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SYNOPSIS

PRSI

Experimental data is presented in this report on three extensive field tesis on
conerets pavements in which defleciions and sirains were recorded for a variety of
vehicles, This dats has boeen apalyzed apd summarized into influence lines for pavement
dﬁflectien and strain, and load-deflection and load-strain relationships for single and
iandem axles. Effecis of temperature and aleb warping on these data are demonsiraied.

A rationsl theory Is presented for determining the relative effoct of vehicles on a
concrets pavement, This theory is rational In that its principle is based on energy
absorption of the pavement due to the passage of a vehicle, Influence lines for deflection
and load-deflection relations from the three testg“b;s.‘ttéa used to demonstrate the application
of the mﬁufya The theory ls substantiated by comparigon with the results of the relative
affocts of vehicles on experimental tegt rosds. A variety of applications for the theory

are domonstrated, such as in vehicle design, chasging legal axle load limits, and

predicting the effects of traffic load on a pavement,



RELATIVE EFFECTS OF COMMERCIAL VEHICLES O CONCRETE PAVEMENTS

This i a progress report on the sacond phase of a cooperative program titlod A

Siﬁdy of Dynamle Load Aspects of Truck 8Size and Welght. ™ This phase deals with ¢
data on pavemant stresses and deflections resuliing from various types of covumercial
vehicles. These data were gethered for the purpose of tmprovipg doslgn of highways
apd bridges, aa 2n englneering basls for solving load regulamry pm%l@ma, and as an
equitable basls for allocatdon of motor vehicle tox responsibility amobng highway users,
Projeet Organization

A number of the agencies ccopsrating in this program had previously conducted
individual satudies on werlous portions of the ovarall problem. This study was initiated
to o together these sarlier efforis and to expsand the work ipto 8 more comprabensive
and orgenlzed progrei.

A proliminary outiine for the entlre study including objeciives, nsed, procedure,
and work sssignments, waa prepared in Barch 1858, by the lesearch Lsboraiory
DEviglon, for rgvi@w eri comment by the Department's admim‘mraﬁoﬂ gnd the coopsrating
agenclea, The ocutline was approved by the Department in Decomber 1956, and by the
cooparating sgencies by April 1257. Heveral drafts of the ouiline were prepared, the
final approval draft being dated Dacember 1956,

In the spproved owiline, this second phese wes titled "Measurement of the Belative
Effects Caused by Different Types of Commercisl Vehicles on Pavement Suriaces. "
This progross report summarizes data from thwse field tests conducisd under this phase
of the program., I comsisis of description of the field teats, anslzsis and interpretation
of the data, preoseouniztlon of & theory of relative effect of commercial vehicles, and

epplication of this thoory. The tests, the theery, and the discuse’on praseniac here deal



with concreie pavements, This second phase of the program also includes bitwminous
pavemenis--a comparable report will be prepared, based on {isld tesis on that pavement
type, and 2 relalive effect theory presentad.

Teat Oblectives

Test 1's objective was to determine the pattern sad maguiiuvde of deflection under
day and night conditions for a variety of commercial vehicles under identical test
conditions. The Test 1 data were gathered to establish conflrmiag factual information
on vehicle-induced pavement-enargy relationships, based on pavement deflections from
a varlety of vebdeles. A basic theory for ratipg the relative effect of vehicles had
proviouwnly been developed amd reported in MSHD Research L&bomior}r Report 256,

The objectives of Test 2 were the same as for Test 1, as no night data were obtained
during Test 1 dus io incloment weather., In Test 2, both day and night data were obtained,
with a different combisation of teat vehicles,

Test 3's objectives were to obtaly duta on lemperature-siraln and single and tandem
axle load straing throvghout 8 continuous 24-hour period, and {o establish, if possible:

1. The patiorn and magnltede of loed sirains and deflecilons,

2. The straing and pavewent olevation ch&ﬁg@adm to slab werping,

3, Helatlouships between sirain and deflection.

4. A ralatlve effect theory based on paverment strain, similar to the relative effect

theory based on pavement deflection, which had been developed previcusly.



DESCRIPTION OF THE TESTS

Site plane and instrumentation for all three field tests are presented in Fig, 1.
Axle spacing and load diagrams for the test vehicles are given in Fig. 2. Photos
of all vehicles are in the Appsendix,

Field Test 1

The first tost was conducted on November 20, 1958, on 2 300-ft gecilon of the

porthbound roadway of U8 27 (Project 19-41, C1), about 8 miles north of Lensing., 'This
9-4n, weiform, 22-fl concrets pavement, buill in 1851, was canﬁtr@@ted on 2 15-in.
gramilar subbase over s subgrade of Mlami series soll (clay losm). This soil is:an
A-4 typs sceording to Hivhway Regsarch Beard clagaification,

The tssi plan cslled for load deflection iests in the afierncon, when the pavement
ia in it flattest or best-supported condition, and alao in the predawn early morning

houra, when the alab ends ave warpsd upward o that subgrade support is at 2 minimum,

This latter teet phase, however, was cancellsd becsuge of extromely heavy rains,

The firgt or aftsenoon portlon of the test involved king oscillographic recordings

of pavement edge defloction patierns vedsr slowly movieg vehicles, at thres approach

jolnt corners and al three leaving jolui coresrs (contraction jolats), asd at two mid-slab

longitudingl free edgo positons (Fig. 1). Theses tasis were run botween 2:00 and 4:00
p.m, onthe test day, The tea vebicles for which deflection patierns were recorded
included three Type 481 (leaded, balf-loaded, empty), three Typo 282 (loaded, hali-loaded,
empty), and one Type 282-2 (loadsd), one Type 281-2 (loaded), one Type 2 (loaded) m;d
8 PRASERZET CAL.

Hach vehicle made five ¢rosp-apeed tast runs in numbrical order accordiag o
assigned vokicle numbers at 3-minute Intervals, so that five runs of each would be

spaced through the entire test pericd. FEach wshicle was positior ad laterally during

X3
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its rung so that the outer edge of the outside tire of tha load axles followed an alignment
siripe 1 fi 3 in, from the pavement edge,

Before and siuring the iept period, at 30-minuie intervals, recordings were made
of air and pavemant temperatuves, and pavemsent elevation changes,

Any given concrete pavermant slab 1s in almost continuoue movement due to alr and
solar radistion femperature variations. These temperature variations cause the slab

ends to warp dowaward when the slab top surfsce ig warmer than the bottom (day), or

egward when the aurface s cooler than the bottom (night). Thus, the magnitude of
deflection of & pavement iolni corper under & g;glv%m fixed load obviously varies throughout
the day, as ﬂia@ slab ends move toward or away from thelr support, the subbase, Because
of this phemomenon and becauge it is impossible to run many dypamic pavement defleciion
teste in any short poricd, separaie tesis with a given vehicle over 2 2¢hour peried will
yvield varylsg deflection dais., Thus, deflection data have to be corrected to one time,

In this tsat pories, all datn were corrected to 2:00 p, na. , the series starting time,
uging the following gwwﬁz@dure:

The MSHD weight truck made three pro-iest runs at 2:00 p. m, ; and three post-test
rums at 4:15 p. ., Both of the thres-run series were conpleted in 8 minuies or less,

80 the change in paverment load-deflection relationship would be meghigible,

The averags deflection of the three pre~test runs was then subtracied from the
avarage for the popt-test russ, and the difference used in conmectlon with stralght-line
intorpolation to correct the daflection of all teat vehicles to the stendard 3:00 p.m,
Separaie correction factors were used for cach of the eight test polnts,

The second tost was performed Juns 20 and 21, 1987, on & 300-7. ssction of the

scathbound rosdway of US 27 - 3 78, aboul 2 miles southwest of T.ansing (Pyoject 23-17, C11:

b -




This 6oncrete pavement, built in 1952, was of g 9~in. uniform thickness, .Zémft wide,
on a 15-in. subbase over Miami series soil meeting the Highway Research Board A-4
clagsification, *

The test objective was to duplicate the Test 1 afternoon data, and also to complete
the early morning runs that rain had prevented during Test 1. ‘The sgiis and instru-
mentation are shown in Fig, 3. The afterroon and the predawn tesis were both succesaful -
the first between 1:50 and 6:00 p. m. on Juns 20 and the second between 12:40 and 4:30
a.m. oo Jums 21,

The procedures were ldentlcal with thoss of Test 1, with these minor differences:

1. The taai siie wag changed to 2 more aaﬁ&f&ctery location.

2. Each vehicls mads only three rums instead of five during each {est series,

3. Vehicio load g;ﬁ,@s wore positioned 1 7t from the pavement edge rather than
1§13 in,

4. Pavement and alr temperatures and pavemaent elevation changes were recorded
at 30-minuvie im@rmlﬁfmm 11:00 2. m. on the first test day through 11:00 2. m. of
the sscond day.

5. Fig. 2 shows variations in vehicle axle loads and spacings between the two iesats.

The MSHAD weight truck again wes used a8 a conitrol vehicle, for the same purpose
and in the same manner as in Test 1.~ All deflection datn were corrected to mid-test
times--3:18 p. m. and 2:10 2. m. for da';-y and might, respectively.
|

The third test took plﬁc@ Avgust 31 and September 1, 1867, ona 190-ft section of

a short spur of the northbound roadway of U8 27 - M 78 about 2 miles noriheast of

* In conpection with this fisld investigation, tosis were also rug on a flexdble pavement
on M 7% nopy Charlotte. Hewevaer, due to varicus trouvbles encournlared in lpstrumentation
and testing, the resulting data were consldered tco erratic and wreliable to be ircluded
in this report.
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Field Test 2 site, and instrumeniation ai joint.
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Figure 3.




Charlotte (Project 32-17, C14). This spur section had been built in 1956, but was not

=

G
yet open to traffic. The 24-ff, 9-in. uniforin pavement was consiructed cn a 12-in,

subbase, over subgrade aoll of the Conover zseries falling in the A-4 and A-§ classifi-
cations of the Highway Research Board.

The test instrumentation and procedures were congiderably different than for
efther of the first two fleld tests, since the test ohjoctives were diiferent. 'The site
and instrumentation are shown in Fig. 4.

The 100-It puvement ares under study included 50 it at elther side of a contraction
jolnt, In addition to being instrumented with deflection tramsducers, this reglon had a
number of elestrical registance type strain gages mounted on the slab and p@éitioned 80
as to determine the magnitude and distribution of slab surface siresses under dynamic
loads {Fig. 1). i -

The test procedure congistad of 8iX creep-speed rung--three by each of the two
teat‘ vehicles--every hour for a 24-hour period siarting at 1:50 p. m, on August 31,

and continwlng until 1:30 p. . on September 1. The two test vehicles were the MSHD

walpght truck with a2 single rear axle loadsd to 19.9 kips, and a Type 382 truck with s

tandem pear axle I@ded to 34, 1 kips (Fig. 2).

Dmring each set of hourly runs, oscillographic recordings were made of pavement
daflections and strains. Esch run was made with the vehicle posltioned laterally so that
the etside edge of the outaide tire of the load axle wae 1 {t from the pavement edge.
Immediately preceding each hourly test, readings were taken and recorded for

os, and the pavemeni

ihe pavement and alr tewperatures, the pavement elevation chang

purfzce werpleg atraips,
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DATA ANALYSIS

A fundamental objective of Tests 1 and 2 was to establish data on two rélationships:

1. The inflvence line for pavement deflection as an axle load approaches, passes
over, and travels away from a given point on the pavement, and

2, 'The axle load-to-pavement deflection velationship at 2 given point oa the
pavement,

While these two relatively simple relatlonships form the crux of the theory which
will be discussed later, actually applylag thess relationsbips to the problem of vehicular
effocts on pavement 18 complicated by a multiplicity of factors which may affect these
relatiomships. These factors include:

1. The location of the peint on the pavement under #onsideratiom_—wheﬁwr along
the longitudinal free edge, along the edge but adjacent to a {ransverse joini, or &t an
interior polnt on the pavement slab (only the first two of these types were conszidered in
the issis or apalyases),

4. The stiffvess of the subgrads, or more specifically the modulus of subgrade
reagtion,

3. The stiffness of the pavement glab, which is isfluenced by thickness,

4, Climatic conditions--the molsture content of the subgrade which influences the
second facior, subgrade stiffuess, and the warpleg of the slab which depends upon
tempsraturs differential throughowt the depth of the slab. Slab warping 1%111@&]@83 the
amowmt of support the alab receives from the aubgrade.

5. The magnituds of the axle lead under consideration.

These factors bave been considered in the analyais either directly by grouping the
data so that the effect of these factors is apparent, or imdirectly by comnirelling or
adjusting them so 28 to elimipate thelr effect.

.



Influence ldnes Jor Pavement Deflection (Tests land 2)

In both Field Tegis 1 and 2, test vehicles were selected to obtain maximurm distances

between the last axle and the preceding axle. This was done to igolale the pavement
deflection regulting from the last axle as much as posgible from that resulting from
the preceding axle, thus obtaining the Influence of only 2 single axle. A typleal oscillograph
irace of pavemsent deflection is shown in Flg. 5.
To dotermine the effect of the magnitwde of axle load on the lnfluence line, a wide
renge of axle leads wereo uzed on the test vohicles, Hingle axle loads varied {rom €,6
to 16,1 kips In Test 1, apnd 6.2 to 16. 4 kips in Teat 2, Tandem axle loads varied {from
8.2 10 33. 1 kips and 7.1 to 27, 8 kips for Tests 1 and ?..ires;p@ctively, Tost points were

grouped 2t the longltudinal free edge as follows: at the slab cemter, at the approach

side of 2 tramsverse joint, and at the leaving gide of a trassverse joint.

Further subdivision was made with regard fo single or tandem axle types, and

time of day, which had 2 marked influence on defleciion, and all test runs were properly
adjusted to 2 common time, However, day and night tests were separated becauge of the
great differomce between magnitudes of deflection in these two periods. The influence

of axle welght was also congidered, but it was found that for the range of loads used

on the commercial vehlcles, the mapgnitude of the axle lcad did not significantly affect

the Influence line,

In Fig. 6, the influence lipes for pavement deflection due to u slngle axle load are
glven for Test 1 at the three pavement points mentioned previcusly. It should be noted
that in Fig, §, ihe influence lpe for the approach aside of the jolni corner was naerly
identical {o that for the leaving side, and subsequently in this report, the approach and

lsaving sido test poinis are combined as .joim corper without further cosigration,




JOINT CORMER

o LOHCITUDINAL FREE EDGE

A ~JOINT CORMER

N / — JOHNT CORMER
S—F - —AN
<
L A il e LOWGITUDINAL FREE EDGE

- — JOINT CORNER

Figure 5. Typical oscillograph trace-—deflection caused by passage of two-axie truck,




f ARPROACHING LEAVING z

.68 ~

QB0

&0 -

LORGITUDIMAL FREE EBGE

.60

a8 R

LiX:0i ko

028

9EG |

1331

A0

B -

SED -

N . N 1 . ) : A . \ . \“"M ; ;

e e & W e & 4 & 7 4 & & 10 1@ & s I8
I\ AMLE PORBITION, FELT ]

[

Filgure 8, nflusnce lnes for pavemsnt defleciion:
Test 1 (day), single axle,



Fig. T gives ihe influence lines for pavement deflection for single axles at the
longitudinal free edge and at the joint cormer for Test 2 under day and night conditions.
The greater dlgtance over which an axle load affecis deflection at night {8 very apparent.
The resgon for this, Bowevar, is best dlacussed in connsction with load-deflection
relationghipa. Although day apd night influence lines differ considerably, Fig. 8 shows
that those for pavement defloction at night at two different locations are very similar,
The influence line designated "Alma™ is from data obiained in 1852 on US 27 just east
of Alma, Blchigan (8-in, pavement) and reported in 1956 in Research Report 256.

Influgpce lines for pavement deflection due to tandem axles are given for Tests 1 and 2

in Pigs. ¢ and 10, The type of pavement position--~longitudinal free edge or joint

cormar--and the concrete pavemont warping determine whether these influence lines

will bave single or double peaks. The zevro location represents the time the tandem
axle ig straddiing the pavement polnt whers deflection 18 belng measured.
Yoad-Deflection (Testy 1 and 2)

Load-doflection relationships for single and tandem sxles at longitudinal free edge
ard joint cormer pesitions are shown under day and night conditions for Tests 1 and 2

in Fig, 11. When comparing daytime deflections in Testie 1 and 2, it should be

remembersd that Test 1 was conducted in November under molst subgrade conditions
and Tast 2 in Juss wder much drier subgrade conditions --one reasct for the much
greater deflections in the first case.

Load-deflection relationships im Fig. 11 also compare the effects of single and
| tandem axle loads. As shown in Table 1, the tandem axle load aqwivél@m to an 18-kip
glagle-axle load for deflection depernds on pavement position, amount of warping (L. e.,

day or might conditions), and may be Influenced by other factors not investigated in this
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TABLE 1
TANDEM AXLE LOAD EQUIVALENT TO 18-KIP SINGLE AXLE LOAD
BASED ON PAVEMENT DEFLECTION

Tandem Axle Load Eguivalent, kips
Data Source .
Day Night
Test 1
Longitudinal ¥Free Edge 25.8 e
Joint Corner 29, 0 o e
Test 2
Longitudinal Free Edge 21.7 16,5
Joint Corner 21,0 . 17,2
Alma, 1952
Longitudinal Free Fdge — 20,5
Joint Corner = e 25.4

AVERAGE 24.4 19,9




program, such as pavement thicknees or modulus of subgrade reaction. Individusl
values for this relatonship for & single test may have very little value, but averaging
values from seversl may give ap approximaie ratio between these two axle types,
Averaging the joint corner and the longitudinal free edge positions, results in a
Lanﬁ@m axle load of 24. 4 kips during the day and 19,9 kips at night as equivalent to
an 18-kip single axle load.

in Fig. 12, day and night deflections are shown ai a cormmon scale to illustrate the

gnificance of the effect of slab warplng on pavemsnt deflsction. In general, during

the day the (oo surface is warmer then the bottom, tending to cause the slab to warp
downward, Dﬁﬁeréncag iz moisturs contemt also influence alab warping so that even
during the day the slab may not warp dowaward but instead may be less severely warped
upward or more nearly flat. During the night, the top surface is generally cooler tham
the bottom, causing the sleb to warp wpward and thus lose effective subgrade support,
egpecially &t jolnt corners.

As a result of this warping, pavemeni deflections for & given axle load bocome
much groater at night than during the day, this increase being most marked a2t the jolnt
cormar, Ae Flg., 12 shows, night deflections were approximately 18 tlmes greater at
the jolut cormer, and 5 times greater at the longliudinel free edge, than were day
deflections for a given load. Although this appears high compared to most published
data on might-to-day defloctions, the ratlos were 10.7 4o 1 and 8. 1 to 1 for the joint
corner and lomgitudinal froe edge, respsotively, for Test 3, discussed later ia this
raport.

Adgeo, % Umited test program was conducied by the Depariment in August 1954,

on 9-in. comerete pavement, which alac gave ratiog similar to these, For an air

- 10 -
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temperature vange of 46 {o 83 F from night to day, the maximum ratio of night-to-day
deflections gt the jolnt corner for a given load was 12,2 to 1. The effect of siab warping
on pavement deflactions and pavement siresses will be discussed more compleiely in
gonnaciion with Test 3, where obgervations were made appfoxima.ielsi hourly throughout
a Z24-hour period.

Use of Data

in the first two tesia, the mmrd@gﬂ vehicle patterns represenied vertical defllection
of the pavement alab, Thess defloctions will be used later in this report to develop a
theory for determining the relative effect of vehicles on & concraete pavementi. Repeated
pavemant deflection may cause a gradusd loas of subgrade support due to displacement of
subgrads material, and thua may be used as 2 meaaure for determining the gradual
deterioration of the pavemsent struciture,

Another type of pavement deterioration, which may not be caused by gradual losa
of subgrade support, but suddenly by the application of one load eéxceeding the tensile
gitrength of the concrete pavement, 1z pavement cracklpy., Cracking 1s coused by
oxces#lve tewsile siraln, Thersiore, to complete the pleture of the effect of vehicles
on concrete pavements, it is necessary to detormine not only the pavement deflections
but also the pavement atraing. Cconseguenily, an experimential study of the relationghip
between pavoment lond-deflection and lead-girain wae congidered necessary o reinforce
or to modify aay relative offect theory based on pavement defloction. For this purpose,
Teat 3 was organlzed and parformead,

This phase of ithe report presonta daia obtaiped from that test, dlscusses the
factors which affect pavement dafleciion and sirain, amd corrolates these two measures

of velidole relative effsct,

w1l -



Influence Lines for Pavement Strain and Deflection (Test 3)

Fig. 13 shows lnfluence lines for pavement straln and deflection for a gingle axle
load under day amd night conditions at the longitudinal free edge and the joint corner.
One feature which is very apparent in this comparison is the much shorter influsnce
of axle loads on strain, together with the fact that there ave both t{ension and compression
strains in the top surface of the pavemsut. It may be seen that tensile strains at the
longitudinal free edge top surface relative to the compressive giraing are larger during
the day than at night. 7This iz also true ai the joint cormer. Maxirum tensile girains
with the axls load at the jolat, exceed the compressive strains when the wheel 1g over
the straia gage 5§ fi from the jolni, both in day and night teats.

Typical magniiudes of deflection and strain are shown in Figa. 14 and 15, for the
iwo fest vehicles under day and night conditions, Deflection and strain shown for the
lopgituding] free edge represent messurements made at that precise location, However,
in the case of the joint corner, the maximum gtrains which occurred simultaneously
with 2 mayxdmum corper deflection wore at a point 5 £t aheoad of the joint,

In comparing day and night deflections undser the gingls axie loa& (Fig. 14), the
ratios are 1 to 10,7 at the joini corner and 1 to 8.1 at the longltudinal fres edge. The
ratios of day to night strains, however, sre much amaller, HNear the joint corner,
day to uight commpreasive straln ratlos sre 1 io 1.7 and tengile atrain ratics are 1 to
2.8. At the longitudinal free edge, compressive siraln mtios day to night are 1 to
1.2, Scomewhat similar relationships are shown for tandem axle loads in Fig. 15,
Deily Deflection and Strain Variations

The third test program was designed specifically to obialn more detailed infor-
mation ou the influsnce of temperature and pavoment temperature differentials on

pavement warping, lead-defleciion, and load-girsin during a 24-hour peried, From

- 12 -
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previcus testing it was realized that temperature changes from hour to hour had a
marked effect on these faciors, asnd, therefore, air temperature and pavement slab
temperature at the top and bottom of the slab were recorded approximately every
hour., In addition, vertlical movements of the pavement were algo recorded.

In Figa, 16, 17, and 18 the alr temperature and slab temperature differentials
are shown to indicste their effect on pavement warping, snd on deflsction and straln
near the corner and at the froe sdge due to a single axle load of 19.9 kips. The alr
tomporature range for the Z4-hour period was {rom 2 minimum of 64 F to a2 maxizauim

oV

of 82 F. This rather wide range inemperature regulied in 8 maximum total pavement

2

o : - f}\ﬁ t
temperature differeny bﬁatweez;%fw and bottom mﬁslab of 431F, or 3.45 B per in. with

Al

the top surface warmer than the bottom, amd %&% F or @,"8 F per in, with the bottom
mufﬁme warmey thon the top, The pavement ismperature dfferences resulied in a
total warplog movement of 0. 150 in, 2t the jolnt corner and Q. 085 in, at the lopgitudingl
fros edgs.

The referonce polnt, zere, for these warping movements was arbitrarily taken ag |
the first reading, for it wae not possible to establish any absolute rgfarenee point, BSince
the first readiags occurred at approximately 1:30 p.m., with nearly 2 maximum poseiiive
temporature differential, the pavement edges were near thelr minimum relative elevation,
"The pavement deflection at the jolnt corner (Figs. 16 and 17) ard ai the free edgs (Fig, 18),
ars also ghown for an axie load of 19.9 kipa for the 24-hour perlod. Pavement siralns
along the. longitudinal free edge at various distances {rom the transverse joint are also
given, The psak-~to-pesk sirain variations, spd the maximum compressive straing for
the varioue test {imes sre shown, the diferences beotween these being the maximyuan

tensile strains., At all pavement locations the maximum compressive sirains cccurred

with the axle over the sirain gags, while the maximwn tensile sirains geperally cccurred

- 13 -



Figure 18, Tempersiure effecis at jolat cornsr, approach aids,
on pavement warpisg, load deflection, and load strains
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for locations near the joint when the axle load was at or near that joint. The strain
gage location 5 &t {rom ths jolunt generally had the largest tensile stralns regardless
of the amount of pavoment warping durlng the 24-hour period,

Collectively, ¥Figs. 186, 17, ard 18 indicate the close cerrelation between slab
tmperature differantial, the resuliing pavement warplng, snd the increased deflections
aod st.,ngse& &1 the joint cormer or the longliudinal fres edpge due to this warping, with
resuliing poor subgrade support cemdition. The extrems ratlos of day to night load
deflection zye approzimately 1 to 10,5 at the joint cormer and 1 to 9 at the longhiudinal
froe adgs. BExiveme day to wight strain ratios at b ft from the joini arg 35 to 87 micro-
irches, peak to peak, or a vatlo of 1 to 2.5, and at the longitudina] free edgs &f mid-slab,
3§ to 70 micro-inches, or 8 ratlo of 1 1o 1.8. In the cases of both deflection and strain
the incrensad warplng mesr the jolnt resulis in larger ratios of deflection or airain betweon
day anhaight conditions, although for any location the atrain retios are much smaller
than the defleciion ratios,

Anothor method of indicating the relationships between pavement texperature
differential, worping, and the effect on load-dsflection is fodicated 1n Fig. 19, for both
the longltudinal free odge and the lolnt cormer. For pavement Warping elovation the zaro
point 12 taken as the polpt where the temperature differential between top and bottom of
tha glak 1z zero, For both pavement locations the relationship botween pavement warping
sud tommperature difforsntial appears to be Upoar, with maximum wpward warping under
the maxdmum temperature differonce where the boticm pavement surface is the warmsr.
This condition also resulls In th@ mavimuns deflecticon for both locations for the glven
lond, Af the joint @brmr, the temperature gradiont dnd the deflection relationship
appear 1o be Upoar, but for the lopgitudinel fx?@as edgs the relationship curves upgrard
in-g-sepsave-das, wilh o Wﬁ?”’““‘&"{j “ﬁ'%m,P@,w 5o .
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i

In a glmilar MSHD gtudy in August 1954, the maxivoum temperaiure differentiale
betwosn the slab top apd botiom were 28 ¥ or 3, 11 ’E‘ por in. during the day with the top

warmer than the boftow, and 17 F or 1. 89 j%‘pm* in., during the night with the bottom
warmer than the top. This resuviied in an saverage cornor slevation change of ¢, 088 in.,
comparad {o §. 150 tn. for Test 3. The maximum day to night deflection ratio 2t the
jolat corner for the 1954 test was 1 to 12. 2, This compares to 1 io 10. 7 for Test 3.

Pavament Stroanes B

\
h
T

While there may be gome error in converting biraing to stresses, deponding on
the reliability of the evtimatle for the modhilus of elasticity of the concreis, pavement
slroszes are more readily inferpreied for design purposes, and therefore this exiension
of thﬁa. data 15 made, based on an assumed modulus of elasticliy of § = 108 pei. The
maximurn losd stresses resuliing from the passage of a 19, 9-kip single axle lead are
ghowa {8 Table 2. The maximum iensile streeses of the top suriacse are gﬁ&% and 250

pal, ai b snd 6 it from the jolnt, nud the masimum compreassive siross, 267 pii at

mid-glab slopg the longlindinal free edge. The tensile stress near the joint cormer,

258 pul, is somowhet greater than predicted by the formula for proiscied cornars® which

in gensrally waods

Sa
_336P |, T o7
5% de ! Q.925 + 0‘22% /\Ej

Yor g modtulus of subgreds reaction, K = 200 psl per 1n., and » modulus of elagticlly
of coneraie of B x mﬁ psl, hothoof which eppear to be ressonable asswmnptions, the
formula glves o siress of 211 psi compered with the maximum {ensile stress of 263 pul

messured near the joint corpar.

® Tho notation used 1n this formuls s that vaually employed in pavemest deslgn, and
may o {ownd in meny réfevence sowrces, such as "Conerste Pavement Design,
Portlaw] Comont Assn,: Chicage (1981}, p. 17.

T



TABLE g@;magﬁﬁmﬁy

i MAXIMURM AND MINIMUM { LOAD STRE
'DUE_TO A 19,9-KIP SINGLE AXLE LOAD

“TModulus of Elasticily assumed 5 x 108 pai)

= eyl %’ﬁwg j@ﬁf@&“ﬂ_) M&.M :%

ShE f@w%a V@%’

k3

Tengile Btress, pai |Compressive Stress, psi

Longitudinal Free Ldge Position | Maximaum | Minimum | Maximum | Minimum

(Hight) {Day) {MNight}) (Day)
8 ft from {ransverse jolint 176 | o 168 115
G fL . 250 55 219 110
5 ft 255 55 210 125
4 £t 205 45 185 75
2 i 120 65 175 30
Midslab point 88 i5 262 145

All pavement straing measurad on fop surface,




Single-Tandeom Axle Relatiorpships

Practical limitations prevented determiination of deflaction and sirain for the 24-hour
period for more than one sipngle apd one tandern axle lead., However, it is Interesting to
observe the relationship between thege two lozds throughout the period ag shown in
Fig. 20. o tbis comparison of tandem to siogle axle loads, the ratic of effzct is noted
{or the 34, L-ldp tandem load as compared to the 19,8-kip single axle load., During the
teat poricd the effect ratios varied glightly, but for deflection the average ratic waeg
1.15 at the julnt corner and 0,93 at the longitudival free edge. The average sirain ratio
of tanders to single axie load was 0.79 at the jolni corper and 0.83 at the longitudinal
free edge. For deflection at the jolnt corner only, the effect of the tandem was groater
than the single axle load. However, a study of published experimsnizl data on the
rolationship botween the effect of Landem and single axle loads shows a variety of ratios
stween the two for both deflections and strainsg. Also laboragtory studies uwnder mors
controlled conditions may glve resulis that do not agree with feld studies. However, as
shown previcesly, since both daflection and straln are so greatly affected by pavement
warping, the slab condition at the time of the {est may have a marked efiect on the
relatiopship botwoen tandom and single axle loads for comparable deflection and sirain.
At night in the upward warpsd condition of the pavement slab, the deflection eifect of the
tandem axle lqad appears to bo generally more severs than during the day, relative {o the
glngle axlo lnad. Thig is besi ahown ia Table 1, which presents tandem axle loads
sgpivaleont in deflection to 18-kip single axle loads,
Beflestion and Strain Relstionships

Since deflaction or strain are the most loglesl bases {or evaluating the relative effect
of various vebicles, 1t ia of intorest to determine whother there is 2 definite relationship

between these two. The relatimmsblp le esinblished statistically for the longitudinal free
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odge awd the jolnt corner in ¥ig., 21. The correlation coefficient is 0.987 for the tandsm
azie and .93 for ths wingls axie load, with stendard ervors of estimate of ¥ 1.9 and
2.5 micro-inches par ln. of straln, respesciively, for the longitudinal free edge data.
For the joint cornor the eorrelstion cosfflctont is 0,92 for tandem axle losds and 0, 96

for single axle londs with sissdard errors of estimate of 8.1 and ¢ 6. 0 micro-inches

por in, of strain. The correlsilon between deiloctlon and strain in all four cases ia

statisilcally highly significaut--probability of no correlation belny less then 1 in 1060--

butl the standard errore of astimais are 2 good deal smaller for the losglindinal free edge.

The relationship betwson deflection avd giraln 18 sigrificantly diffarent for in
aingle sxles, thiz beleg most apparent at the longliuwdinal fres edge. In comparing the
Fig. 21 limes, 1t may be noled that the slopes for the regreapion linse for the lenglindins]

free odge ave significsnily flatier thea for the jolat corner; or, in other words, st the

26 inoressss legs rapldly with ircressed deflaction.

Ia eyder betlar to visueiize the effect of pavement straing due to warping and dus to
lond, the pavement sirains have been tramsformed to pevement stresses in Fig. 22 by
agswnisg the modulnz of elasticiy of the concreis to be § million psi., The polnt of
refdorence, zore airain dwe o warpleg, Is takem arbltrvarily as the strain at the tims the

- temperaiure gradient through the pavement slab ig seve. Temperature compensation
was ebialeed by straln gages on smell concrots blocks of the same thickness aa the
pavement and buried elongside the paveraent, The siralos in two srims of the elecirical

bridge thus bhad astomatic temperature compepsation apd the strains read were dus 1o

strala differences {from restraint of the pavement slab. During the day, resirained .
tomporaiuee warping covsed mesdmum tenslons at the slab botiom as shown, and during
the wignt ot the elab top. Thess siyalns are converied to strosses apd then comblned

with mazimus comprossion or tension stresses dus to the 19, 9-kip single axls load for
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TABLE 11
SUMMARY OF THE RELATIVE EFFECT RATIOS
AASHO TEST VEHICLES COMPARED TO A TYPE 2 TRUCK
{Bazed on Data {rom Test 2)

Helative Effect Ratio
) Vehicle Load
I rieck Da
Tymo and z : Might Overall
S Spacing Joint Free Joint Fres A Avg
Corner | Edge Avg Corner Edge Ve
Type 2 Tl 1.00 1.00 100 1,00 1. 00 1.00 1. 00
AASHO r..ﬁ‘ 0.02. 0,01 0,01 0,02 0, 02 0,02 0,02
) B
AASHO ,fmﬁ 0,190 0,10 0,10 0.11 0.12 0,12 0,11
" e a
AASHD tl:” f’ 0,84 0.93 0,88 107 (. 88 0.86 .92
3
_ TE
AASHO NL*»L e f 1.67 2. 11 1,58 1.82 2.49 2. 18 2,14
4 b
AASHO ?_QE}_:T 1,55 .75 1.65 1.76 1.78 1,77 1.71
5 T - '
1 | I a — ]
AABHD B e 2,88 3. %9 3.3 2.60 3,483 2.96 3. 16
8
| FE :
AASHO i b 2.58 2.78 2,68 1,94 1.98 1.96 2,32
| 7
' ETE T
AABHO  pormrbem ok 2,85 5,02 4,44 3,30 5,04 4,17 4,30
8
g :
AABHO e 4,50 4,78 4,64 3,53 4,24 3.88 4, 26
. -
T
AASHO  Prinbeoeer 5,308 T.11 €. 24 4.89 6. 67 5.64 5,94

10 e




At present, 1t would appear to be necessary to have a reascnably geod estimate of
the following traffic {nformation, to got 2 rolisbls estimate of the relatlve effecis of
traffic load on the performance of specific pavement sections;

1. Total volume of traffic.

2. Percent commmercisl traffic In the total volume,

3. Percent of each commercial vehicle typs in the {otal commercial traffle volume.

4, Parcont of losded and unloadsd commercial vehicles,

6. Aversge axle spacing for each commercial vehicle {ype.

6., Average axle loads for each commercial vehicle type; loaded and unloaded.

Limitations of Theory

It may be argued that sufficient data have not been gathered Lo indicate that the
theory presented bere 1 a valid messure of the relative effect of various vehicles on a
coaorete p&é@mmt, Howaver, if pavement deflection is a criterion for the relative effect
of veblcles, then the theory presested is logical and rational since it is based on the

pavement deflection energy resulting {rom passage of a vehicle, Further, the deflection

g gathorod {rom three different test prograras at different locations and different times
of the year, while varying widely in absolute values of pavement deflection, are in very
subgsiantiz]l sgreement in indicating the relative effocts of vehicles on pavements. Of
sourse this in iteslf 1s not & guaraniee of the value of the theory, for the theory is only of
value if it predicts reasonably well the relative effect of ropented application of known
tagt vehicles over different tsai sections which are atmstural}.y ideniical, Repsids of
only one test of this type are currently avallable for concrete pavements--the Baryland
Test Road, The thesry has been applied to the vehicles used on thet teat road and the

relationship betwoen thelr relative effect socordlag to the theory, and the known relative

w81 -



performance basad on load ropetition {or "first cracking’ and "first pumping, " are in

romarkably aie@é agreemunt. Another it of the theory may be made when the AASHO
Road Test is completad.

The theory st the present tlms is suggested as applicable ouly to cosnrate pavements,
However, tests have been conducied ib 2 similar meanner for bituminons pavemenis and
the prepent theory, or 2 comparable theory, is uader sindy a8 2 method for determining

the relative offect of whicles on bitvminous pavemaont, A report ou.thie phase of the

program can be expoacied within a year,
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COBRCLAUBIONS

From experimental observations in the three tests the following facts are apparent:

1. The influsnoe of axle load on pavement deflaction extends over a slighily
groater distancs for the longitudinal free odge than for joist corner positions.

2, The Influence of axie load on pavement deflection I8 much broader at night than
duriag the day, for the same pavement locatlons,

3. The maxmum infleence of axle load on pavement deflaction extends over a
distanse of approximately 36 £ft. The effect of the axle ig first noted when the axle
epproaches the pavement point In guestion but is ﬁéﬁ:ﬂl 18 ft away. As the axle spproaches
the influeece increazes, coming to the maximum whon the axle is on s point, and then
deeressing as the a@l@ moves away, with no agpreciable effect when the axle 1s 18 {t
OT more papt.

4. Ia compering the magnitudes of the daytime deflections, the longitudlpsl free
adge defloction is slightly greoster thep the jolnt cormer deflection, but af night the
deflection st fe joint corser iz much graaltsr,

5. Slab warpiog bas & very greal effect on the magnitude of pavement deflection for
a giver load. This effect is much more promoumnced at the jolnt coruer than the longl-
tedinal froe edgs.

8. The slngle srnd tandem azle loed equivalents for pavement deflection depend on
the poriod of day awpd the pavoment positioa wider consideration. The rasge in eguivalant
loads may vary from mearly equal values to mearly twics the load {or a tandem for equal
deflection. The caly eguitzble approach to the problem is sististical, wih all influencing
parametars such a8 pavemwnt warping recorded so that proper sampling procedurss may

be exaployed.
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7. Dayiime deflection testing (8:00 a. m. to 5:00 p. m.) of concrate pavemenis is
insufliclont, For wseful data, 24-hour deflection studles are generally required.

8, Pevoment load-sirains vary throughout the day, as do pavement load-deflections,
apd, while deflection and sirain changw together, the magniiude of the varistion is much
smaller for sirains.

9., Corrslation between pavemort load defleciion and pavement load strains &t a given
lopation 18 very good, Either ons may bo predicind from the other with gatlafactory
BOCUTScY,

In intsrpreting the data; apd usipg the theory prosenied in thls report, cerigin
concluglons are poasible on the basls of this theory:

1. It iz possible o duplicals with ressonsble accuracy the composlte load-deflection
patiers reaulting from s mulil-exle vehicle paseing over & glvon polnt gu the pavemenl on
the baols of slugle-axle Influoncs lines and losd-daflocton relatibnabips, With this
procedurs 11 is poseible to compars the affects of 81l vehkicles, providing informsation s
avallable oanly on axle loads and axle spacings.

s %’
i relative effects offwehicles, hesed on the theory, have heen

2. The 7«
commpared with experimental results from test reads with very good agreement.

3. It hes beon domonatrated that the theory bas application to optimuin spacing of

may, the arrangement

two axies for o minimws effect on the pavement., Ja & similar m:

of axle spacings and axle loads can be optimized to give a minivaum pavement effect for a
given toinl] vehicls load,

4. It has been damonstrated that the theory hae application in deterpmintng the relative

ting test road resulis,

offect for a varisty of vebicles, 2sd izt B wmay bo usad for prodie
affsots of changing legal load limits, srd in otheor probleme whore the effoct of traific loads

iz 2 comsideratiam,



5. It has been demonsgtrated that the relative effect of 2 welsicle can be predicted
by this theery, using three different and independent sources of influence-line and load-
deflection data, with results from the three tesis in very close agreement. While tims
of day, time of year, or particular reglon of a pavemeni slab extensively influence the
magoliude of pavement deflection and the resulting pavement eﬁergy values, the relative
effecte of partieular vehicles will remain substantially constant with respect to .one
appibe r,

In summary, based on a reasonable amouni of experimental data, a ratiopal theory
héﬁ been developad for predicting the relative effect of vehicles cn 2 concrete pavement,
This theory haa been substantiated by results from previous test roads 2nd may be
teated further on the basis of resulis from the AASHO Road Test. While ai preseni the
theory is suggestad only for concrete pavements, the application of the theory to bitwminous

""" pavenm@nts is now belng analyzed, and it ig expected that this theory or g similar one

based om 2n equally rational approeach, can be developed for bituminous pavements in the

noar future, Tt is expecied that a simllar report on bltuminous pavements will be available

within 2 vear.
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APPENIEX

Photogranbs of all test velicles waed for the thres fleid studles are showa In
Flgs., 30, 31, asd 32. 'These vehicles were mads avallable through the cooperation
of the Awtomobile Mowsfacturers Assoclation sad the Michigan Trucking Association,
The spacific members of these agencles who furnished vehiclog are;

Geaorge F. Alger Co.

Ford Mowr Co.

Frusbawi Traller Co.

Leomard Refloeries, Inc,

Liguld Trapsport, Imo.

N, & W. Trangport, Inc,

REQ Dvistoen, The White Motor Co.
Robinson Cartage Co.

Howard Sober, Ino,

Talford Equipment Co.
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Figure 31, Vehicles for Test 2.
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that tme of day. In combm:mg warping and load siregses, the maximum tension
siregaes ware 800 pal at the boltom pavement edge al 10 fi from the fransverse jolint,
and 378 pal at the top In the same location during the night. While the abaolute

tension stress values of 800 and 378 psi are quastionable because of the abritrary zero
giress condition assumed at the {me of zero temperature gradiont, the mayimum siress

changs of 800 + 378 = 1178 psi does ropresent the {otal ravge in stress encountered at

thig polnt duo to a combination of warping and load stresses,

- 18 -



DATA INTERPRETATION

8o far the discussion of the analysis of data has congidered only the most simple
case of the effect on pavement deflection, or strens, of a single izolated lead. However,
in many cased axle loads on commmerbial trucks are spaced cloger than 16 or 18 ft, and
therefore, ag showsn by the previous influence lines, pavement deflections or str@as_gﬂs
at ocertaln times result from the overlapping efiscis of two or even more axles, The
everlapping offects of singls axdes have already been shown in the case of tandem axles,
which bad influence lines and logd-deflection relationships different than thosse of single
axles,

Rowever, to u}aé data previously obtalmed for isolated axles and spply them to
aciual coramerclal vebicles, it is necessary to determine how these overlapping axle
lead offects can be ecowmbined. As noted previously, the lond-deflectlon relationships
&ro pot periectly Hesar, especially at larger loads, and therefore the effects of two
axles influenclag pavement deflection or strese at a glven tims cannct be added
mumerically.

Effsctive Load

To work systematicaelly with overlapping load effecis, cne may use 8 coined term

"gffoctive load” which bg definition will mean the numerical single sxle load resuliing

from ope or more load axles having the same effect on pavoment deflection or siress

&t 2 given point a8 2 single axlo load of that mageliede, Thus a 32-kip 4-ft tandem axle
load straddling a folnt is basically two single axle loads of 16 kips, ope 2 fi shead and
ops 2 it behind 2 jolni. ¥ the lead-deflection relationship were lnear, this would be
sqivalent to an effective load 2t the jolnt of

16 kips x 0.70 4 18 klps x 0,70 = 1L 2+ 11.2 = 22, 4 kdps



where 0. 70 is the influence line ordinate 2 1 abead and also 2 fi behind the joint (Fig. 7
joint corvor day influence line). Actually the load-deflection relationship is not Hnear,

butl the overlapping effects of multiple axies are treated in subﬁ@qu%@nt analyses and

i
i i ;
D co, gmn 4N VT rgnh_, [9Y S i R I

compatations as 2 single axle effective load

the pame deflection at the desired

pelnt under discunsion 28 results from the overlapping offecis of 8 combination of single
axles.
Congtruction of Vehicle-Doflection Patterns

To whow that the pavement deflection pattexw of & giver vehicle passing over a
Flven point on the bagls of single axie load data cen be duplicated with reasonable
accuracy, this theoretical deflacticn pattorn bas been compsred here with the aciual
deflection patierns for ceriain vehicles. In Fig. 23, ono of these comparisons is shown.
The sotaal pavement deflection patlora (average of 3 ruma) is glver for Vehicls 9 of

Teat 2, Typo 282»»3, pageing over Tegt Poimt 4. The theoreileal daflection patiera is

all axles ag slvgle axies, and m@ﬁ Gyl
!

[

alse shown, Talz was obislnsd by trestiay

the izfluanse lines and load-deflection relstivnshipe for pingle axles
,";i-:-?]’(,,,

effeets of thoss"axles to obtain the commg

aite doflection pattern, It should be noted thas

lections are not added algebralesilly when overlappling axls load effests ooour,

bai socording to the mavper {n which the increased effective axle load will increase the
deflection at the given test polnt,
A satispfaciory method of predicting the composite deflection pattorn of various types

of oo

merclial veblsles on the besls of slngle axle load data forma a step in the process
of datermining the relative effect of thess vehicles ¢a the pavement,
Theory of Relative BEffeot

Ons of the major chjestives of this research program s the datermination of 2

rationsl method of messwring the @ﬁ@@.& of cowmmerclsl voldeles on the s of the pavoment.
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Any theory, no matter how @. g from a theorsticsl point of view, must stand the test
of whathsr It relates veasopsbly well to provious praciical experimental test resulta,
After explaining this theory, the resulis of iz use will be compared with resulis from
tast rosd date where the relative effect of émmmm teat vehleles waz related {o pam@ggzt
performance. I must be kept 1n mind that thls theory applles only to pavement psrfor-

mongs as influenced by vehicle load affects, It doss not and canmot fske into account

weathering sud other setural cawses of pavemsent deteriorstion,

Linesr load-Deflection, In the beginning, to simplfy theoretical concepts it will

be zoswmed thet pavwment deflection 1s prosortional to effective axle load. This is not

esgontial bul makes Bhe Qﬁaly&;m slmpler to explain and understand. Later this will
o extendad io non-linear load-deflection selationships,

A single axls lead, causing 2 deflaction of the concrets pavement beneath, congHtuias
a force acilag throwgh s detapce suual to the pavement deflection, The work dons by the
axle on the swporiing medium, wewely the ciorete pavement anmd the subgrads, is egual

to the ares of 2 right trlengle with logs P and 'Y, where P eguals axlo load and ¥ equals

wder axle P (Fig. 24). For example, the positive work doms by

pavement dgaflection

the front axle load is El.YL Hepatlve work 1a done as the defisction decreases batwsen

K

Axle Londs 1 and 2, aol this zegative work 18 the ares of the trapozoid
Yy *””\'ﬂ,z -
Pﬁ,z?pi ?Ylﬁ\rl,az(psmpl,z)(“ 5 “‘) -

The positive work resulting from Axle 2 spproaching and pasalng over the pevement

jolnt is o ares of the ivapezold
Y, Y
. " - RN
sz 7 Pa 9Y2 eYi,Z B (% EDI 2 )(“’*%’mgmm>

¥
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Only the pesitive work s considered because it Ig obvlious from the diagram that it is
agual to the pegative work i the pavement daflection returns {o zero after passage of

the truck. It should be noted that this is mathematically analogous {o the work dome on

n gpring compressed in & similar manwver., This is ressonable, for ithe pavement ig con-
gldered for purposes of wathematicnl apalveis (o he an slaste besm or plate on an

slegtic foundatlon. For this almpls case, the tolal work done by the two-axled vehlels 18

4:(92 =P )Y, Y )
5 3

Sinoe deflection has besn sgsumed proportions] to load,¥ = 2P, whore "a" ig the
proportiona] constant between load and deflection, it is possible to substltuls aP for

Y a9 followa:

Y, = ab,
Y, = ab,
Yy, 0% 0P 0
Thew Eguation 5 ia:
P {aPy) (aFpeal) o)
S By R )y
(!)l‘%.ﬂ Fi, 2:\}

or

2088 (p, R, ) § (PE-RE +F)

This is the tois] work dozs on the voad by the two-axle vehicle., In genoral, the total
oty foe

work duns on & road by 2 vehicle with @ﬁ@@ exle losds P, Py, ?3, Py Pgooad @,
&m mﬁ» B @ﬁ@@@% 1%@& 0§ Plg z) Pzﬂ :_.aa F&g%v p%s 59 a0 p e inly ﬂ? ‘i‘ﬂ
aflnz 2. .2 .2 2 2 2 B

Hop-Lineayr Load Deflection. As shown in g, 24 sbwilar graphical areus are

invoived If defloction is not lnearly propordiomal to load, except that mathematical



compattation of the areas becomes more awkward, and it is very difficult to develop
an eguation mathomatically for the total work done by the vebicle,
Verification of Constructed Veblele-Doflection Paiterns

Both in Tests 1 and 2 data from certsin vohicles were available as checks on the
validi ty of developing a deflection pattarn frora the single axle load data, For example,
In Test 1 the actuzl deflocticn patiern was compared Lo the theorstical one based on
single anle load datz for Vohicle 8, a siz-axle truck. However, rather than compare
these deflection patterns visually, the relative offect on the pavoment of the actual and
thaoretioal deflociivn patiern was compuled, Thus & mathematical comparison was
nosaible,

Table 3 compares relative effocts based on the achual and thooretical deflection

patterns. ¥ should be notad that & direct comparison between the relative effects based on

4l and theorelical deflection patterms developed from single- and tandema-axle daia,
wag made for jolal cornsr data in 22 cases and for longitudinal free edge positions in 10
ceaes. For ceriain Individuel cases the differonce I8 vather large, with a masdmum
difference of 38, 2 peroent. Bui when thls comparison 18 made collectively, betwsen the

actusl aad the theorstical deflection patterns with regard to sign, ihe average error

is +3. 8 percent for the jolni cormer and +6. 5 parcent for the longitudinal froe =
correlation betwesn the relatlve efiscts based on actual and theoretical deflection patisras
ie shown in Flg. 25, for dats both from jolxd cormer positions and longltudinal free edge
poeaitioes. The corrvelatlon coefficionts and glandard errors of eptimate are 6,97 and
0.95, and £112 in. ~Ib aad +57 in, ~Ib for joint cormer and longlindinal free edge positions,
raspsctively. In each o2se a stalisiical test of the vorrelates cosificient shows that the

al pad thitoretioal deflection valuse 1a highly slgeificant--loss

correlation betweon &

than 1 chancs in 1008 «f »o correleticn,
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TABLE 3
RELATIVE PAVEMEN

Rela

hotunl
lwction |

ve Favement Cffeot in Inch~FPounds

;icall _ Percent
i Differance ; Bifference

lection |

. e [P S e ot - - S
8 535 402 =52 - 9.8
£ 206 269 +43 +19,1
8 215 203 -12 - 5.8
8 197 231 +34 417,2 |
598 383 =10 “ 26
3 DS 20é +7} v 7,8
2 ac v =1 = 5.5
o 2 28 - 3 12,1
2 19 16 ., =3 ~15,5
2 20 20 (B0 - 0.5
9 T % e, 2 R
# 55 66 +11 20,8
G 44 51 + 7 14,7
9 59 5% - 4 N
o 4D 321 159 20,4
2 239 3073 T 30,2 |
2 17 P44 +67 3T 6
2 163 174 +11 6.9 |
9 5 T4 +157 26,0
G 710 554 =158 “21,9
G 547 A9 64 “11.8
9 207 405 - 2 s0.6

!
Average Erxror +3.7 %
g 175 g +53 306
# 565 598 3% 5,7 :
2 23, 36 4 +13,8 |
2 31 a2 ] T 3.8
G 102 108 v D VR
9 o 86 - 8 - 8.4
e 130 108 o . 3,2
2 162 186 + 04 14,6
o a45% a8 =124 “E1eb
9 318 353 +d3, 13,2 |
Averege Error #t b
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Figure 25, Comparison of relative pavement effect :
based on actual and theoretical deflection patterns. )
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Verification of Thsory by Experimentz] Test Hoad Data

Yalidity of the resulis of any theory is sublect to doubt waless the results also
agres reasonably well with previous expoerimentsl dats, Usfortunately test procedures
in many previows experimental {est ronds were 5o arraegod that the relative effects of
varicus types of trucks and axle lnads on the uvseful Hfe of » given pavement section could

pot be determined, Howover, the Harylend Test Road date can be used to datevimine the

valldity of this thoory, and the AASHO Road Test when {1 is completed may aleo bs uged
in this way.

Ie the 3

ryland tests, fowr differont vehicle types ware vaed., The load axles were

pingle sxles of 18.0 and 22. 4 kips and tsndex sxles of 32, 0 and 44,8 kipa. The criteria
uend in this tent for comparing the reletive effect of the test vehicles were first crackiog
and Hret punplsg as showa in Table 4. o comparing the resulis of the apploation of ﬁmi
theory o reletive effscts of these trucks, load deflection date from sevaral Michigan feld
tosts have betn weed. The firet grow, laheled “Alms Test,” was contucted on US 27
neayr Alma, Mchigan, fu 1952, and the other tosts are those reported hera,

In comparing the relative eifect of these trucka, the joint cormer and the leagitudinal

o positions have baen trosted separately, with attention to whether the data were

from day Wﬁigﬁt daflsotions. The tims of day and the pavoment position have pome

dtuds of actual

inflvenes e the relative offect, but in almost every case while the e
daflection may be muech grester nt oeo e or 2t ous losetion than at others, the relaflve

effect 1o guile ¢ gtent., Growisg the reeulis of dats from all pravicus teats glves relatlve

affect ratios of 1. 00, L 48, 1.82, and 3. 24 for Trucks 1 through 4 while the aciuval relative

effacts datermined by avaraging the resvits from Hret pumploy and firet crasking are,

down axle losds had

respactively, 1,00, 1,48, 2,42, and 4. 14, Trucks 3 snd 4 with

apronimately 25 parcent greater aciual reletive effect than predicted by the theory,

- B4 -



TABLE

COMPARISON OF THEORET ICAL

Data Source

te Actual Relative Effect )

4

EST ROAD

: It 2
Mzrviand Test Read
Load repstitlons for first cracking 210,000 144,600
Load repetitlons for filrst pumping 126,000 85,000
Agtuel Helatlwe Effect
First cracking 1.00 1,46
First pumping 1.00 1.49
AGTUAL AVERAGE 1.00 1.48
Computed Theoretical Relative Effect
Alms Tagt
Corner = night 1.00 157
Free edge -~ night 1.00 1.56
Average 1.00 156
Test 1
Corngr - day 100 1,38
Free edge - day 1,00 Lo26
Averaas 1.00 1632
Test 2
Cornexr -~ day 1.00 .44
Froee edge ~ day 100 1048
Averace 1,00 140
Corner -~ nighti 1,00 1.36
Free edge - night 100 134
Averags 1.00 1.35
THECRETICAL AVERAGE: ALL DATA 1.00 1.42
Percent Difference Theoretical ) U -4

1 Truck 1 |

i et

[ TRUCK 9

WITH ACTUAL RELATIVE EFFECT
MARYLAND T

_Maryland Test Truck &

3 4 )
I
106,000 50,000
44,000 31,000
1.98 4,720
286 4,07
2,42 Ae 1
1.98 3.9
2,40 4,63
2,19 4,78
1.42 o S0
1,53 2,48
1.48 2.49
1.61 2. 67
1.772 3.1%
1.70 2.91
1.53 2659
1.67 2,83
1.60 2,71
1.74 3.11
-28 2




APPLICATION OF THEORY

Relative Effect of Commerclal Vehicles

The theory of relative effect of a vehicle on the pavement ia now applied to a
typical vehicle of each truck classification. This analysis will indicais how the relative
effect varies for these trucks and will show that provided influence lines and load
deflectiong data are avellable, the theory can be extendsd to any vehicle as long a8 its
load and axle apacing are known, The procedure is as followa:

Omn the basls of the influence lines and lead-daflection data, the deflection pattern is
dmvm_lfor each axle of the vehicle as 1t pasgses over s joint corner or a longltudinal free
| edge position. Next, these individusl deflection patierms for axles are integrated into a
compoaite influence line of deflection for the entire vehicle, such as the one shown in
Flg, 23. The xie;]@};g}{v@’_ef_'ffe?‘m of the vehicle s computed from the composgite influence line
in toreem of in, -ib of Energy 23 explalned provicously. The relative effect of all vehicles,
from a passenger car to the lag:ﬂgegt commercial tractor-semi-irailer and full tralley
combirations can be computed in this maneer,

In Table § the relatiomship betwesn the velaiive effect of a passenger cap and a

Type 2 truck iz shown on the basis of deflection data from Test 2. The Type 2 truck
is used here and consistently throughout this gmdy to compare the relative effect of the
many vehicles conceraed, As shown ln Table § the relative effect on the pavement of
a pasgenger ¢ar compared to a Type 2 truck varies slightly depending on pavement
location and whether based on day or nighi deflections, but is about 1/50 of that of 2
Type 2 truck,

In Table § the relative energy effected by pavement deflection resulidng {rom the

passage of each of the vehicles shown 1 tabulated for Test 2 at the averags longitudinal

free edge snd jolnt corner positions. It may b noted that the deflection-snergy effoect
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TABLE &
RELATIVE EXERGY HESULTING FROM PAVEMENT DEFLECTION
CAUSED BY VARIUUS COMMENCIAL VEHICLES - TEST 2
Fnergy
Truck Truck Axle Load Truck Day Tegts Night Tcats Ratic - Night
T d Spaci Weight, - ; - atle =S
Yo and Spacing Kips Free c Ratdo Free ¢ Hatio
b Ed OTBET.  pree pd : OrEr Rree Bdge | Free
Edge. 4y | Lt kage | Edge, |yt EIE0 RORE) P TEY Scormer
_ in. -lb Corner in. ~Ih Corner Edge
A g 5"‘
2 e e 26 4.5 2007 L 67 171 459 0. 49 5.1 22
b [ ]
. 5 G0
3 oo tap 9 Gnz 325 5,88 307 672 0. 48 ool
[
231 ?u%f 44 63,0  37.8 167 307 820 0,38 1.0 22
) » L
252 ng?_ - ?E_ 58 90.7  4T.5 1,91 484 1006 0,48 5.3 21
- I; l; EH
282 o 35"',?4? 58 861 46§ 1.85 48 919 0.51 5.4 20
boa W
2352+ g Ewo &2 1m.4 5L5 1.50 a1z 1132 0.36 5.0 22
s & 38
382 Cﬁlzfﬁ_m‘,ﬁ 66 95,1 48.1 2,00 437 1023 0,13 4.5 21
3 W™ »
352 if”ﬁ;g}_ﬁ%?’ 88 95,9 50.5 1,90 439 1019 0,43 1.6 20
& I el
agzt G, ?.,5,‘. W20 76 W6.8 52,4 1.71 537 1354 0.49 .0 22
W
2-3 ?i}wg_—??: 76 10,9 60.7 1.66 511 1283 0. 40 5.1 21
[ S N
251-2 5:§ ‘:(?E:—?i 80 10%.4 69,0 1.5% 567 1486 0,33 kW 22
[T 3758
1y 5TES (3]
251-2 rrm”'w?; ~ B0 BB.6 67.4 1. 46 507 1488 0,34 5.1 22
R S ¢
TETOD O
252-2 ?quwwr 94 1019 8T.4 1,51 579 1485 U, 39 5.7 22
FO nla ?
2373 ?_mo ?—E 102 30,9 80,4 1.63 691 1649 0. 42 5.3 23
s W o= 3
i
a51-2 FH‘M,‘HE‘? 90 119,55 73,9 1,62 B30 1069 0.38 5.3 22
S 2 A ke
a O T eI RS T o T}
3324 badepadspoaspadar 118 1442 Ad0 L2 669 1594 0,42 4.5 19
I
Ll

Long tandem
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iz legs during the day af the reveses lomgitudinal free edge g%& joint cornsr. However,

during the night the reverse 18 irve, with the energy &t the joint corner more than twice
ihat at the longliudinal free edge. The much greater effect of pavemant warplng st the
corner than ai the {vee edge accounts for this difference between night and day snergy
effects at these two locations,

The gpaclfic valuss of e‘:ﬁgﬁi}i@i@f@?g@@@?@ resulting from pasesage of theas vehicles
kave no intrinaic valus in themgelves, for as shown they vary graatly depending on period
of day, and chorge as the pavement warps due to fﬁ;ﬁemmﬁal temperaiure sffecits. Howewer,
the primary wluwe of these ensrgy relatiouships is thai they give o logical and eguldable
way of rolating the effects of the various vehicles on the: pavement structure, Even

though the magznitude of energy valves cimnge&glwﬁh tewparature, the relatlve relationship

batween vehleles romaln almost identical, ”E‘ﬁi@ ls shown in Table 7 where the relative
sifect of all vehlcles iz related to that for a Type 2 vehicle. 7The xffag.aiim effoct of these
v@hﬁd@g has boen computed from the lnad-deflection axgd influance line data from Teats 1
and 2 and the Alma Test of 1982, 'The agreempsnt botween the velative affecis of the vebicles
a8 based on throe different toats is remarkably good.
Halative Effect of Special Vehlcles

In Test 2 {wo special vebicles ware used to dotarmine if thelr unigue axle arcangements
milght have somewhat Efforent relatlve effects on the pavement than regular comrmerclsl
vehicles with similar loads, Vehlele 10 was 2 "low-boy" trailer type with a total load of
130 kips. Axie loads were growped as follows: a single steering exle loaded to 10. 8 kips,
followed by & iriple axle load of 56. 8 kipa conalstng of the tandes drive axles of the %
tractor sed a slngle drog axle under the fromt of the ivailer, all with four wheels per axle,
apd endlng with tandem sxles loaded to 62, 3 kips, each axle baving oight wheels per axle

P e



RELATIVE EFFECTS GF % JMMERCIAL VEHICLES
' Truck Weight, kips Relative Effect - Test 1 ative Effect - Test 2 Relative Effect - Alma Test
Truck Truck Axle Load Relative Eifec =
Type and Spacing Gross Empty P a{l ' ___Day i Night Overall g e yes
 Load  Corner Free Edge Avg Corm dge Avg Corner Free Edge Avg Average Corner Free kage g
2- -2 8 18 1.00 1,00 1.00  1.00 0 1 g0 1.00  1.00 1.00 1.00  1.60 1.00 1,00  1.00
3 'W3 P 40 . 15 25 1,38 1.45  1.42  1.50 4 ¢ g9 1.60 1.49 1.60 1.55  1.57 1.84 2.36  2.10
_— _
281 s 44 17 27 1.76 1.58  1.67  1.80 ° 1 g 1.80 1.59 1.54 1.57  1.69 1.68 1.65  1.66
282 P 58 23 35 2,02 2.06 2,04 2.37 2.01 2.52 2.27  2.32 2,63 3.04  2.84
282 © edws Y 0 B8 . 22 36 1.83 2,20 - 2.02 9 99 1.63- ‘2,44 2,04  2.16 2. 30 2.77  2.54
Fepeany
I )
282+ TED 62 24 38 2,10 1.52  1.81 5 96 1.73 2. 02 1.88  2.07 2.21 2.17  2.19
s d‘ B~ - \ . R
382 R .66, 33 33 2,186 1.83  2.00 '2.42 1,63 2.18 1.91  2.16 2,60 3.16  2.88
o ) |
382 T 1 B 1 33 2.16 1.86  2.01 T 2,59 1.79 2.21 2.00  2.29 2.53 3.21 - 2.87
352* e 76 35 41 2.3 2.30  2.52 2.89 2.22 2, 57 2.40  2.64 3.13 3.50  3.32
2-3 sE T D 76 29 47 2.63 2.12  2.38 ‘9. 73 1.93 2,55 2.24 2,48 2.92 3.42 3,17
s ok a .
251-2 g 80 29 - 51 3.15 2.58 2.87 3.12 2.55 2. 69 2.62 2. 87 3.08 2,91  3.00
SEm T L o 72
281-2 R 80 29 51 2.96 2.05 2,51  3.09 | 3 g5 2.87 2.7 9.43 2.35  2.61 2. 84 2.60 2.
252-2 Wmﬁ, 94 35 59 2.95 2. 20 2. 58 3.10 *‘ 5 68 289  2.61 3.21 2,91 2.90 3. 00 3.51 3. 26
252-3 RN AT 102 38 64 3.50 271 311 3.95 | 371 3.8¢ 2,96 3.63 3.30  8.57 3.46 4.36  3.91
351 -2 | 90 35 85 3.04 2.3¢ 2,69 3.35 3.14 3,25 2.93 3.08 2.56  2.90 3.74 4,00  3.87
3524 118 42 76 3.51 2.62  3.07  3.77 381 3.79  2.93 3.23 3.08  3.44 4.10 4.75  4.42
* Long tandem - ¢




TABLE T
RELATIVE EFFECTS OF VARIOUE COMMERCIAL VEHICLES

Truek weight, idps Relatve Effect - Test 1 : Relative Eifect ~ Tesi 2 Relative Effect - Alma Test
Truek | Truck Axie Losd T
Type ard Spacing = Bay Dy Dy Hight Overall
Gross Empiy ond H } T Aversge ¥
Corner EFz'ee Edge | Awg Corger {Free Bdge! Avg Corner E Frae E&gei Avg Corner iFree Edge; Avg
P2 s 2s e 26 8 18 109 1. 00 1,90 i, 08 100 1,80 1. 00 1,08 1.8 Lo 1,60 L0
PR -
S Dm,_, &0 15 %5 1.4% 1,82 1,88 158 177 .68 1. 45 .73 168 1.84 1,84 2, 10~
Hille
4 231 E,.‘g_..? 44 17 27 1.82 .72 1,77 1.83 1,83 1.83 178 173 1.75 1.80 1,88 1,86~
H R
€ 282 ?.»i g..ﬁ 58 23 35 2.32 2.53 2.42 2,590 2.83 2.48 %.18 2.72 2. 48 2.48 2,68 2.84-
P
282 Ef.qi 3;5? 58 22 38 2.7% %, 30 2.51 2.25 2.50 2.38 2.00 2.64 2.32 2.35 Z.30 2,54 Toen
e ® i
T aRz* al.i ,,,Ej 62 24 a8 2,08 1,98 2.04 2, 43 2.25 237 2.47 2.33 2.40 2,38 2.21 2,18 -
HER
58 55
o 332 ‘.W?Lmau.» 85 33 33 2,32 2. 4% 2,42 2.33 2.7% 2,58 2,22 2,47 2,35 2,48 2,60 2. 8% ;
F 1
l_:’f
352 a;wJEﬁ .jf-r &5 33 33 2,94 2.54 2,44 2.44 2.78 2.61 2,22 2,48 2,35 2.48 2,53 2,87 s 7
£ "3 =
-
" zRne A Ao 7a 35 43 2,84 2,92 2,83 3.03 3.10 3.06 2.95 3.03 £.93 3,02 3,13 3.38 *
-
F o2 AT A T 29 47 2,886 2,95 2.32 2,94 2.83 2.9 2. 80 2,88 2,84 2,89 2,52 3,17
N e =
? 2812 i_s.g._;si.,,_? &0 23 51 3.28 3.1 2,19 3,024 3,17 3.28 3,324 3.20 3.22 3,24 3.08 3.00 .
b b aw owm e
L 2B1.E arm_rf:“_:};_'wif 22 23 51 3.11 2,84 2.98 3.26 2,85 3.08 3.24 Z.88 3,08 3,08 2,84 2,72 P
£ L) L I
STEBTT D 3
282-2 [t 94 35 39 328 3.04 3,18 3.28 2.96 - 2,11 3,23 3.27 3.5 3,18 3,08 3.28
. mm -
s; 282-3 E.q_i.»J_‘.’,....‘_..}{Ji,, 162 38 64 3.54 3,47 3.50 3.88 3,78 3.84 3.80 3,98 3.75 3,79 3,46 3.91
] = L) 1 -
FEEEES
33812 pastr e 20 35 55 3.35 3.37 3.36 3.57 3.47 3.52 3.82 3.55 3.58 3.35 3,74 3.87
-
580G GO 00 00
332-4 Fafebeebrlpade 118 42 76 3.82 3.78 3.80 4,05 4,18 4,12 3.47 3.77 3.62 3,87 4,10 4.42
e = S = =
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{Figs, 2 amnd 31), Vehicle 11 was sp earth scraper with two lavge tires por axle and
gingle axle loads of 25.5 and 15. 1 kips per axle when unloaded.

It was not possible during the test program to vary the loads on these leat vebiclaes
in orvder {o develop lced-deflsction curves, bui the load-deflection points for these axle
loads are ghown in Fig. 26 for day and night tssta. Por-compaesot;-axtetopds-aee

tewts. For comparison, the regulay load-defleciion

curved ave ghown for commercisl vehicles, but for the keavier axle loads a great deal
of gxtrapolation i reguired. In general I appears that the larger Hires and only two
tires por axle of the earth seraper caused defloctions at the longltudinal free edge apnd
the jolnt cornsr which were ag largs or larger than would be expectad from single axle
loads of egual mageitude with four conventional gized comwaercial tives per axle. The
deflection veder the eight tires on the tondom axle of the low-boy trailer was of a
magnitude which might be agpected for aqesl tapdem axle loads sed four conwentional
tires per axle. However, the smallér defloction resulgdg from the triple axle, four
tires par axle, of the same vehicle i very appavent. This iriple axle load of 56. 8 kips
had deflections comparable to single axle loads of 11 kips at the j@iﬁt corner {day) and
22 kips {alght). At the longltudingl free edge ogual deflections were obtained for 15

kip~-slngle axles (day) and 18 kips (alght),

The relative effscts of these two vehicles on the pavement are shown in Table 8
in comparison with 2 Type 2 vehicle. The earth scraper had as aversge effect of
%.60 times nnd the low-boy bauler of 4, 32 tlmes the effect of the Type 2 truck., The
effect of the earth scrapsr 18 approiimately the same as the Type 362 truck (fotal
load: @6 ldpe). The low-boy trailer had a greater effect than the heaviest commercial

vehlcle, Type 382-4, with 2 total load of 118 kips.
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TADLE 8
RELATIVE EFFECTS OF SPECIAL VEHICLES
TEST 2
i
Relative Effsct
Truck Truck Axke Load{ Total =
Typa and Spacing Load, Bay Might Overall
kipa Avg
Cornar {Free Edge| Avg Corner | Froe Edge Avg
50
2 ;“’.‘é‘_‘“::" 26.0 1,69 1. 00 1.%W 1,00 L. 00 1. 04 1. 46
Vebicle 11 g 44,6 2,82 2,75 2,78 2.35 2,50 2.42 2.60
Sﬁ}l‘&@?@f‘ .mr;.!”.;!,. s v O PR . . - . .
Vehicle 10 oTBET oy Yy e 5
Low-Boy Traiter m::w:[:r wr 2:?: 129, 9 3,47 4,65 4,08 3.75 5,40 4,458 4,32




Verification by Comparing Resulis of Three Tesis

As noted previously Test 1 was conducted only during the day and the Alma Test
only at night, while "i‘eﬁt 2 was conducted during both ithe day and pight, To compare
the various values of relative effect for both day and night for these two tesis It was
therefore pecessary to determine the relationship between the relative effocis for the
two periods, This was done for the Test 2 joint corner and the-longitudinal free edge
posifions as shown in Fig., 27. Theas lines indicate a very good correlation batween
the day and night observatlons of relatdve ﬁff.ﬁﬁt, with a correlation cosfficient of 0,58
and 0. 97 and 2 standard error of estimate of +0. 14 and +0. 19 for the joint corper and
the longitudionl free edge, respectively. Im each case the relationship ig highly signi-
fleant--chance of no correlation 1s less than 1 In 1000,

Himce the correlation was so good between the relative effect values under day and
might observailons it was decided to predict the miasing observations for Test 1 and the

Alma Test where night or day chaervations were not made. This has been done in

Table 8 with the predicted values identified, On the hasis of data in Table &
pelative slfest (averaging day and night and joint corner and longitudinal free edge) for
oach of the 16 commercial vehiclos has been apalysned statistically o determine the
correlation botween the resulis of the three tests. |

The resulis of this multiple linear regfression analyais are shown in Fig. 28, where
the best fit regression plane 18 glven by the equation

XZ = 0.970X, + C).O?«*f@}(?3 - 0.040

and the standard error of estimate 1s +0. 089, The standard evror of estimate indicates
that the relative gnergy ratios for Test 2 (XZ} could be predicied from Test 1 (X,) and
the Alma Test (g} within +0. 099 of the actunl value of Test 2, approximately 68 out of

180 tmea, This rather zmaell stendard srror of estimate, in addition to a2 very goeod

sorrelation confficlent of 0,991 (where 1.0 ig perfoct correlation ard zarc i3 no

T34
togshy 7
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TABLE @
BUMMARY OF RELATIVE EFFELCT RATICE OF VARKIUS COMMERCIAL VEHICLES

Test 1 1 Test 2 : / Alms Teat
o
) . Lay Might ¥ Dmy Right Day*® Might
Truck | Truck hxle Load - Overail - Overall Overali
Type and Spacing Free Free A ree Free A Free Free
r vE c VB AvE
Corze Edge Avg |Cormer Edge Avg Corper Edge Avg  |Corner Edge Avg Corper Edge Avg | Cormer Edge Avy
e, 3O
2 'ﬁ.’?‘;_}_.,ﬁ o 1.00 .00 1.06¢ 1. 60 166G 1,00 1.80 1.80 1,60 1,00 1.8¢ .00 1,00 1.00 1. 00 1.840 1,00 190 .60 1L.00 1. 60
H-
2 ;..J:E 1,82 1.48  1.88 L76 1.50 1.83 1.64 1.58 .77 1.68 1.46 1.73  1.860 1.64 1.91 2.37 2.14 1.84 2.38 Z.10 2.12
-~ -
231 [ 1.72 1.82  L.77 1.87 .82 1.7% 1.76 1.83 1.83 1.83 1.7¢ .73 1.78 1.80 1.73 1.64 L.68 1,68 1,65 1.68 1.68
5w »
252 Flem e e p 2,33 2.32  2.42 2,41 2,30 Z2.36 2.39 2.3 2.83 2.48 .19 2.73  2.48 2. 46 2,78 3.67 2.9z 2.63 3,04 2, 84 2,88
FE
282 :ﬂ'rvi_&r 2.30 2.7z 2.51 2.20 2.70 2,45 2,48 2.25 2,50 2,38 2,00 2.64 2,32 2,35 2.41 2,80 2.60 2.30 2.77 2.3 2,57
282¢0x% ]---+-a-5b_-§ 1.98 2.08 2,04 1.91 2,98 Z.00 2.02 2,49 2.25  2.37 2,47 2.33 2.40 2.38 2.31 2,18 2.24 2.21 2,17 2,18 2,22
f s =
&
- 382 R e SO 2.47 2,32 2.40 2.36 2.3¢ 2.33 2,36 2,33 2,19 2.58 2.23 2.47 2.35 2. 48 2,73 320 298 2,80 .16 2,88 2,92
-
382 E‘"‘iir"*g 2.55 2.34  2.44 2.43 2,33 2.38 2.43 2.44 2.78  2.81 2,22 2,48 . 2.3 2. 48 2,68 3,25  2.86 2.33 3.21 2.87 2,91
3830 Fadai-o ey 2,93 2,94  2.84 2.78 2.1 2.84 2.89 3.03 3.0 3,06 2,95 3,08 2.9% 3.03 3,31 1,55 3,43 3.13 3.50.. 3.32 3,37
iR = :
2-3 Ptk 2.99 2.86 2.92 2.84 2.83 .84 2,58 2.94 2.53  2.94 2,80 2.88 2,84 2. 89 3.08 3.47 3.28 2,82 3,42 3,17 3.22
b oo 3 .
B/1-2 ;uf4+-1—u1 3.10 3,28 3,18 2.94 3.24¢  3.09 3. 14 3.34 3.17  3.26 3.24 3.20 3.22 3.24 3.25 2.94  3.10 3.08 2,91 3.00 3.04
TR
231-2 r..T.E..I.,..{ 2, 84 3,11 2,98 2. 70 3,01 2.88 2.93 3.26 2,86 3.08 3.24 2,86 3,05 3.06 2,99 2.82 2,80 2.84 2,60 2.72 2.7%
Z82-2 Euapeqsred 3.04 3.28 3.1 2.88 3.24 3.06 3. 11 3.35 Z.86 3.11 3.23 3.27  3.2% 3. 18 3.1% 3,56 3.36 3.00 3.51 3.26 3,31
i @ & aow
5 8THY 06 _ .
2323 E-v-*i"'{‘,_rh}‘"ﬂlr 3.54 3.47  3.50 3.33 3.43 3.38 3,44 3.88 3.7 3.8¢ 3.6¢ 3.80  3.75 3.79 3. 67 4.43 1.03 3,46 4,36 3.91 3.08
2 % o R
381-2 i—»-g—-—}—w--.--{ 3.35 3.37 3,38 3.19 3.31 3.2 3,30 3.57 3.47  3.52 3.62 3.55 3.58 3. 55 3.87 4.06 4,02 3.74 4.00  3.87 2.94
T e 44
TT 00 o ' a7
3824 e puna bl pudab 3.78 3.82 3.BC 3.56 3.76 3.68 3,73 4.06 4.18 4,12 3.47 3.77 3.62 3.87 4,38 4,84 4,460 4. 10 4,75 2,42 4. 51
L% §F B =

* Values shown for night relative effect ratios determined from day values and regression line relationship beiween day and night values from Test Z.
¥+ Values shown for day relative effect ratios determined from night values and regression line relatonship between day and night values from Test L.
**% Lorg tandem.
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coryelation), indicates fha:é: the resulls of the three tesis agree very clogely., The
results of the three tests have bighly significant statistical correlation, which indicaies
that ons or all three of the pets of load-deflection data could have been wsed to determine
the relative effects of the various commercial vehicles, with oply minor changes in the
resuliing relationships betwesn them.
Vahicle Dasign

Ore interesting applicrdonof this theory 18 in dotormining the optimmum axle
epacing for the loast relative effect on the pavemeant. M two axles of equal load are
congldered to vary la thelr sproing from 0 to 32 ft apart, the r@lative effect of these
axles will be as shown in Fig. 29, The dats shown were based on an axle lead ", »
egual to 10 kips, However, the geweral éha@@ of these graphs would be basically the
same for larger or smaller axle loads thas this, although the relative efiect values
mipht differ slightly. These graphs indicats that the optimum spacing for two single
axlas g 8 #t al the jolnt corner and the longitadinal free edge for day deflactions, and
8 and 10 f for the jolnt cornor and longitudingl fres edge for night deflections. This
same procedure could be applied to analysis of optimum spaciog for minimum relative
effect of three or more axles, |
Changley Load Limiis

The theory presented here may be ussd to delormine ihe relative effect on the
pavement of émgmg the lagal load lmits for commercial vehicles. 8ix typleal vehicles bave
besn selocted, 38 shown I Table 1()_i to ilustrats ﬁ;e ralative effect on pavement of
chenging the legal limits from A to B. Load Limit A is 18 kips for single axls loads, 32
kips for tapdem axle londs. However, omly ono 32-kip tanpdem axle load is povmitted per

vehicio and all other iandem axie loads are rasiricted to 26 kips. Load 1dmit B is 22,4
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TABLE 10

EFFECT OF CHANGES IN LEGAL LIMITS
ON RELATIVE EFFECT RATIOS OF SiX TYPICAL COMMERCIAL VEHICLES
{Relative Effect Ratioa based on Type 2 truck ag L. 0 - Data from ‘Tesat 2)

“

Relative Effect Ratio

Percent increase

Trueck Truck Axle Load
Type and Spacing Load Limit A Logd Limit B Relative Effect Ratie | Total Vehicle
From Change of A to B Loag
Day ] nghll Avg Day LN),ghlI AvE ¥e
=
281 Feer ot At L83 L6 L8R 2,74 2,43 2.58 43 20
R oEL Ean
[ S
282~ [ S S 2.46 2,48 2.46  3.64 3,28  3.48 41 z1
HAE W i
262 o a 2,37 2,40 2.38 3,51  3.38  3.44 45 21
S
(33 3
KEH [ L B 2.56  2.35  2.46 4,33 3,80  4.08 86 33
o om
. S SE s S : R
231-2 Poasfoefedo 4 3008 805 306 4.58 433 446 46 22
+ » +
W e Bk
M s X R Y M Y]
324 e wdepascboucer 4,120 3,82 487 8,12 6,82 7,47 9a 42

=i n n
o anoom

* Long tandem



kips for single axle leads and 40 kips for tandem axle loads. Long tandemsg with 9 ft
between axles are congidered in either case 28 two single axle loads with regard to
legal limit reguirements. Considering thai the vehicles are loaded to the legal limits,
the change in requirerenis from Limits A o B increases the relaiive effect of the
vehicles on the pavement from 41 to 93 percent with an average change of 56 perceat.
In comparing the increagsed relative effect with the percent increasge in total vehicle
load, it is notsd that the relative effect on the pavement Increases approximately twice
28 fast as the increase in total load. The average increase In total load was 26 percent.
Praedicting Test Road Performance

Awnother application of the theory which may be made i in indicating the relative
effecis thal test vehicles will have on the durability of experimental roads such as the
AASHO Road Test now under active study, The theory's only requirements are that
vehicle axle loads and spacings be knowo. In Table 11 the relative effect ratios are
shown for the AASHO test vehicles in comparison with a legally loaded Type 2 truck.
The variation in relative effact ratios is from 0.02 for Vehicle 1 (a passenger car),
to 5.94 for the heaviest truck, AASHO Vehicle 10, with a total load of 108 kips.

Interpretation of the performance of ceriiin experimental test road sections with

known loading may 8lso be extended to normal constructed pavemenis of similar

"performance characteristics, when loadometsr surveys give an indication of the guantity

and the load characteristies of the vehicles normally using the pavement, 'Thus, prediction
of the life of 2 new or oxisting pavement is feasible if reasonable estimsaies of the past,
present, and future traffic loadings can be mades.

The theory may also have application in evaluating performance of normally con-
structod pavemnents throughout 2 gtate, by copsidering the performance of these pavemenis

in the lght of the variations in iruck and passesger vilumes and the character of loadings,

- 30 -



TABLE 8
SUMMARY OF RELATIVE EFFECT RATIOS OF VARIOUS COMMERCIAL VEHICLES

Test 1 ) Test 2 Alma Test
Da Night* e, 1 Night Day** Night )
Truck |Truck axie Lead = Y e cerall J L gverall Fy g Overalt
Type and Spacing ree Free AV Free Free A ree Free A
Corner| pg., | Avg [Corner Edge | A% € |cCorner Edge | AvE [Comer] po.. | Ave Vg |Cormer Edge | 478 |Comer| poro | Ave VE
2 8% e 100 100 100 100 1.0 1.00 1.00 1.06 1.00 .00 1,00 .00 1.06 100 100 100 1.00 109 1.00 1.00 1.00
'] |°—IIH. . . . N
3 .33 1.38 145 142 1.23 1.42 1.33 1.37 1.50 1.65 1.60 1.49 1.60 1,55 1.57 2,35 2.50 2,43 1.8¢ 236 2.1p  2.27T
L3 3z i :
281 Tt 176 1.88 167 1.47 1,53 1.50 1.5% 1,80 1.81 1,80 1.5 1.5¢ 1,57 1.69 2,10 171 1,91 L1.68 - 1.65 1.66 1.79
N a i 1s B
282 %398 202 2.06 2,04 163 1.96 180 1.2 221 2.52 2,37 2.0 2.52 2.27 2.32 3.60 3.26 5.43 2.65 3.04 2.3 3.4
[ ) a2 -
282 T3S%  Lss 220 2oz L5L 2,09 180 191 2,24 2.34 220 1.63 2.4 2,06 216 3.08 2.86 3.0 2.30 271 2.58 2.78
& 18 32 N
25ze%* ?—u-i-a|:$_o__? 2.1¢ 1.52 1.81 1.68 1.48 1.58 170 2,38 2.14 2,26 1.73 2.02 1.85 2,07 2.84 2.28 2.62 2.21 2,17 2.19 2.4l
s s 38
3s2 T30ate 216 1.83 2.00 172 1.76 1.74 1.7 2.22  2.62 2.42 1.6 218 1.91 216 3.56 3.39 3.48 2.60 3.16 2.88  3.18
3 28 az -
L3 30'_60 ) N
352 Pl 2006 186 2ol L2 178 175 188 2.59 2.58 259 L7 2.21 2.00 2.20 3.44 3.44 3.4 2,83 3.21 287  3.16
T 00 00
asgwss  pelfedd 2,73 230 2052 2,08 2,18 2,13 2,33 2,87  2.81 2.89 222 2.57 2.40 2.64 440 3.77 4.09 313 3.50 3.32  3.70
a2 az .
350 60 ‘
2-3 Plefelsr 263 2.1z 238 2. 2.2 2.2 2,20 279 2.66 2.73 158 255 2.24  2.48  4.05 3.68 3.87 2.92 342 3.7  3.52
) C
251-2 };Hj;ﬂtt:njﬂ 3.15 2.58 2.87 2.34 2,43 2.33 2,63 3,19 3.04 3.I2 2.55 2.69 2,62 2,87 4.32 3.1t B5.72 3.08 2.9 3.00 3.36
281-2 Cebiloes,  2.96  2.05 2.51 2.23 1.6 2.10 2.31 3.09 2.65 2.87 2.37  2.43 2.35 2.67 3.4 277 3.36 2.8 ' 2.60 2.72  8.04
B o omis :
T 500D : '
252-2 Podlgeed  2.95 2,20 2.58 2.22 2,09 2.16 2.37 3.10 2.6 2.8 2.61 3,21 2.81 290 419 3.78 3.98 3.00 3.51 3.26 3.62 .
& & 3 oa .
5 ,
252-3 1.-«=+o41i-; 35 as0 zmosu 2.57 2.55 2.56 2.84 3.96 3.71 3,84 2.9 3.6 3.30 $.57 4.92 472 4.82 346 4.36 3.91  4.37
B R e 32 : —
>0 . . ’
38512 l;“*;_zl-'?"ﬁ“ 3.04 2.34 2.6 2.28 2,22 2.25 2,47 3.35 3.14 8,25 2,03 8.08 2.56 2,90 536 4.32 4.8 3.74 4.00 3.87  4.36
555 55T5 05 g ' ,
3824 feldelislsbels 3.51 2,62 3,07 2.57 247 252 2.80 3,97 3.81 3.79 2.3 3.23 3.08 344 5.8 516 555 410 475 442 4.9

iz 2 |

* Valués shown for night relative effect ratios determined from day values and regression line relationship between day and night values from Test 2.
** Values shown for day relative effect ratios determined from night values and regression line relationship between day and night values from Test 2.

2% Jong tandem.




TABLE 6
RELATIVE ENERGY RESULTING FROM PAVEMENT DEFLECTION
CAUSED BY VARIOUS COMMERCIAL VEHICLES - TEST 2

Energy
Truck | Truck Axie Load “"fefl‘;‘; Day Teats Night Tests Ratio = N];ght
Type and Spacing klpa' Free | Ratio Free | o oo Ratio o
arner, ’
Edge, in. -lb :M Edge- in, -lo :M Free Corner
in, -ib Corner | in, ~lb Corner | Edge
2 a-}}f;fn._?u‘? - 36 92.8 184 1.78 i26.2 180.3 0.70 3.9 0.8
s a—wm"
3 :‘-I:uz‘}: 40 55.4 29.56 2.01 201.8B 268.9 0.795 3.6 8.7
A az
251 ?”2.?"5_1: 44 56.2 33.1 1.79 194.6 286.6 0. 688 3.3 8,7
L] 1.1 a
282 ?420 ® 646 58 82:-5 40.7 2.03 317,8 362.6 G.88 3.9 8.9
a8 s az
282 5}_,20,;{’:,_ 58 76,8 4L.2 1.86 308,2 204.2 1.05 40 71
- 8 18 32
252+ LoGads] 62 702z 437 1.61 266.0 311.1 0. 82 3.6 7.1
B 8 13
Qo O [¢] N
. 352 Pi2Jafesial 66 855 40.9 210 2953 283.4  0.94 3.2 1.3
L} 26 32
382 T.,ZS’.,?_.Z%? . 66 847  47.6 1.78 279.8  323.4 0. 86 15 6.8
& 32 3
; )
' [+] G0
; g2+ Fiaa o305 16 95,4 B2.8 i.81 3246  399.3 0.81 a4+ 7.6
i s 22 L
2-3 ?sgo?,m%? 7% 87.2  51.3 1.70 821.9 347.8 0.93 3.1 6.8
B I35 18 az
S
: 281-2 ?,,z_i_,ﬁ _‘?,ﬁ’_m_.,_? 80 99.6  68.7 1,70 339.2 469.4 0.74 .4 T8
H 8 I8, B 18 (e -
Dooamz JesfusTedust- 80 86,8 668 1,58  307.1 400.0 0.5 3.5 T2
' a 8 1815 I8
' T 0o0¢0 0 ’
i 252-2 3-ia4fades 94 g1, 67.1 1,54 405.0  470.5 0.86 4.6 8.2
} a8 M 37 I8 Is
; § 00060 Ob
282-3 Pradofabedu{af- 102 121.7 72.8 1.67 468.9 534.0 0. 86 3.8 7.3
- 6 I8 32 3 32
5 00 T 00
I gsl-2 FeeJafidite] 80  102.8  GLT 1.67 38,2 365.3 1.06 3.8 8.9
L] az m Is8 -
EO 50
382-4 mv‘ ps
pruberribes a1 1249 602 1.81 408,2 527.5 0.77 3.8 1.8
* Long Tandem




; . TABLE T
i RELATIVE EFFECTS OF VARIOUS COMMERCIAL VEHICLES

3
Truck | Truck Axle Load Truck Weight, kips Relative Effect - Test 1 Relative Effect - Test 2 Relative Effect ~ Alma Test :
‘ Type aod Spacing ) } i
i Gross | Empty 5;,‘; Day Day Night Overall Night ;
: . A i
Corner 1Free Edge | AV Corner |Free Edge l Avg Corner !Free Edge| Avg versge Correr lfree Edge{ Avg
s . ;
2 ’:3"'—1; { & 26 8 8. 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 | 1.00 1.00 1.00 1.00
3 ?:ﬁ, 40 15 25, 1.38 1.45 1.42 150 .69 1.60 1.49 i.60 1.55 1.57 184 2,36  2.10
£ 9
281 ?“g__? 44 17 27 1.76 1.58 1.67 1.80 1.81 1.80 1.59 1.54 1.87 1.69 1.68 1.65 1.66
. . = -
282 ?.,,_1_3 ..Bd_“ - 58 23 35 3.02 2.06 2.4 2.21 2.52 2.37 2,01 2,52 2.27 2.32 2.63 3.04 2.84
il S
252 }_,,°,°, 58 22 36 1.83 2.20 2.02 2.24 2,38 2.29 1.63 2.44 2,04 2.16 2.30 2,77 2.54
‘8w :
252 5,,5;2__:? 62 24 38 2.10 1.52 1.8 z.38 2.14 2,26 1.73 2.02 1.88 2.07 2,21 2.17 2.19
s .
382 A 66 33 33 2.16 1.83 2.00 2.22 2.62 2.42 1.63° 2.18 1.91 2,16 2.60 3.1 2.88
TR R
382 5,_..3:?“%?. 66 33 33 2.16 1.86 2,01 2.59 2.58 2.59 1.79 2.21 2.00 2,29 2.53 3.21 2.87
SR W .
as2* ?...59., A k(] 35. 41 2.72 2,30 2.52 2.87 - 2,91 2.89 2,22 2.57 ", 2.40 2.64 3.13 3.50 3.32
’ P - )
; 2-3 KRS 78 29 47 2.63 2.12 2.38 2.79 2.66 - 2.73 1.93 2.55 2.24 2.48 2.92 3.42 3.17
: P
251-2 o 80 29 51 3.15 2.58 2.87 3.19 3.04 3.12 2.55 2.69 2.62 2.87 3.08 2,91 3.00 |
; | wra!
! 281~2 g oog o 80 29 51 2.96 2,05 2.51 3.09 2.65 2.87 2.27 2.43 2,35 2.61 2.84 2.60 2,72
. s .
2822 r.ga-?-?-i’u?- C s 3 59 2.85  2.20  2.58 510 2.68 2.8  2.61 3.2 281 2,80  B5.00 351 3.26
£rdat
- .
i 282-3 @,Lakj.?_ 102 38 64 3.50 2.71 31 3.96 3.71 - 3.84 2.98 3.63 3.30 3.87 3.46 4.36 3.91 -
: L h s B -
i
381-2 fon 9t 35 55 3.04 2,34 2.89 3.35 3.14 3.25 2.03 3.08 2.56 2.90 3.74 4.00 3.87
; de]
! s . : .
i S . . )
1 3824 el P Lald 118 42 76 3.51 2,62 3.07 3.77 3.81 3.79 2.93 3.23 3.08 3.44 4.10 4.7% 4.42
B = = = 'i‘

* Long tandem




i TABLE 8
RELATIVE EFFECTS OF SPECIAL VEHICLES - TEST 2

Relative Effect
Truck Truck Axle Load ;‘;‘:t‘;‘ Day Night
Type and Spacing kias, Overall
v Corner g;:_z Avg Corner ;;:; Avg Avg
2 130~ ranr 28.0 1.60 1.00 1,00 1.00 1.600 1,00 1. 00
LU T
Vehicle 11
o ? 44,6 3.66 2,50 3. 02 2.89 2,66 2.77 2.90
Seraper ,j;"’ s -
* Vehicle 10 m
- 128.9 3.09 5.06 4.08 1.31 3,32 2,32 3.20
Low-Boy Trailer ., G ™ 0

i




: TABLE 2 < ' i
‘ MAXIMUM AND MINIMUM EQUIVALENT LOAD STRESSES : TABLE 3 ;
DUE TO A 19,9-KIP SINGLE AXLE LOAD - TEST NO. 3 : : : LATIVE PAVEMENT EFFECT ;
Modulus of Elasticity sssumed 5 x 106 pef) . ] BASED ON ACTUAL AND THEORETICAL DEFLECTION PATTERNS i
. |
) Tensile Stress, psl |Compressive Stress, péi 'I' Relative Pavement Effect in Inch-Pounds
t
Longitudinal Free Edge Position | Maximum | Minimum | Maximum | Minimum : Test | Time Po:ifion Vehicle Actual | Theoretical | pipe oo | Poxcent
(might) (Day) {Night) (Day) Deflection | Deflection Difference
—
; -
‘ . % i 1 Day 1 8 535 483 - 52 -9.8
8 ft from trangverse joint 175 & 168 115 | ' : 1 Day 2 8 226 269 + 43 +19.1
1 Day 4 8 215 203 -12 -5.8
.33 250 55 210 110
i : 1 Day 5 8 197 231 + 34 +17.2
1 Day T 8 393 383 - 10 - 2.6
. 5
_ o 258 5 210 125 E 1 Day 8 8 265 286 +21 +7.8
¢ . 2 Day 1 2 23 22 | - 5.5
4fF 205 45 185 75 ; E 2 Day 3 2 53 20 - 3 121 ;
- . 2 Pay 4 2 19 16 - 3 -15.5
2ft . :
,j 120 & 115 90 lg 2  Day 6 2 20 20 0 -0.5
z 2 Da; 1 9 16 54 - 22 -29.2
' . | Y
: Midslab point 88 15 262 145 i 8 2 Day 3 s 55 iy + 11 +50.8
! 1 2 Day 4 9 44 51 + 7 +14,7
i All pavement s.trains meagured on top surface, | E 3 Day G 9 59 55 -4 - 6.4
; : 2 2 Night 1 2 262 321 + 59 +22. 4
i - - 2 Night 3 2 232 302 + 70 +30.2 j
i ! 2 Night 4 2 177 244 + BT +37.6 i
t 2 Night 6 2 163 174 +11 + 6.9
t 2 Night 1 9 597 754 +157 +26.2
! 1 3 Night 3 9 710 554 ~156 -21.9
; E 2 Night 4 9 543 479 - 64 -11.8
/ 2 Night 8 9 407 405 -2 - 0.6
i
l\ Average Error + 3.7
, .
!
Voo 1 Day 3 8 175 228 + 53 +30. 6
: 2 1 Day 8 8 566 598 + 32 + 5.9
- e 2 Day 2 2 32 36 + 4 +13.8
] 2 Day 5 2 31 32 + 1 + 3.8
’ - 1€ 2 Day 2 9 102 104 + 2 + L9
14 2 Day 5 -9 94 8 - 8 - 8.4
1 3 2 Night 2 2 130 128 - 2 -12
i5 2 Night 5 2 162 186 + 24 4.6
- 1 g 2 Night 2 9 450 326 -124 -27.6 :
: g 2 Night 5 9 311 352 + 41 +13.2 :
i o I
; ! - Average Error + 4,8 !




TABLE 4 ' . TABLE 5
COMPARISON OF THEQORETICAL WITH ACTUAL RELATIVE EFFECT ’ COMPARISON OF RELATIVE EFFECTS
MARYLAND TEST ROAD i OF A PASSENGER CAR AND A TYPE 2 TRUCK
. Data Source Maryland Test Truck [ PasSENcER car | [ 7vee 2 TRuck |
]z | s | s
Maryland Teat Road ) H -
Load repetitions for first cracking 210,000 144,000 106,000 50,000 Pﬂ-VemE_nt Positinq
Lozd repetitions for first pumping 126,000 85,000 44,000 31,000
Actual Relalive Effect - s 173 K. L97 K. 8.00 &. 18.00 K.
First cracking 1.00 1.46 1,88 . 4,20
i 1,00 49 . 4,
First pumping L 2.86 o7 Energy, Relative Enpergy, Relative
ACTUAL AVERAGE 1,00 1.48 2,42, 4.14 in. ~lb Effect in. -1b Effect
Comgputed Theoretical Eelaﬁve Effect ~ . Longitudinal Free Edge
Alma Test Day 0,5 0.015 . 33 1,00
Corser - night S L00  LS5T 1.98 3,92 . Night 3.5 0.028 126 1,90
Free edge - night 1.00 1.56 2,40 4,63 Average —-— 0.022 - L00
Average 100 L56 2,19 4,28 ;
T . Joiat Corper
Test 1 : b Day 0.4 0.022 8. | -Loo
Corner - day 1.00 1.38 1.42 2.50 : Night 1.7 0.065 80 100
Free Edge - day 1,00 1.28 1,53 2.48 ; Average -— 0.043 - 1.00
Average .69 1.32 1.48 2.49 B
Overall Average -— 0.033 - 100
Test 2
Corner - day 1.09 1,44 1.61 2.67
Free edge - day 1.00 1.48 1.79 3.15
Average 1.00 1.48 1.70 2.91
Corper - night 1,40 1.38 1.53 2.59
Free edge - night . 1,00 1.34 1,67 2.83 .
Average - 1.00 1.35 1.60 2.171 )
THEORETICAL AVERAGE: ALL DATA 1.00 1.42 1.74 3.1 .
Percent Difference Theoretical . :
to Actua] Relative Effeet o - -28 ~23 j
N KRN

LX-3 .9 8.0 K. g6 K. 224 K,

9.2 K. 448



