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A _STUDY OF SLAB ACTION IK COWUCRETE PAVEMENTS

Farly in 1944 an investigation was begun to determine the desiructive
effect of axie loadings upon concrete glabs. The Departmentrof Fnginesring
Regearch of the University of Michigan and the iichlgan State Highway
Department were the participants in thie project. Preliminary tests were
made upon a small model and these results have heen published.(l)

Briefly, these results indicated that under static conditions the
addition of wheels to sn axle 1s not au expedient method of increasing the
iloading capacitys; that two axles in tandem arrangsuwent could carry a
standing load more than twice that of & single axle if a proper axle
gpacing were usad; and, that a three axle system could be spaced so as to
support static loads three times the single axle values.

Although the model served very well fto indicate the relative effects
of wvarious loading arrvangements and locationa upon the slab, it was neces-
sery to repeat certain experiments upon o full scale slab in order to deter-
mine absolute values which could be used in slab and vehicls desgign. With
this purpose in mind & 9 inch uniform slab 11 foet wide by 28 feet long was
cast and tested in the Highway Research Laboratory at East Lansing.

Loads corresponding to full higheuy loads were applied through actual
trailer axles with dual 10.00-20 tires at 70 p.s.i. air pressure. The
loading positione were midway belwsen the ends of the longltudinal free edge
and also at thé corner of the slab., 8Single axles, two axles spaced from
8-1/2 to 9 feet, and three axles spacod from 4 to 7 feot were loaded and the

glab strains and deflections mensured.

Note: Numbers in parentheses refer to bibliography.



Results of the tests on the full-size slab correlated quite well with

those of the model. At o full 18,000 pound load per axle, greater stresses
were prgduced“in tha slab by a single axle than by twe or three axle combi-
nations with four foot to eight foot axle spacinge. At the usuzl four foot
gpacing bobtween axles the three axiec combination caused considorably less
strecs than elther o tuwo axis system or a single oxle when the loads were
applied at the corner of the slub. |

Thie report includes a depeription of the materials and equipment
used for this gtudy, » discussion »f the metihod of application of the loads
and & graphical pregentation of selecbed data. A comparison ls made beilween
the model gtudy and the full seale invesbtigation. The results of other

investigations and theorebical computations ars ghown to corroborate certaln

data, and o bibliography of thege sources is included.

DESCRIPTION OF WUITMENT AND TEOST PROCEDURE

Moterials and Bqguipment

The laboratory alt Zast Lansing wis chosen for the site of the test
slab because there waeg sufficlent space for the congtruction of a large
glab and facilities for applying the loads. Obher investigators had per-
formed tests upon slabe cast out of doors, bul the resulis were aftfected by
worping due te changes in temperature and molsture. It was hoped that
laboratory control would minimlse this wnfavorable conditlon.

A woodan form 15 feet by 32 feet by 2 feed was bullt upon the concrete

floor of the iaboratory. Tie bars were placed at the corpers and at inner

peints to prevent spreading when the form wag filled with subgrade material,



A system of perforated plpes was laild upon bhe floor and coenected to the
water supply Tor the purpose of controlling subgrade molature, thereby
giving some control over subgrade modulus. This stoge of construction is
shown in Figure L.

ix inches of gravel were then placed in the bottom of the form and
the remainder filled to within two inches of the top with a selacted bank
o sand. This sgand was chogen hecaunse of its sinilarity to that used asg
o cushion wnder highumy elobe and beeouse of 1ts bearing capacity. Table T

is & swmary of the propertizs of the sand.

TABLE I. CHARACTERISTICS OF SUBGRADE SAND
Sleve Anaslysis

Sieve No. 0 20 40 60 100 200
Percent Pogging 99.43  9Y.57 85.320 43,15 7.80 1.58

Dengliy Values

Percent Moisturs L & ) 7 9 11 15
Density (p.c.f.) 98 104 107 104 107 101 9

In order to maintaln a minimun temperoture gradient in the slab some
mathod of control had to be devigsed. Preliminary investigotion showed that
the difference in temperature between the top and bottom of the slab would
be small, but that the lower eurface of the sish would likely be cooler than
the top. OFf the various métho&s nroposed for heating this lower surface,
the one which appeared to affect bthe subgrade bearing capaclity the least was
an electrically heated wire grid. Thiz wis installed as shown in Figure 2
and 1t wes covered with a twe Inceh thicknese of subgrade sund,

A wooden form 11 feet by 28 feet by 9 inches wig bullt upon the pre-
pared subgroade. It woe curefully leveled and gecurely fixed. The subgrade

wag planed and suriliory equipment. incidental to the tests wag installed.
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For the purpoge of measuring strains on the bottom of the sleb, SR-4
geges were attached to mortar blocks and those blocks were placed on the
subgrade in such a way that the gages would be in the plane of %the lower
surface of the slab. Unfortunately these gages were not sufficiently
insulated to give relisble results afier a few weelks itime.

For & separate study, incidental to the loading invesilgation, dowel
bars of various slzes and lengths were lngtalled at one foot intervels on

1

all edges of the slab. These bors and the morter blocks are seen in Figure
3.

The test slab wos cast using a carefully designed transit mized air
entrained concrete. Table IL gives the mix and strength data. At this time
five installations of thermocouples and Bouyoucos molsture celis(z}were made
for the purpose of keeping accurate record of temperature and moigture dif-
ferential throughout the slab and to-aid in their contreol. A disgram of ithe
slab and the location of meacuring equipment is given in TFigure 4.

Curing was accomplished by applying & membrane curing compound to the
glab four houwrs after pouring. The relstive humidity of the room was main-
tained at sbout 70 percent and the tewpersture held at 78° for twenty-eight
days. During this pericd molebure and temperature measuremente were made
and comparator readings were btaken for length change snd warping. Flat sur-
faces were ground on the slab surface according to the plen of Figure 4 and
1/2 ineh by 1/16 circular brass disce were cemented to the slab for eleva-
tion and deflection meagurements. SR-4 strain gages were applied and wired
to junction bowes for fucility In reading. The method of grinding smooth

gurfaces for thege installations ig ghown in Figure 5.
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TABLE IT

MIX AWD TRST DATA FOR CONCRETY SLAB

weights per
laterial Type cu. yd, concrete

Cement Peninsular V.R. {Raw) 517  1bs.
Fine Aggregate Boichot 28 - 1182.5
Coarse Aggregate American Aggregate CGreen Oak-10A 1892.0
Water 711.8

Fine Aggregate Gradation:

Sieve Size Ho. 4 3 16 Z0 50 100 200

Percent Passing 100 24 75 BL 17 1 0
Coarse Aggregate:

Sieve Jize, inches i %4 1,2 5 No. 4
Percent Pasging 100 23 5% 34 1

Average slump = 7-1/8 inches

Average air content = 7.5 percent

Average 28 day compressive gtrength 9-8"xi2" test cylinders = 3860 p.s.i.
Average 28 day modulus of rupﬁuye 6~6”x8“x56" heams = 535 p.s.1,

Average 28 day modulug of elasticity of 6 cylinders
at 400 p.s.i. = 5.25x108 p.e.i,
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Measuring Devices

The apparatug necessary for the measurement of molgture in the sub-
grade and concrete ilg thoroughly described in the tecklnical bulletid %o
which reference was made. Temperatures were found by reading on & gtandard
potenticmeter the small e.m.f. geunerated hy iron-constanian thermocouples.
Stréins were measured by reslstance changes in bonded wire SH~4 type A-Ll and
AR-1 strain gages. '[hese registance changes were read directiy ag unit
strain by a Baldwin Southuworic SR-4 strain indicator. Federal one-thousandth
dlals st the slab edges and corners indicated deflections, while one-ten

thousandth dials were used in calibrated rings Lo delermine the load inten-

gity. A gpecial comparztor was constructed to measure lenglh change and
warping. Thig is illustrabed in Figure 8.

Atpplication of Loadg

A1L loade were applied Ly means ol nydraulic jacks rewcting against an
WM beam on the laboratory ceiling, Calibgat@d dynamometer rings served to
indicate the load intensity. Although loads of any value up to 20,000
pounds could be spplied, most of the tosts were made at 10,000, 13,000,

16,000, and 18,000 pound axle loads.

MEASURFMENT OF DESTROCTIVE EFFECT

Subgrads Modulus

In order to make o comparison of tegt results with theoretical values,
it was neceggary to determine the modulus of subgrade stiffness. This was

done by two methods. Tirst, belors the niab war poured a number of loading
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teste were made using & 50 inch plate. Figure ¥ exhilbite the apparatuz, and
data for twoe locations are shown in Graph 1, It ig apparent that the
modulus, k, is about 110 p.c.i. under the existing conditvions.

At the end of a 28 day curing poriod Turther tepts were made by
loading thé glad in four dlocations. Having Tound the modulug of elasticity
of the concrete, the subgrads medulus was cowputed from both load-deflection
data and load-stress duta by formulas developed by Wesﬁergaard(g)and by the
modified equationﬁ from the Arlingbon i es,u(4) igure 8 g an illustration
of the apparatug used for these tegte. The date are compiled and presented
in Graph 2, and ithe accompsnying toble, There appears to be good correla-
tion betwsen these two methods of testing since the value 110 which wag
obtained by the bearing plate method also appears several times in the table.

From these tests the cubgrade modulus values for the ftwo soil conditions
which prevailed were chogen. For the first condition the volue k=110 p.eo.i.
wag used, and for the saturated condition k=60 p.c.l. seemed to be a falr
vaiue .

In spite of rigid control of temperuture and humidity there was some
upward warping of the conerete elab, 4 continuous record of comparator
readings and dial resdinge at the slab corners showed that the slab corners
had raiged about two benths inches. Since the temperature differential was
amall, the curling was attributed to moipture and fundamental differences in
the concrete caused Ty the method of placement. In an abttempt to rectify
thiz condition the upper surface of the slab was flooded with water and lefd
in that sbate wntil there wag no further dovmward movement of the slab. The
recovery wag about fifty porcent. A heavy coabt of wmembrene curing compound

was appiled ag soon as the walter was removed,

B
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DATA FROM LOADS ON 9” SLAR
througk 6” DIAMETER PLATE
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The Loading Progranm

Ap soon as & series of slab elevation readings had been completed the
loading program was begun. A preliminary geries of tests were made at
aymmetrlic pointe with a metal plate for bearing area fc determine the locgl
differences in the slab and to attempt to attain good bearing hetwesn slab
and subgrade.

single 10.00-20 tirve at 70 p.g.i. inflation pressure was now locabed
at several pelnts on the glab and deflection and strain readings were taken.
Figure Q is an example of thig test, The data curves are shown in Graph 3.
A comparlison of thesge curves with those of Grapd 2 shove that the strains
and deflections under the wheel are comparable to thoge under the metal
plate. Apparently the greater contact area uvnder the tire and congequent
reduced unilt pressure upon the slab does not cause any appreciable decrease
in slab gtresses below those produced under the matal plate.

Thig study wag followed by similar tests on a single axle equipped
with dual tires, Due to the small gtrain magnitudes and the diffilculty in
obtaining reliable deflection measurements at Interlor points of the slab,
testes at these locatlions were discontinued, and the only data presented for
these and subsequent tests are those for the edge and corner lOCthOnu.

Hext, two axles were placed with oubter wheels on the free edge of the
glab. One geries of tests was run with the axles symmetrically placed about
the niddie point of the edge, and apnother seriss was made with one axle at
the slab corner. A variety of axle gpacings was used in each group of tests
Finally three avles were loaded in the same test patiern &5 was used

for two axles. The maximua sxle spacing was necessarlly limited becauge of

the length of the test siab. ¥or large spacings, the testbs at the center
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were affected by the ends, and the Lests at the end were influenced by the
center. However, a falr comparison may be made between two and three axle
systems for small axle spacings.

Free Edge Loading

Single Axle: An arrangement for measguring straing and deflections at
the edge of the slab due to a load on one axle may be geen in figure 10. A
total of fifteen teste were made at edge locations for esch of two subgrade
conditiong., In order to avoid eccentric results due to local conditions the
axle wag ghifted to posltions bolh sides of the lateral center line of the
slab and all of thege resulte were averaged for the presentation in Graph 4.

The strains from which the siresses were computed were measured longli-
tudinally in & line on the top of the slab pasrallel to the edge and nine
inches inward from the edge. This location was chosen becauge this lins
feli midway between the dual tilres when the whaels were at the edge of Lhe
pavement. Although this 1s not the line of mazimumm sirain it is suffi-
clently close for the purposes of these tegts. It is also true that the
longitudinal straing-are not necesparily meximum, bub calculations From 45°
rosette readings gave values within 10 percent of the longltudinal magni-
tudes and ﬁithin a f'ew degrees of the longitudinsl direction.

Two fxleg: A second axle vag placed in tendem with the first and
atrain and deflection readings were noted when these axles were losded
gimultancously. The distance between the axles wes varied from the mechani-

cal minimum of 3-1/2 feszt to o mazimun of 9 feet. Figure 11 pictures one of

Lhese arrangements.

S .






STRESS AND DEFLECTION CURVES FOR ONE AXLE AT FREE EDGE OF SL
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Since four feet is a standard spacing for axles on a heavy trailer, a
number of tests were made al thie spacing and the averages of {hege results
are shown in Graph 5. The maximum stresses for this arrangement do not
differ significantly from those due to the single axle. However, the
deflectlons are grester under the two axle systenm than under one axle.

Three Axlgg: A‘third axle waps added to the group and the loading
tests were repeated for thls system. The egpucings for thig group were from
four to seven feeb. Agein for comparative purposes the four foot spacing
was emphasized and averages of these teshte are giyen in Graph 8.

The deflectione increased over those of one axle and the two axle
systems. The stresses, however, were only silghtly less than the values
under the single axle, The differences are not significant.

Corner Loading

Single Axles Strains and deflectlons made by an axle at a corner of
the pavement slab vwere measursd at two COTNETH 3t extreme ends of the slab.
Ag in the case of edge loading, Graph 7 is a portrayael of average values.

An ingpection of thege data and a comparison with Graph 4 reveals that
the corner deflections are much greater than the deflectionsg at the edge at
both high and low loads. Tor the softer subgrade, the maximum stresses also
are greater at the corner than at the edge for corresponding loadx. However,
very little differonce is noted for maximum stresses at the two locations
when the subgrade modulué was 110 p.c.i.

Two Azxles: Loads were applied to a two axle system with one axle

0 _nniBi

remaining at the corner and the second axdle being inward from the first at
distences from four te nine feet., Repeated tests were made at two corners

and averageg of these data for the four foob spacing are given in Graph 8.
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Deflectiéﬂs for this case were larger than for the single axle,
Although the maximus stresses were proater than those caused by one axle
when the alab was supported by the stiffer subgrade, the stresses were con-
giderebly legg than thoze for one axie when the tegd was made upon the goft
subgrade.

Three Axleg: TFinally, three axles were so nlaced that the Cirst was
on & corner and the others were qually spaced lnwardly al digtances of four,

five and six feet. The arrangement may be clearly seen in Figure 12. Aver-

age data from leoading tests at the four foobl spacing are shown in Graph 9.
Although the deflections for the three axle gystem are greater than
the corresponding deflections for the single axle and two axle arrvangements,
the stresses are less. Apparently the deflection curve lg flattened to such
an extent that larger subgrade displacement iz oblained with & smaller glab

curvature.

Comparative Tesis

Effect of Multinle Axles: Although the previously described tests

provided average values Tor stresses and deflections for the arrangements
specified, 1t was noted that the differencesdin maximum stresses as produced
by the three systems at the edge of the slab were not sigonificant. The
several tests made in easch group gave meximun strain values which differed
subgtantially from o mean value. However, repeated tests upon a systenm
wheose poeition on the slab was not digturbed usually produced results in
close agreement. This fact led to the conclusion that some local condition
in or below the slab, such as grouping or size of aggregate of perhaps sub-

grade bearing beneath bthe slab, influenced the strain readings.

L0
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With this thought in mind, and the object a direct comparison oflthe
naximum stresses under the one, two, and three axle avrangements, the
systems were tested in such an order that an axle once placed was not die-
turbed. The results of this method applied to the axles loested at the slab

edze are given in Graph 1.

[oe}

A gimiler set of cowmparative testsg was wmade at one corner of the slisb,
The curvesg are zhowvm in Graph 1l. It may be scon that the gtresses are
cuite high for these tests. Thisc fuct way be explained by the warped condi-
tion of the slab at thisg time. The irregularity of the stress curve for one
axle ig evidence that warping affected tne results.

Loads of 1%,000 pounds, 16,000 pounds and 18,000 pounds were used in

this latter series of tests in order to make comparisons among the legal

i

loading values. These dats bring out the fact that from the shendpoint of

slab stresees, the single axle 13,000 pound load 1g more gevere than any
other loading systen tested. The debrimentsal effect of large deflsctlons
under multiple axle loads hag not been deterpined.

Effect of Axle Spacing

Although the gtress and deflection curves for two arldes shown in this
revort are drawn from data obtained when thes axles were spaced four feet
apart, obther gpacinge were used in an effort to [ind the distances at which

the slab gtrains would be fthe least., When the azles were located along the

I

slab edge the winimum strain was found o occur at e gix foot spacing, while
s four fool disbance betwesn axles produced the least cirain in the corner

region. Thege Figures may be eaplly verified by examination of Graph 12.
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A COMPARISON OF THE MODEL INVESTIGATION WITH RESULTS OF THIS STUDY

A group of curves representing data from the medel study are repeated
here as Graph 13. Comparisons beilween these curves and the corregponding
gurves for similar loading on the full-size slab show a marked similarity.
The gtraln curves for the model have peveral times the amplitude of the
curves for the large slab. This indicates thal The model was congiderably
overloaGed. These excessive loads magnified the differences in deflectlons,
however, and brought out- fluctuations that are not apparent in the full-size
slab study.

No conflicls are seen Eetwe@n data from the lerge siab and data from
the model. The prototype study was necessary for the deiermination of
working values for slab design, bub the velative effects of different
leoading arrangements are brought oul clearly In ithe model study and are cor-

roborated by thie later investigation.

RESULTS OF OTHER INVESTIGATIONS

Static load tests somewhat similar to those made in this study have
been conducted by other investigators. A gix wheel truck study was mede by
Teller(S)in 1925, A eix inch plain concrete c¢lab was tested, and deflection
and strain curves for one and twe axles were found. These were similar to
those of the present study. In 1931 the [llinois Division of Highways(a)
mnade testa on the edge of a 9-6-9 pavement when 1t was subjected to loading
by four and six wheel trucks. Again the one axle and two axle data compare
well with the results of the present investigation. A thorough stﬁdy af
stresses in the corner region of concrete pavements was made by-Spangler(7)
in 1242. These resulte were used ag a guide for gage placement in the
present test.

e
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Numercus other studies have been usde where ithe investigators used
actual vehicles and alse loading plotes to apply loads to the concrete
gslabe. The straing have bheen measured by mechanicul gages of standard and
sell recording types. Inanst_gutloﬁs by O. Graf(lu)and ¢. Weil(il)are

particularly thorough.

LIMITATIOND 0" THIS STUDY

Although the concrete gleb under investigation wae constructed in the
laboratory, test conditions did not prove 1o be as ideal as anticipated.

Lack of room precluded the possibility of moking any study under moving

loads, and & curling phenomenon which matsrdally affected the stress values
wog encountersd.

The sxtensometer shown In Figure £ pove o pecord of slab warping at
each cornar. {raph 14 providse o typleal curve. This upwerd movemsal of
the corners and edgos wag verificd by a precise level. The cause of this
glab distortion cannot be attributed to a temperature differentizl, for con-
tinuous records showed 1little or no differences in femperoturs readings
between the top and bobtion Of‘the slab. Parther sxperimentatlcon and

snalysis is necessary before o patlsfactory solution to the causes of such

behavior can bhe nresented.

RESULTS OF THHEORETIOAL ANALYSIS

N
The foregoing section sugsests thet the slreins messured in this
experinent were noh totel straing. The upward wmeplng of the slab no doubt

produced stresses causing tensile sgtraing on the upper surface. These

4 B
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values should be added tn thoze measured under corner loading and subtracted
from the edge loading values. Such warping siraine were not measured
because of the failure of Lhe goges lumbedded In the concreta,

For the purpose of thls study of the relative effects of sgtatic loads
it was not necessary to know the total stresses. However, their magnitudes
are of interest snd a theoretiesl sxanination of the slab stresses is

presented,

]

s

The Weatergnard 10rmulaﬁ(5)proviﬁa a theorstical check ou some of the
results of Lhis experimental study. It aust be remembered that thege
formulog were developed undsr the ag Qumpu ion fthat the slab wes of infinite
extent and that the cubgrads pressure was proportiosnal to the deflection.
The finite dinengions of the test slab and the curling of the edges neces-
sarily modified these results.

Stresses at the slab cornsr, interior, transverse edge, and longi-
tudinal edge produced by & single loading area were computsd by the

following Formulasg

Corner sbress = 88| 1 - &mﬁ\ .
he | B
b % \
Tnterior strezs = (.51825 4 log B 4+ 1,069%
L 2 EE ]\ g b }

{
Edge strass = 0.57185 gﬁ ( 4 log i‘* O¢5595}
n~

where P = load, h = glab thickness, a and b are functions of the

leading arsa aund

~14-



For these computations T = 10,000 poundsg h = 9 inches; a and b are
average values from Bradbury(15); the modulus of elasticity of concrete,
E = 5,26 x 100 pesS.i.; Poleson's ratio, u = 0,15, and the subgrade modulus,
k = 110 p.c.i. The tables presented by Kelley(lz)were used to facilitate
the comput&fion.

The same data were used in the wmodiiied versions of these formulas
which evolved from the Arlington tests(4)° These equations are listed

herewlth:

2 N PV 3
Corner stress = 9& \ 1 - izﬁ 112

) !
L‘,_h.. !’
4 5
Intericr sgtress = 0.318625 %ﬁ / 4 log %.+ 0.17681
. - 5 i

H
\ .

_ e [ o |
Bdgo stress = 0.57185 Ly ké log & + log b)

The resulte of these computations bogether with the results of experi-

ment ars presented in the following table:

TABLE IIT

Stresses Under a Single Wheel with 10,000 1b. Luad

Wesgtergoayd Arlington Test Slab
formlas forrmias (Fxperimental)
Carner 226 pai. 311 pai. 550 psi.
Interior 188 142 250
Longitudinal Edge L84 288 B30
Transverse Edge 254 271 550

1B
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It is readily seen that the messcurced strosses excesded the values
computed by both methods, although the Arlington formulas glve & closer
approach to the experimental valueg than the Westergnord results.

Loads on Two Wheels

When the splab was losded through two wheels on & single axle, these
stresses were sonewhat modified. Computations are shown herewith for
principal stresses due o a 20,000 peund axle load at the interior, and at
longitudinal and lateral edges of the slab.

Interior Location: Consider the stresses at point 1 (Figure 13) due

to 10,000 pound losds at positions 1 and 2 only. The stresses due to the
Load at 1 were found previcusly and are equal in all directicas. Let us

call this value Sl° Stresses 2t 1 due to load 2 which is 72 incheg in the

i
" : ¥ I - v o
y-direction from 1 are found with the help of WHstergaari’s(d)moment curves

shown in Graph 15.

For this slab the radius of relative giifiness t = 41.5 incheg. The
digtance from 1 to 2 is 7 inches = 1.74t. Hence, M, = My = -,021 and My, =
2]
5 " . - - . . “
My = +.020. The gection modulus for the reclangular section, % = 13.5 in.%,

21 x 10,000 . e ; "
U, TR 2 = ~16 p.s.l. Similsrly 8¢ = 415 p.s.i., conse-

Then Sy T

fo.Y

I

guently the principal stresses at L expressed oz functlons of S are,

Lopgltudinallys 8 + &y = 51 + 18

Laterally: &) + 8

o 51 - 16

Longitudinal Bdge: The longltudinal strese 5z under load 1 due to the

load at 2 when point 1 is on the longitudinal edge of the slab has been

16
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Th

previously computed. a ef

wanner sinilar to thet for

‘gt of lood 2 at pogition 1 is found in a

4
31

Al
A

an interior location. Vheel at an interior

point, end its effect ~n 1 will approzimate the wvalue found in the interior
case, namely 15 p.s.i. The longltudinal stress will then be 8, + 8, = 85 +
15,

Transverse Bdge: When loads 3 and 2 are on ths transverse edge, the
load at 1 produces siress S,. The influence of load 2 1g found by use of

Graph 18, which is

to obtain o direct veading

ficient % = ~0.067, hence &

transverse stresg at 1 is £

;,,J

Loads on Four Wheels

Interior Location: G

4, The accumilotion of str
We now find the effects of
Figure 13 showg load

1.156%, we find

from Graph
$.044 %

104
Hence e
15.5

S‘{r
w
The effe

In this cage the tongential

directions bul noke angles
= 2,08t from 1 8o

inches by

St = +9 and Sy = -16.

are on the x and y

drawa by

2% n.e

ot of the load at

Since

directions

Interpolation fron Westergaarits gr ordaer

aphs In

curve for w = 0,15. At distance 1.74t, the

=0.087 x 10,000

ln)..,}

coefl-

x = 42 p.g.i. Then the total

I ““‘12 pwuo 1.0

meider loads at intericr positiosns 1, 2, % and

1oy

58

c
3

g due to loads at 1 and 2 have been found.

loads ot 3 and 4.

2 to be 48 inches from 1. Bince 48 inches =
] W R ) . R
15 that B = i}%& = 0,044 and %& = & = o0,

"

wh.oond

=0.01 = 1T l(iﬁ'L
N

o
w-'jl'

~T.4 pes.l.

a

4 upon position 1 is slightly more complex.

and radinl siresgses arve not in the x and ¥
of 34° with those sxzesg. Position 4 is BB.5

.

, ... M, "
Graph 14 again ;L w -0.022 vhence
£z

0,012 and %ﬁ e

the principal shresses from positions 2 and 3
18, the eflscts of 9 and 8, In these Jdirections
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must be computed before the longitudinel and lateral stresses can be

accumulated. The stresses ln directions z and y due to load 4 ars:
L = 9 cos? B4° - 16 ﬁin2=5@° =1
Y = 9 sin? 34° -~ 16 cos® 34° = -7
and shear T = 1/2 {~18 -0) cos? 34° = -9

The accumulated strepges in the x and y directiong are:

Se =8 +15 -7+ 1 =8 +09
8 =8 - 16 + 55 - 7 = f + 10
and T = 0

The principal stresses are found by the formula

St Spo= 8y o

Spax g4 S 4 R
+ g

Smin = §X“%*b1 - §Xm§~§¥ R ¥

Whence Spay = S1 + 19 and Sgpip = 91 + 0.5

Longitudinal Edge: The longitudinel stress is necessarily maximum at

the edge of +the slab. The load at 2 adds 15 p.s.i. ag was shown In the *wo

wheel case. Load 3 is at distance 1.156t from 1, hence from Graph 18, g' =
0.012 % 104
~0.012 and Sy = D°O§i x 107 = 8.9 p.g.i. The effact of load 4 ip not

determined, bub from the computotions sabove, for the interior, it is



apparent that it is small. An approximate value for stresgs at the odge is

then

Sy = 0e +15 - 9 =5, +6

Loads on Bix Wheelg

Intericr: W®hen the load is distributed through six wheels, the
greatest stresses are ab positions 1 and 2 (Figare 13). Congider the
stresses at point 1. Computatlons for stresses uader four wheel loading may
be uged for this caleulation, The str@ssés at 1 due to load 1 are 51 in all
directions. Load 2 contributes +15 p.s.i, lengitudinally and -16 p.g.i.
laterally. Loads 3 and & each affect 1 by longitudinal stressess of -7 and
lateral stresses of +53., Loads at 4 and 8 produce tangential and radial
gtresseg of +9 and 16 respectively, and the t and r axes make angles of

-54% and +54° respectively with x. These strespes, accwmulated, are equiva-

I

lent to By = 2, & = -14, and T = -18. TFinally, the sun of all the stresses
at 1 is:

Sp =81 + 15 - 14 + 2 =8 + 5

¥

18 + 86 — 28 = 8§y + 22

Sy = 8y

3
T
!

Lend
2

The principal atresses are:
= 5] e Sy e
Sl + Bl ‘Smln =W G

[u]
Fmax

Longitudinal Bdge: For three axles at the longitudinal edge it is

sufficient to compute the longitudinal stress under 1. The slress due to



load 1 is Sg. By Graph 1b that due to 2 is +15. Loads at b and & each
cause %X to be ~0.012 from Graph 18, whence sach Sy = "O'OEAIE é0,000 =

-8.9. The effects of 4 and 6 must be approximeted by the methed used for

interior loads. From above the effect of these two leads in the longi-
tudinal direction wae only 2 p.s.l, Hence the ftotal longitudinal stress due

to all loads is=:

Tabulation of Computed Stresoes

The forepgoing computations were made in terms of o variable S1 or 8

o
in order that we might make o comparison between the Forsulas for glress
computation. A tabulation of these resulte ls given below:
TABLE LV
Stresses Under Multiple Wheele with 30,000 ib, LoadrPer ltheel
Mozl Maximum Computed Stress
Load Type Pogltion Experlmental Stress Westergaard Arlington
1 axle Intericr s ' 182 157
1 axle long. edge 220 209 255
1 axle trang. edge= — 192 R29
2 axlas Interior e 185 181
2 axles long. edgs 250 200 | 244
% axles Iuterior e | 128 175
3 axles iong. edge 220 : 193 R57

It is readily seen that the Public Roads formula yields grester

stresses than Westergaard's except for the interior location, ond in all

Ty



cases of multiple wheel loading cur experimentnl velues lie betwsen the

values computed by Lhese formulas.

OBSERVATIONS AND CONCLUSIONS

The greater part of this report has been limited to the effscha of one
axls, two axles at an axle spacing of four feet, and three axles at o four
foot spacing. Bxcept where otherwlse stated, all obgervetions and conclu-
sions given here are restricted to a discussion of results found wunder thege
limitations. Thae Qutstanding resulte are ag follows:

1., & comparison of the curves presenting average veluss shows that

ths ﬁuzL mum stresses for a constont axle load are produced by a
single axle on the corner of the slab.

2, Biresses dus to corner leading by all three systeus were consider-
ably greater when the alab rested n o subgrade with modulus k =
80 p.c.i. than they were when k = 110 p.c.d.

3. At k = 110 p.c.i. stresses due to corner loading did not greatly
axceed tho;c duc to edge loading for any of the three systenms
tested, but at k = 80 p.c.i., corner loading produced greater
stregses than edge losding.

4. The special comparative teste, the dats for which wereigivan in
Graph 10, indicate the following relabtionships for edge loading:

(é) The meximunm gtress for the two axle system under loads
of 18,000 pound$=per axle did not exceed that for the
single axle at 18,0300 pounds.

(L) The thres axle gysten at 18,000 pounda per axle caused

less stress than either of the other two systems.



50

8.

{¢} The maximum deflection under the two axie system wos
twice thet under the single axle, but the three axle
syeten did not cause a corrvesponding increase in
deflection.

The corner loading tasts which furnished the data for Graph 11
showed the followling:

{a) The gingle axle produced a greater maximum stress than
gilther obher gvetes.

(k) Three axles at 18,000 pounds sach produced less than 70
percent as great a maximum siress value ag the single
axle, and two axlesz at 18,000 pounds each caused a maxi-
miny atress which was more than 90 percent of the singls

axie value.

e
]
S
-3
o
T

deflectiong wnder two axles wore twenty percsnt
greater than wnder one aodde, but the three axle
deflections were only ten percent grealter than those for
g single axle.

Upward warping of fthe glab ot the ends alfected the total stresses,

but measursd valueg were found to lie betwoen those computed by

the Public Boads and Westergoard formulas.

The resulte of thls study are so nearly those that might have bveen

predicted by the model dnvestlgation that model studies are recom-

.

mended for further lavestigeiion in silab ghresszes.

Straing as measured by the SR-4 type A-L and AB-1 gages vary somew-

what due teo local conditions. Strain diffsrences as high ag ten

ey
sw‘_



micro-inches per inch were found, and when the straine due to
Joading were smaill, bthese local differences caused decided
irregularities in the curves.
9. The intensity of maximum stress coused by the two-axle gysbems was
o~

influenced by the axle spacing. The optimun distence between

axles is about five feet.

e
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