.0093
-0.0.l32
-0.0.l40

-0 .0.l 09

-0.0.l 39
0 .8063

0.8046_
0 .8003

-0.0.I 49
6 /27 _9!_

9B
-0.0]57 -0.0,l 90 0 .8387 -0.01 B0 -0.021 0

7 /a - 0. 0200 -0.0244 |
1 t1.'t / tL

.l00

9B

0.7978 -0.0225 -0.027 4
7 /20 0 .8003

0 .80.l 2
-0.0200
-0.01 91

-0.0244
u_?5_ -0.0233 i

I

I

o oa?q

6/7 75
6/?2 0.8448 -0.0]19

6(f

9B

rl

I

I
I
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VERT/CAL SPAC/IV6S, IICL/EMENTS, B STRAlNS
/NTERSTATE H/GHWAY /- 30 EENTON, ARKANSAS

TH P.EE LAYEREO SYSTEM - TOP OF CONCRETE

3'.6" FROM EDGE OF PAVEMENT

IYEST SlOE OF JOlNT EAST S/OE OF J
m 0Yemenl

1 977

I 978

OATE lemp
spoctng sl ro in spoc ing mov emen I

'ultv I
sl ro in

10/4 g5 0.8599 0.8707
l0/5 q2 0. 865l +0 .0052 +0.0060 0 .8736 +0 .0029 +0.0033
10/6 g3 0 . 865t 0.0052 0 .0060 0.8739 0.0032 0.0037
t0/13 oooo_B; 0.8630 0. 003 I 0. 0036 0 .87 51

0 .87 24

0. 87 56

0 .0044
0.001 7

0.005.l
l'l/9 __q._8-62 5

0 .863 5

0.qqe6
0.0036

0.0030
0 .0042

0 .0020
t't /'1 0 _80--

49

0. 0049 0.0056

]ail3
LZ/)4
12 /15

0.8672 0. 0073 0.008s I 0 .8 780 0.0073 0 .0084

_5?-
46

0 .8679 0.0080 0. 0093 0.87 67 0. 0060 0 .0069
0.868t 0.0082 0. 0095 0 .8769 0.0062 0. 007 I

2/2 36 0.8700 0.01 0l 0.01 I 7 0.8795 0.0088 0.0.l 01

3/t 42 0.8665
60 0.8616
50 o 9

0. Bs60
q

0.8520

0.0066 0.0077 0.87 67

0.87?9
0.0066 0 .0069

u??_
3J31_
a10_
6/7

0.001 7
0.001 0

o. oo2o i 0.00?2 0.0025
0. 001 2

-0.0045
0.8722 | O.OO.lS 0.00.l 7

-0.0039 0.869.l

0 .8681

-0.00.l 6 -0.0018
-0.0039 -0.0045 -0.0026 -0.0029

6 /?2 _:_0_.007-9__
- 0 .0079

-0.0092
6/23 -0. 0092 

i 0.8656 -0 .005.l -0,0059
6/27 :!_

vo

0 .8485 -0.0.I.l4 -0.0.l 32 0.861 3 -0.0094 -0.0108
u3-_
7 /12

0. 843 I -0.0168 -0.0.l96 0.8567 -0.01 40 -0.01 6l
100

9B

9B

0.8417
0. 84l 7

0 .8337

-0.0182 -0.021 I 0 .8557 -0.0150 -0 .017 z

7_G9*
7 /?6

-0.0182 -0.02.l1
-0.0305 0 .8540-0.a262 -0.0.l67 -0.0,l 92

7q

97 0 - 8520
oo

I
I

I

ilI

I

rl
lt
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VERT/CAL SPAC/NGS, MOVETL|EN\9, B STRA|NS
/NTERSTATE H/GH',YAY /-3O BENTON, ARKANSAS

TI]REE LAYEREO .' YSTETV - TOP OF CONCRETE

B'.6" FROM EDGE OF PAVEMENT

VEST SlOE OF JOlNT EAST S/DE OF JOllIT
m ovemenl

1977

t 9i8

DATE lemp
spocing slroin spocing mov emenl slrain

10/4 96 0 - 93c4
l0/5 q2

o?
ooo(J

;;'

0 .9449 +0.0055 +0.0059
10/6 0 . 9468 0.0074

0.011B
-0.0015

0 .0079
0 .0.l 26t0/13 0.95.]2

llig 0.9379
0.9439

-0 .00.l 6

I I /.l0 _80
q9

+0.0045 +0.0048
1? /13 0.9498 0.0.l 04 0.01.l.l
1? /14 _5?__

46

0 .9485 0.009.l 0 .0097

12 /15 0 .9498 0 .01 04

cl c 36 0 .9502 0. 0l 0B 0.01'I5
A'1L

60

50

_76
37_
83 l

0.9482

--q-.91'.6?-
0.9382
0 .9482
0.9446
0.9452

0 .0088 0.0094
'). I )) 0.0068 a .007 2

3 /23
6l_6
6/7

-0.0012
+0 .0088

-0.00'13 i

*0.g0ell
0.0055 I0 .0052

0. 0058a t))

6 /23
0 .0062

0.9446
0.9439
0.9439

0 .0052

0. 0045

0.0055 
1

6/27 94 0 .0048
7/a 9B 0.0045 0 .0048
7 /12 100

98

9B

0 .9459
0 .9345

0. 0065 0 .0069
7 /20
7 /26

-0.0049 0.0052

I

I

0.01 I I

I I
il

I

I
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VERT/CAL SPAC/NGS, TVOVE/IIENTS, I STRA|NS
lNTERSTATE HlGI/WAY /-30 BENTON, ARKANSAS

THREE LAYERED SYSTEM - TOP OF COI]CRETE

II'-9'' FROM EDGE OF PAVEMENT

'YEST 
S /DE F JO/NT

197 7

.I978

OATE !entp
EAST SlOE OF JO|NT

s poctng m ovemenl s/roin s'pocing moremenl slroin
10/4 95 0 .8906
10/5 q? 0.8952

0.8952
+0 .0046 +0.0052

l0/6 93 0 .0046 0.0052
r 0/13 oo

R4

0 .893 2 0. 0026 0. 0029
I I /g 0.8932 0.0026 0.0029

u/lL
12/)3

0.8966 0. 0060 0.0067
0.8952
0.8952

0 .0046 0. 0052

12/14 ._52 _

46

0 .0046 0.0052
12/1s 0.8958 0.0052 0.0058
?/2 36 0 .8952 0.0046 0 .0052
3/3 42

60

50

79

76

0.89?4 0.00.l I 0 .0020
3 /22 0.890.I -0 .0005 -0.0006
3 /23 0 .8904

0 .8646
- 0 .0002 -0.0002

6l_6

5/7
-0.0260 -0.0291

0 .8649 -0 .0257 -0.0288
6 /22 o1

_Ql_
ooUU

0 .861 I
0 .8604

-0 .02 95 -0.033'l
6/23 -0.0302 -0.0339
6 /27 94 0.8555 -0.035.I -0.0394
7 /a 9B 0 .85.l 8 -0.0388 -0.0435
7 /12 100

9B

0.847 5 -0.043.l -0. 0484

//3!_
7 /26

0.8448 -0.0458 -0.051 4
9B I 0 .8456 -0.0450 -0.0505

I

I

I

I

I

l

I
I

i

RO

49

it



cv(o
C\]

?
C)

C\J(o

O
t)

(r.)

e
q)
L

qJ:
a
e

(Y''

L(^>
3*S
sis
H$r
c0\5

sFHs>.\uNfi--f,dSr
N^ES<H-,\
.; ,'\l
g -Nl:
>\ lb
vJ\
$il-u.S

xs
{*cN
SrnB
$[$"'it\! -..rF-

t!u\t{
kr
F.-

sf,o
O

C\J
C\
sfo
cn

@
(O
C\J

?o

(')o

C\I
a'1

o

Or
C\l

o
o

co

(\J
O

o

r''.i
@l

I

-- I

I

c.l
N\

_!91"

sca

qJ

-_-
kil\\
a

r\c
()

q

@
t\
CN

r\r\
Ol

cn

sf

<l-
sf
c\Jo
o

c'1
C)
st

Ol+

t.\
(O

?o+

N
(O

o
o

<j'
(.o
a
?
o

(Y)
C!
O
c
a

oo
<r(\

r\
(\Jo
o

o
co
(\J

o

t\
(O

?o

C\J
O)

?
C)

o
co

o
()

l'r)
ca
cf,

?o

sl
ca
O

@
F.
c\.1

?
C:)

(v
01
C\Io
o

(O
Rl(\t
c)

$
c\t

o

O(3
O)

?o

o
O
Ol
?o
+

ro

sl

o

Lr)
O
co

a

l.\
cr)
C\J

o

()
O(i)
q
o

aa
ca
C
:
C

(O
(O
O)o

(r)
Olr\
O

tr)
cn(,
O
O

Ol
(}1
o

I

I

{

Ol
Ol|.\
:
o

<r
t\

o

o
Ol
r.o

o

F.s
to

O

l\
lr)

a

o\
C\

o

*l
-tcql

-l-l

i

I

co(o

co

lr,

cf)
\o
(O

a
LT:

cO
(O
rO

1
1r'

O+
@
(O

Cf

cf)
Ol+
r.r)

Or(o

rf)
tr)

Or
(O

r.r)

r..,

@
(O

lr)
r()

a
(f
rt)
l,o

cf,(o
rc}

1
rJ')

(O
o\
|.\
1
rr)

(\J
(O
Lr)I
tJ)

c!(o
tr)
lJ)

L.c,

Or
C\]

lr)
ul

cn
|f)
sf
lr)
rJ)

cv
co
Ot
1
tr)

,-l
r-1
OI

'.1(r,l

I

()
b

Oj
C\J
co cO co

lJ)
rf,

C\I
Lr)

lr)
sf

!.o
ol

Lr)
<l

c\l
ca

C
C

O
O

lr)
a{
o
o

@
@
@
a
Lr)

co
co

C\J
r+

01
(\J

*.
tr)

E
(.o @ NI

o
ca
rf)
af,

<F
cf)

GJa
?
o
+

t\
C\]oo
o

cf,

Oo
sf
O

?o
l

O
sfo
?o
+

o
<lo
o

a
sf,oo
o

(f

O
o

l\
(\J
O

o

CN

o
?
O

o
O(f,

o

e
o

tt,

t-\
O)

ca

?
O

co
lJ)
O

a

cf)
rr)o
C;

t\
<lto
lJ)

\o] C

(?)

Oo
O

cf)

O
O
O

(f)

o
?o

I

cn

ao
o

I

c,
E
q)\
a
a

@o
?o
+

@oq
O

c\J

(>

o
+

NI

o
a

(\J

o
o

.c\J

o
o

@
O
?o

O
<*o
?o

C\I(o

C;

(f
sr'
O
?
O

a
<t
c)o
O

I

ct
(.os
?
(7)

'co
(O
sf

co

a')(f
tr',o
c.,

coo
lr)

cf)

cf)
C)
lr)
?
cr)

cf,a
ro
?
(o

cn
(.o
sfo
ol

c\.1
c!
<l
?
cf)

++
rr)
O
(7)

(\r

<r
O

c!
@
cf)

?
Cr-)

o(o |r)o

C

C
C

C

C\J
C\J

=f?
cr)

NI
NI
<q
C
crl

C\J
<r
cf,

?
(n

o
<,-

O
a

I

C\J+
(Y)q
(,)

s\
q,l

tr)
@

(o
co rf,

C\l
l.r)

c!sf

+ri-
Lr)
o
c.,

co
(O
<r

rc|
co

*o <r
ch

rr) \o oll ot
o't l o't

I

c

\
(4

cf)
@oI
O+

cf)
@
O

o

N(o
a
?
(')

o
@

Lr)

ooo
o

I

Or

C\J
O

a

Or

c{o
O

lr)
c\r
(\J

a

Ol(\
c\o
o

@
C\J
C\lo
o

ra)
o\
o
O

01

o

co
rO

o
\o
o
o

No
(\J

O

(Y)

|-\

01
Lr)

o
o

N
|.\
O
o

r.J')(\
a
O

<f,
<l
c!o
o

+
lrt
(\J

?
o

@

C\.1o
o

r\
I
a
o

cf)

trJ
}\
lq
a-
Gta()

a_
oL

(O
tr)
6J

o

i-
rr,l
<l
-I'l-t

-,.oi

col

I

Ol
LN

(O
o\

=
+
o

sf
@

Ol

Cf)
Oloq
o+

(Y)
Oloo
o

(\J
r..t
<\l

lr)
C\J

C\J
Ol

cr)
Ol

\o
ra(t

o

:=l

C
-.l-..1

-1
(\J

(\J

(\l

<)

C)
@

q
o

Ot
cr)
cn

-

aO
t-\

l
I

:l
!(ol

C\.1s

-)

o
f7
C

(Y

cf
C

C

\r
r(
(C

C

q
e

C(\

lr

CXq c\
(Y

t{

s
6

C

C
C

C
s

ol ..'oj rcol -qc
ol c

I

sq
()
b
q.
tt)

(\
cf
C
(Y

C\
C\

(Y

I

I

I

t-
c(
F

C
ra

lr
C
C

C

Il.ni
FI
FI
ol.loi

I

-lsi
\tJ tt

EI
$'l
Orl
EI

C
V

C

c

(\
C
C

o
C
c\

cr
C

c c
o
ct

c(
t,C

cf

CC

\

g d
o

ol c(do
-l

c( I

I

I

-l ..\\oi s

(Y

C

LJ

o
o
o G

rf

o
U

F
o
U

C(\
F

l
i
i,
I

\(

r\ I



232

VERflCAL SPACINGS, IVOVEMENTS, B STRAINS
lNTERSTATE HlGHWAY /- 30 B ENTON, A RKA NSAS

THREE LAYERED SYSTEIW - TOP OF OPEN GRADE

O'-5" FROM EDGE OF PAVEMENT

EAST SIDE OF

1 977

I 978

oAr€
W€ST SlD€ OF JOlNT
spocing movemenl sl ro in spoc ing moyement slroin

10 /4 l0l 3 .8745
1 0/5 85 3 .8806 +0.0051 +0-00.l6
10 /6 86 3.8826 0. 00Bt 0.002'l
r0/r3 78 3 . B5B5 -0.0'l60 -0.004]
'11/q 80 3 .8545 - 0. 0200 -0.0052
'11 /10 73 3.8765 +0.0200 +0 .0052
12/13 5l 3 .8846 0.0.l 01 0.0026
1? /14 52 3.8867 0.012? 0 . 0031_

0.003.l1?/1s 46 3 .8867 0.0122
2/2 36 3 . 8786 0.004.l 0 .001 I
313 42 3 .8585 -0.0l6'l -0.0041
3 /22 50 3 . B685 -0.0060 -0.001 5

3/23 60 3 . B6B5 - 0 .0060 -0.0015
6t6 'l05 3 .8990 +0 .0245 +0.0063
6/7 81 3 . BB46 0.010:l 0.0026
6/22 102 3 . B7B6 0.0041 0 .00.l I
6/23 94 3 .8786 0.0041 0 .00.l 'l

6 /27 il3 3.8826 0.008.| 0.002.l
7 /6

.l09
3 .8806 0.006.| 0.001 6

7 /12 il6
7 /20 99 3 8625 -0 0l 20 -0 003.I

7 /26 99

il

I

I
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VERT/CAL SPAC/NGS, /,iOI/Efu|ENTS, A STRA/NS
lNTERSTATE H/GHWAY /-30 BENTON, ARKANSAS

THRET LAYERED SYSTETV - TOP OF OPEN RADE

2'.6" FROM €DGE OF PAVEMENT

'',EST 
S/OE OF JO/NT EAST S/OE OF JO/NT

tng m ovemenl spoc /n movemenl

197 7

I 978

OATE /emp
sl ro in slroin

10/4 l0l 4 00q6
1 0/s B5

oo

7B

BO

IJ-si-

.__4-_.0_?_66

4.4266
4. 0t 68

3 .9930
4.01 20

+0 .0.l 70 +0.0042
10/6 0.0170 0.0042
t 0/13
11 /9

0 .007 2 0. 001 B

- 0-_01 q6_
+0. 0024

-0.004.I
+0.0006

0.0048
t 1/-l0

I U).3
l2_/)l-
12 /15

4.0290
4.0290

0.01 94
52

46

36

0. 01 94

0.01 94

0.0048
4.0290 0.0048

2/2 4.0241 0 .0,l 45 0.0036
3/3 A'.+L 4.0.l 20 0.0024 0

0

I

3 /22 50

60

4.0120
4.0] 20

0.0024
3 /23 0.0024
_616-
5.17._
ol (c

0

BI 4. zbb
I UI __4..01_41_

94 4 tt
4. 0t 20

0 4.0024

l_16 3.9977
3 . 9883

99 3.9930

0.01 70

0.0.l 70

U.U 048

__9,W21_
0. 0024

6/23 0. 0006 i

6/27 0.0006 |

7 /6 -0.0072 -0.0018
7/12_
7 G9_
7 /26

-0.0.l19 -0.003
-0.0053

I

I

-0.0213
-0.0166 -0.0041 i

I

0 0005

4.O?56 o oo42
0 - 0042 i

n nnl2

il3

I

I

I

i il
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VERT/CAL SPAC/NGS, A,iOVEfuiENTS, B STRA/NS
/N TE'RSTATE /1/ 6HWAY I- 30 B ENTON, A RKA NSAS

THR EE LAYERED SYS| Elvl - TOP OF 0pEil GRADE

3I.6II FROM EOGE OF PAVEMENT

W'EST S € oF JO /Nr EAST SlDE OF JO/NT
s/ ro in spoc in g

1977

't 978

OATE lemp
spocing

U

m ovemenl moyemenl slroin
10/ 4 l0t 4.4192 4 .1?7 9
10 /s B5 4.4625 +0.0433 +0.0098 4J543

4. I 543

+0.0264 +0. 0054
10/6 B6

7B
on

4 .4625
4.4490
4.4225

0.0433 0.0098 0.a264 0.0064
lOl_Li_

I I /q
0.0298 0.0067 4 .127 9 0.0000

-0.0.I00
0.0000

0 .0033 0.0007 4 .117I
4. I 520
4. I 588

-0.0024
il /10 J_3__

5l
q?

-4;

4 .3966 -0.0226 -0.0051
+0.0.l 36

0 .01 29

+0.0241 +0 .0058
Lu) 3

1? /14
4.47.95 +0.0603

47 0 .0569
0.0309
0.0309

0 .007 5
4. I 588 0.0075

12 /15 4 .47 61 0 .0569 0.0.l 29 4 .1 588 0 .0309 0.0075
2/2 36 4.469? 0.0500 0.0] l3 4.1353 0.0074 0.001 B
3/3 42

50

60

I

102
94

I

4.4557 0.0365 0.0083 4.1329 0. 0050 0. 001 2
3 /22 _tJtr?4

4.4490
4 .4659
4 .4659
4.4s24 I-l'^tel--l

0 .0332 0.0075
4.1204
4 .127 9

3123 0 .0298 0 .0067
0.0r06 i

-0.0075 -0 .00.I B

6/6 0.0467
0.0467

0 .0000 0.0000
6/7 0.01 06 i- 

0.00?t-l
4.1?54
4.1229
4.1179

-0.0025 -0 .0006
6 /22 0.0332 -0.0050 -0.001 2
6 /23 0.0399 0 .0090 -0.0100 -0.0024
6 /27 4.4457 0.0265 0 .0060 4.1128 -0.0.l5.| -0.0036
7 /6 10e I 4.4127 -0.0065 -0.0015 4. 0540 -0.0739 -0.0.l79
lJt? _
1J3.0
7 /26

l-16-

_e9--
99

4. 3683 -0.0509 -0.oil s i

-0.0217
4 .07 43

I

I -0.0536 -0.0129
4.3233 -0 .0959 4.0217

4. 071 B

-0. I 062 -0.0257
4.3469 -0 .07 23 -0.0.l64 ; -0 .0561 -0.0.l36

L

I

I

lnq

I I

I

I
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VERT/CAL SPAC/NGS, /IiOVEIr/ENTS, & STRA/NS
/NTERSTATE H/G/IWAY I-30 BENTON, ARKANSAS

TIlR E E LAYEREO SYSTEM - TOP OF OPEN GRADE

6!.0'' FROM EDGE OF PAVEMENT

#'€sr s/o€ of Jo lNr EAST lOE OF JO/N T
moy emenl

197 7

197I

DATE
spocing m ovemenl sl rd in spoc /n g slroin

10/4 lQt
85
AC

4.9466 4.678?
t 0/5 5.01l9 +0.0653 +0.0.l 32 4.737 4 +0.0592 +a.0127
10/6 5.01t 9

4.97 63

4.9564

0.0653 0.01 32 4 .7 415 0.0633 0.0.l35
t 0/13 /6

BO

0.0297
0.0098

0.0060 4 .67 B?

4.6629
4 .697 6

0.0000 0. 0000
11/9 0 .0020

0.0r I I
0.0.I 95
0 .01 95

-0.0]53 -0.0033
il /10 _7_3_

5t

5.0016 0.0550 +0.0.l 94 +0.0041
12/ 13 __5=q$l_

5.043.l
0.0965 4.7334

4 .7 415
0.0552 0.01t8

12/14 52 0.0965 0 .0633 0.0.l 35
12/15 46 5.037q 0.091 3 0.0185 4 .7 537 0-0755 0.01 5t
2/2 36 5.0327 0.0861 0.0.l 74 4 .7 456

4 .7 254
0.0674 0.0.I 44

1 t')JIJ 42 6B
50

j0
5_-

BI _5--Q_5_qB- _
I a

L

94

l_t E

9_e-- 027
5 .0440

0 .0602 0.0122 l
I 0 .047 2 0.0.l 0l

1/22*
3 /23

0.0568 t 0.0
0-0
0.02I_
0.021 I
0 .023 I

lL-sJzsa-
l,-q -rzt+-

4.7 829
4.7829
4.7713

o o47? 0 .0.l 0l
0 05.lR 0.0472 0.0'l 0t

516
6aL_
6/?2

0. 1042
0. I 042

0. I 047
0. I 047

0.0224

_9._q??!_
0.0.l 990 .1142 0.093.l

6/23 o 104?
0. I 042

0 02il 4 771? 0 0g3l o 0lqg
5t2l_
7 /5

0.02r I 4.7683 0.090] 0.0.l 92
0.1042 0.021 I I 4 .7 624 0.0842

0.0990
0.01 80

tL1? _
7.120 .

7 /26

0.ll5r 0.0234
0. 0t 62

4.7772
4 .7 535

0.0?12
0. 0804 ? 0.0.l61
0 .a97 4 0. 01 97 I

I

i

I

q nn?A
5 nnR4
q n50R

5 05.l0
( nqna

il3 5 . 050R

l0s 5 n50R

5 -0627

qq

I
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VERT/CAL SPAC/NGS, rtiOVEh,lENTS, B STRA|NS
/Nr€RSTATE HlGHt/t/AY /-30 EENTON, ARKANSAS

THI{EE LAYERED SYSTE:|| - T2P OF OPEiI GRADE

8'-6" FROM €DGE OF PAVEL|ENf

IYEST S/OE OF JO/NT EAST SlOE OF JO|NT
oc s/ ro in spoc ing moremenl

197 7

197 B

DATE
m ovemenl slroin

10/4 l0l 4.3147 5.0858
r 0/5 aq

B6

4.3621
4 3621
4 .343 9

4.2921

+0.047 4 +0.0.I.I0 5. I 587 +0.0829 +0.0.I 63

10 /6 a.047 4 0.0.l I 0 s. I 687 0.0829 0.01 63

I !/13
uJ:_
'rut_Q_

l3_/)3.
12/14

7B

_ga_
_7_3__

51

52

0.0292 0 .0068 5..l351

5 .1 407

5. I 631

0 .0493 0.0097

-0.0226 - 0 .0052
+0.0047

0.0549 0. 0l 0B

4.3350 _ +0.0-2q1_
0.066.l

0.0773 0.0.l 52

4.3808 0.0.l 53 5 .?145
5.2't45

0.1287 0.0253
4 3745 0 0598 0-0.I3q 0.1287 0 .0253

I 46
a
L I 36

3
laL+L

3 22 50

60

.6-- 5_-

I
((. 10?

6 /23 94

il3
109

7 f
I t6

u29__ _e9
7 26 99

4.3839 0.0692 0.01 60 5.2087 0.1229 0.0242
4.3776 0.0629 0.01 46 5.2029 0.117.I 0.0230
4 36?1 0.047 4 0.0] I 0 5 .17 44

5 .17 44

0.0886 0.0.I 74
4 ?839 -0_0308 -0.007r i 0.0886 0.0.l 74

_4.,2LL7_
4.3090
4 - 3090

4 -3469

4.3439
4.3998

-0.0630 --:0-*0't-45--
-0 .00,l 3

5 .1 687
5 .17 44

0.0829 0.01 63

-0.0057 0.0886
0.0886

0 .0.I 74

-0 n057 -___0*o_013_ _5_.-17_*A__
5.2087
5 .197 2

0.01 74

0.1229 0.0242
+a -0322 +0.0075 0.il14 0.02'l 9

5 .197 2

5.1915
0.'t'1 1 4 0.0219

0.0292 0.0068 0. I 057 0.0208
0. 0B5l 0.0.I97 5.191 5 0.1057 0.0208

4.2812 -0.0335 -0.0077 II s.to:t
5. I 687

0.0773 0.0.I 52

I 0. 0829 0.0.l 63

l

I

/em1

3 /?3

6/?7
7 /6

I

I

I

t
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OATE

VERT/CAL SPAC/NGS, I,IOVE|,IENTS, 8 STRA|NS
/NTERSTATE H/GI/WAY /-30 EENTON, ARKANSAS

THREE LAYERED SYSTE/I| - f OP OF OPEN GRADE

II'.9" FROM EDGE OF PAVEMENT

I''€ST S/DE OF JO/Nr EAST S/OE OF JO r
sl ro in spoc ing

1 977

I 978

m ovemenl m0yemenl slroin
10/ 4 3 .5509
t0/5 3.5730 +0.0221 +0 .0062
10 /6 3 . 5730 0.0221 0 .0062
l0/r3 3.51 69 0.01 I 0 0.0031
11 /9 -0 - 0032 - 0. 0009
I I /.I0

_3 .5477
3.57] 4 +0.0205 +0 .0058

12/13 0.03]6 0. 0089
12/14

7B

B6

l0l_
85

BO

.13_
5l
52

3.5825
3 .584] 0.0332 0. 0093

12/15 46 j qR25 0.03.l6 0.0089
)t) 36 3 . 5793 0.0284 0.0080
I l')JI J 0.0221 0 .006242

50

)
J s730
3 .57 46 0.0237 0.00673 /22

3 /23 3.5730 0.0221 0.0052
0.01 250.0443

0 .0443 0.0.l 25
"616._-
5-/7
6/22

__0a-

.l_0 5_

s]-
102 0.0427 0.01 20

6/23 94

? (o(2

__t -5-9-5?__
_-3-59-1 6-_

3.5936 0.0427 0.0.I 20
6 /27 3.5952 0.0443 0.01 25

3. 5968 0.0459 0.0129
I
I

0 .0284 0.0080
I 0 0]l I

lrJs_
'1L12 _
7-tz1
7 /26 99

1t2
I tJ

10t-
"t t_0

99
3.5293__
3--59-04_
3.5920

0.0395
0.041 I 0.01.l5

I

I
,

spoctng

I



238

VERT/C,AL SPAC/NGS, TlOVEMENTS, B STRA/NS
lNTERSTATE H/GHI,YAY /-30 EENTON, ARKANSAS

TIIRIiI] LAYEREO SYSTErtI . TOP OF I]INDER

0,.6'' FROM EDGE OF PAVEMENT

,YEST /OE OF J /NT €AST S/DE OF JO/NT
spoc ing

L97 7

L97B

oAr€ lemp
spoctng movemenl slratn moyemenl slroin

L0 /4 98 4.3439
10/5 o.)

-Qau0
4 560
1.3560

+0. 0121 +0. 0028_
0. 0028L0 /6 0.0r21

r0/13 _88_
OJ

4.329L -0. 0148 -0. 0034
1L/9

4
-o - 006'l

11/ r0 (Jl

-i:-5?

-0. 0027
+0. 0035-L?-/rt

1? /1t
I

l 4 .359L
4.3591

+0. 0152

0. 01 52 0.0035
12/7\ l+5 4.3020 -0. 04 19 -0.0096
) /) 3(t 4.3233 -0.0206 -0. 0047
3lt-
3 /22

l_42
. _51_

68

t05
81ill

4. 3410 -0 - 0029 -0. 0007

- 4. 3_4-LQ-_

4. 3350
-0.0029 -0.0007

3/ 23 .---:.Q-0-0J9-
+0.0061

-0. 0020
6/6
ot /

4. 3500 +0.0014
4.362L - 0.0182 o.oo42

6 /22 4.3262 7 -0.0041
6/23 100 4. 3380 -0.0059 -0. 0014

Ji/?7
7 /6

L32

*u0_
u2
.14_Q _

100

4. 3380 -0.0059 -0.001 i
7/12_
7 /20

I

-0.0235 -0.00547 /26 4.3204

t---_
I
I

+.grzs I -o.r,2Al,
-0-011I

I
I
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VERT/CAL SPAC|NGS, tVCt/EhlENfS, I STRA/NS
/NTERSTATE H/Gt'/IYAY /-30 BENTON, ARKANSAS

Tilltllli LAYEREO SYSTEM - TOP OF BINDER

2,-6,, FROM EDG€ OF PAVEMENT

IYEST SlOE OF JOlNT EAST S/DE OF JO|NT
spocing

L977

-197.8

OATE lemp
spocing m ovemenl sl ro in movemenl slroin

L0/4 98 4.L026 4.2597
1n'/\ Q1

80

_8-E_

83

-81= -

_55
\?

4.t204

-4.]2l4
4. 1051

+0. 01 78 +0. 0043 4 .27 30 +0.0133 +0.0031
L0l6 o-o17R 0. 004 3 L-?81?, o_02'l 5 o nnsn
70/L3 0. 0025 0. 0006 _4.25-L7 __

4.2280
-0.0080 -0. 0019

lL/ 9 4.0897
4 LO77

4.L254
4.L229

-0. 0129 -0.0031
+0.001 2

-0. 0317 -0. 0074
11/ 10 +0. 0051 4 .2544 -0. 0053 -0.00'r 2

ulJ)
1? /1L

0.0228 0. 0056
4.28L2 0. 0215

+0. 0050
0.0203 0. 0049 0.0050

L2 /15 1r'r

36

4.1229
4.L204

0.0203 0. 0049 /, ,a?o 0.0242 0.00s7
2/2 0. 0178 0. 0043 4 .27 57 0. 0160 0.0038

_3.13_
3 /22

J?
_57-

_ -6-9

105

8.1.

4. L72B 0.0102 0.0025
0.0025

4.2650 0.0053 0. 0012
4. LL28 0. 0102 4 .27 57 0. 0140 0.0033

3 /23 __ 4.,Lg2J_
4.0718
4.07L8
4.0540
4.A489

0. 005 1 0.0012 : 4.2650 0.005i o ool2
6/(t
6/7

-0. 0308 -0.0q7s I

-0.007s l

-0.0118

4. L566
4.L566

-0. 1031 -0.0242
-0. 0308 -0. 1031 -4.02/+2

6 /22 _1t_6-

100
-0. 0486 4 .2065

4.20t0
4.L925

-0.0532
-0. 0587

-0. 0125
6123 -0. 05 37 -0.0131 -0. 0138
6 /)7 r32 4.0464

4.024L
-0 .0562 -0.0137 -o .067 2

I

I -0.0157
Jt_o_
7 /L2

120 -0. 0785 -0.0191 4.L7L7 -0. 0880 -0. 0206

.l_i2
100

r00

4.02L7 -0. 0809 -0.0197 | !+.]-632 -0. 0s5 5 -o-o)?6
7 /20 4.0024

4 .007 2

-0. 1002 -0.0244 il q. f3_s_3_
-0.0232 rl

-0.124/.+ -0.0292
7 126 -0. 0954

i

4 - 2812 +o - o2't 5

i

I
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VE[7T/CAL SPAC/NGS,,I,/OVEfuIENTS, B STRA|NS
lNTERSTATE H/GHWAY /.30 BENTON, ARKANSA,S

'iltRtiE LAYEREO SYSTEM - TOP OF BIIIDIJR

3'-5" FRONN ED6E OF PAVEMENT

IY€ST SlOE OF JO/Nr EAST S/DE OF JO|NT
m ovemenl sl ro in spoctnq

L977

._L97 8

OATE lemp
spocing moy ement slroin

10 /4 98 3.9348 4.0439
10/s q,

BO

3.9s66 +0. 0218 +0. 0055
0. 0061

4. 0718 +0.0279 +0. 0069_
0. 0082LO /6 3. 9588 0. 0240 4 .07 69 0. 0330

10/13 BB

B3

3.9478 0.0130

-o -oo2 ? -0. 0006
+0. 0033

4 .0/+64 0. 0025 0.0006
Lt /9 _3-9_326__

3.9478
4. 0339
4 .0692

-0.0'l 00 -o-oo2s
1lir0 8.1_

55

+0. 0130 +0. 0253 +0.0063
1]_/1,3.

1? /1L
3.9522 0.017 4 0.0044

0.0055 i

4.0897
4.0872

0. 0458 0. 0113
\? 3.9566

3.9633
0.0218 0. 0433 0. 0107

12/Ls 45 0.0285 0.0072 4.0872 0. 04 33 0. 0107
36 3.9s44 0. 0196 0. 0050 4 .0667 0.0228 0.0056

)_L)_
1U2*
3 /23

4Z

-:;
_1i8_
105

B1

3. 9010 -0. 0338 -0. 0086 4.A6L6 0.0L77 0. 0044
3.9 t+78

3.9434
+0. 01 i0 +0.0033 I

0?_2

-0 0379 -0.0096 4 .007 2

-0. 0663

0. 0101 0. 0025
6/6
6/7

3. 8969

3.8969
-0.0367 -0.0091
-4.a367 -0.0091

6 122 116-
100

132
_ J_.96J5_-_

-o- 0415

-0.0391
-n. n'l n?

5123 -0. 009 7

_6/2i_
7 /6

3.9930
3.9L77

-0. 0509 -0. 0126
120

-0. 087JJ.U_
7 /20

.:, 3.9s66
3.9094 -0.134s -0.0332

7 /26 100 3. 9655 -0.0784 -0. 0194

I

I

l

i

0-0033

o - ooR6 4.0540

-o_oi7q -0.00s5 L -OO17
L no)h

-0.0158 4. 0048

-o-12(t2 I -o-oarz
-o -o215

I

t
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VERruCAL SPAC/NGS, tlOVE/I,/ENTS, B STRA|NS
lNTERSTATE H/GHIYAY /-30 BENTON, ARKANSAS

'tltRItE LAYEREO SYSTEful. TOP OF IiITIDI]it

4' _6" FROM EDGE OF PAVENNEN T

IYEST S/DE OF JO/NT EAST S/D€ OF JO
m ovemenl

r

L97 7

--19 7 8

55

OATE lemp
spoctng slroin spoc /nq moy emenl sl roin

10/4 98 4.i,779
'to/s R) 4.L474

4.L474
+0. 0295 +0. 0072

0 .007 2t0/6 BO

__88_

_8:
__8.r=_

55

0.0295
r q/13_

LL/ 9

4.1353 0. 0174 0.0042
4.Lr28 -0.0051 -0. 0012

11/10 4.L426 +0.0247 +0. 0060
T2/L3 4. t632

4.L532
0.0453 0. 0110

\? 0. 0453 0.0110
12/t5 45 4.L632 0. o4s3 I o. ouo
1/1 JO-t; 4. 1588 0.0409 0. 0099
313
1111

4 .l-497 0.0318 0.0077
57

6B

l-05

__-B_I.

-t -1-6_

100

4.L520 0. 0341 0.0083
3 /23 t+ .147 4 0.o2gs o.oo7?
6/6
ol t

4.L204
4 1204
4.L026
4 .097 5

0. 0025
0.0025

0 - 0005
0.0005

6 /22
6 /23

-0. 0153 -0. 003 7

-0. 0204

-o-0230
-0. 0050

6 /27 t32 4.0949 -0. 0055
tJb_

7 /12
.120_

1_j-?-

10_0 _

1..-q-Q_

4 .07 43 -0.0436 -0 .0106
4.A692 -0.0487 -0.0118

z/2_0_
/t/.u

4.0540 -0.0639
4 .0565 -0. 0614

I

I

il
:i

jl

I

i

I

1i/i/,

-o o1 aq
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VERT/CAL SPAC/NGS, IIOVET,\ENTS, & STRAlNS
/N TERSTATE H/ GHWAY /- 30 8 ENTON, A RKA NSASTIIRIiIi L,4YEREO SYSTErtI - TOP OF BINI)IR

6'-O'' FRO\I EDGE OF PAVEMENT

ty€sr s/cE oF JO/Nr €AST OE OF JO
oc /ng

L97 7

1978

OATE lemp
spocing m ovemenl slrotn moy emen I slroin

L0/4 98 3.2l-40 3.2700
10/c 4.1

80

) aa11J.LLI I +0. 0137 +0. 0043 2 
'OO' +0.0182 +0.0055

0. 0056LO /6 3.2277
3.2L74

0.0r37 0. 00/+3 3.2882 0. 0182
ro/L3 __89-

83

0. 0834_
-0. 0012
+0. 0068

0 .0011
-0. 0004

3.2664 -0.0036 -0. 0011
3.2128
3.2208
3 .227 6

3 .2s93
3.27 3()

-0.0107 -0. 0033
11/10 *-r91-

55

+0.0021 +0. 0036 +0. 0011
.LL/J) 0. 0136 0.0042 I 3.2882

3.293L
0. 0182 0. 0056

5? 3.2276 0. 0136 0.0042 0. 0231 0.0071
12/t5 l-+5 3.227 6 0. 0136 0.0a42 3.2943 0.0243 0.0074
1/2

4
1

_J,-q

105

o-L

L

100

tc0
100

3 .2227 0.0087 0.a027 3 .2894 0. 0194 0. 00s9
l3

22

3.2227 0.0087 0.0027 3.2882 0.0182 0. 00s5
3.2227 0.0087 0.0027 2 0.0182 0.0056

3/ 23 3.2227
3 .227 6

0. 0087

0. 0136

0.0_02J_l
I

0.0042 |

3.2857 0. 015 7 0. 0048
6/a

3-2_9_19 _
3.29L8_3-_!?27 6 __

3.2 178
3.277 8

0.0136
0. 0038

o.oo42 |

6 /22 0. 0012 3.2821 0. o72t
0. 0109

0.0037
6/23 0. 0038 0.0012 I 3.2809

1^27R\
0. 0033

5/2L_
7 /6

3 -217I 0.0038 0.0012 -0.0085 -o_no?6
3.2034
3. 2130

-0.0106 -0.0033 I 3. 2688 -0. 0012 -0. 0003
JLt-Z-
I /20
7 /26

-0. 0010 -0.0003 r 3.267 6 -0. 0024 -0. 0007
3.2034 -0. 0r 05 -0- 003

-0.0033 !

1- ? 5R'l -0-o1r q -o nn'16
-0. 0106

I
I

I

I

I

1t l9

11/1/,

1f.

O O?.I R o 0067
0.0218 | 0- 0067

r32
1?O

1 :,2

3.2034

I
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VERT/CAL SPAC/NGS,,IIOVEMENTS, B STRA/NS
/tV TERSTATE H/ GHtyAY /- 30 B ENf ON, A RKA NSAS

TIIIiIiE LAYEREO SYSTEM. TOP OF I}INDE]I

8'-6'' FROM ED6E OF PAVENNENT

tyEST S/C€ OF JO/Nr €AST S/OE OF JO|Nr
m oveme nl

L97 7

.1978

OATE lemp
s poctng st ro in spocing moyemenl slroin

to/4 98 4.L566 4 .47 95
1O/"t o,

__0_q

641

-si-
81-
55

t+.L925 +0.0359 +0. 0086 4 .5245 +0.0450 +0. 0100
L0 /6 4.1897 0. 0331 0.0080 4 .5r7 s o. 0380 0. 0085
l_q/u
1t/9

4.L717 0.0151 0. 0036 4 .4966 0.0171 0. 0038
4 .7543
4.L778

-0. 0023 -0. 0006
+0 005 1 4 .5L75

-0. 0034 -0. 0008
irl10 +0.02L2 +0. 0380 +0. 0085
t2/ L3 4.21L9 0.0553 0.0133

I
4.5527
4 .5492

o.0732 0.0163
1? /1L 5? 4.206s 0.0499 0. 0120 0.0697 0. 0156
t2 /rs &s

36

4.2065 0.0499 0. 0120 4 . s492 0.0697 0.0155
2/2 4.L982 0.0416 0.0100 4.5456 0.0661 0. 0148
1112L)._
3 i22

4 . L897 0. 0331 0.0080 4. 5 3s0 0. 0555 0.cL24
57

_I0
t05

o_L

_-+-1a54

--4.,-\186
4.0339
4 .0339

0.0088 0.0021 4 .5492 0 .0697 0.0156
_3_/23
6/6

0. 0000 0. 0000
-0. 029s

4.542L 0. a626
0.0983

0. 0140
-0.L227
-0.t227

4 .5778
4.5778
4.5959

0.02L9
ot / -0.0295 i 0. 0983 0.02L9
6 /22 _1 1 6--

100

r32
_ 4.3469 _.

0. I 164 0. 0260
6 /23 +0. 1903 +0.0458 4.s9s9 0. 1154 0.0260
6 /?7 4 .6032 0.l-237 0 -027 6

L2

7 /26

4. 0820
4.0667

-0.07 46 -0. 0179 4 .6032 0.L237 o.027 6

-0.0899 -0.0216 4.5886 0. 1091 0 .02/+3
4.1L28 -0.0438 -0 .0105 l--4-,:ago .

I a.sgzz
0.1091 0.0243

0.02520. 1128

I

I

4 .47 6t

7 /6 1?O

'i /20
_L]?_
100

100

I
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VERT/CAL SPAC|NGS, IIOVEMENTS, B STRA|NS
/NTERSTATE H/GHWAY /-30 EENTON, ARKANSAS
TIIRI.E LAYERED S YSTEM . TOP O F B INDEI{

11'-9,' FROM EDGE OF PAVEMENT

IY€ST S/OE OF JOlNT EAST S/D€ OF JOl

L977

-I9 78

OATE lemp
spocing m ove menl slroin spoc ing mov emen I slroin

LO /4 98 5. 5709

lo/s -f2_
80

s.6564 +0. 0085 +0. 0153 5 -29\9 +0.0699 +0-01 i4
L0/6 5 .67 3L 0.L022 0. 0183 5. 2980 o .07 20 0-o1 1R

1 0/13 8B 5. 5163 0. 0454 0. 0081 5 .2506 0.0246 0.0047
ltl 9 83 5.5562

5.5902
-0.0L47 -0.0025 5.2307 0. 004 7 0.0009

l1/10 _81_
55

+0. 1193 +0.02L4 5.3L26 0. 0866 0.0166
L2/L3 5. 7160 0. 1451 0.0260 5 .3392

5.3392
0. 1132 0.0217

12 /1lr J)
4s

5 .7239 0.1530 0 .027 5 0. 1132 0.02L7
t2/Ls
2/2

5 .72L3 0. 1504 0.0270 5 .3392 0. 1132 0.02L7
16 5 .697 6 0.L267 0.0227 5 . 3331 0.1071 0.0205

3/3 J2.
_5.1_

o6

105

81

5. 6538 0.0829 0.0149 5. 3088 0.0828 0.0158
3122__

_3 /23
6/6
b/ /

5 .57 43
5 .6236
5 .6i61

0. 1034 0.0186 I

i 5. 3149 0. 0889 0. 0170
a.a527

I

____q=_0_0lli
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THREE LAYERED SYSTEM

Horizontal Spacings, Movements and Strains
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