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Glcn isdwin Vanden Berg

Al ABSTRACT

Twelve strain race pressure cells (transducers) were
built to make soil pressure readings under traffic in Nau-
mee sandy loam soil, The traffic was rrovided by a rlowing
demonstration which was rart of Fowerama staged by the Gen-
eral Notors Corporation in Chicago, Illinois, from August 31
to Sentember 25, 1055,

The cells were placed at various depths in the soil per-
pendicular to the direction of travel, and pressures were
recorded with a six channel, direct-inking recording oscillo-
graprh. The necessary measuremants to locate the cells with
respect to the tires of passinc tractors and imrlements were
made and recorded on the oscillorraph charts. Contact areas,
weights, rull of iImnlements, and other nescessary information
were measured to enable calculation of loads carried on each
tire or implem=nt,

The data from the charts was put in tabular form using
only the maximum rressure readings for each cell durin~ each
pass., It was assumed that the maximum pressure occurred un-
der the center of the tires, On the basis of this assumption,
the maximum rressure readines for the same tire were plotted
on a graph rerresenting rressure versus de~th., A smooth curve
was drawn throuch the roints and called "center of tire."

The recadings of cells adjacent Lo the eell indicatins a maxi-

mum reading were averaged anl plotted on the same graph as



mentioned above. The smooth curve drawn throuch these points
reprresented the rressvres 0.4 of a foot from the center of
the tire since that was the spacine of the cells. This was
continued until zero rressures wvere encountered with averare
readings from each rair of cells determining a curve rerre-
sentines pressures at the same distance from the center of

the tire as were the cells, This was done for each tire
where pressures had been mecasured over a large enough span
in derth to permit drawing good curves from the contact sur-
face to the denth of soil at Powerama,

Values from the averacine curves were then used to deter-
mine isobars under the tires, The resultins family of iso-
bars cave a good visual plcture of the distribution of
rressure under the tires for the given soil conditions at
Towerama, 4 formula developed by Froehlich and aprlied to
soils by Soehne was used to calculate theoretical pressures
under ths center of the tires, These pressures were compared
with measured vrressurcs.,

The followine indications for the conditions at Fowerama
seemed true: pgreater rressures were transmitted through loose
soils than throurh dense soils; thes lus¢s on the rear tractor
tires carried the majority of the rear tire losd even in
freshly plowed soil; the plow bottoms apnlicd a small nega-
tive mnressure to the soil; the peak rressure under a tire

alwavs occurred ahcad of the wheel's axle; applyine a load



in amall scattcred areas did not cause as much pressure 1in

the soil as arvlyine the same load in onc area.
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INTRODUCTION

With the development of a strain page cell (transducer)
for measuring pressures in soil (2)1, technicues and methods
for usingz the cell were needed, Farticularly in field appli-
cations, the procedure for usinec the cell and analyzing
data collaected with the cell was not established., & rare
ormortunity to develoo these rrocedures as well as partially
investigate the distribution of vressures in soils was pre-
sented when the General MNotors Corporation stapged 1its 26-
day Yowverama in Chicaro, Illinois from Ausust 31 to Septem-
ber 25, 1°55, The loverama consisted of a technolorical
circus, and exhibits and demonstrations of everv aprlication
for which General lMNotors rroduces diesel encines,

One of the many exhibits was the nrlowins demonstration
rut on by the Detroit Diesel Engine Division of General
Motors and the Oliver Corporation, They imrorted 14 train-
car loads of lNaumee sandy loam soil which was rlaced at
Forverama in an area arrroximatzsly 206 feet lonpg and GO feet
wide to a derth of about 17 inches over the central 40 fest
of width, This soil was plowvsd, moilsture added if lost

durins plowines, and recomnacted to oririnal bulk d2nsitv on

——— ——— e . . e e — — —

1. Numbers in parenthesis refer to references listed
in literature cited,
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the average of aprroximately 11 times a day for the 26 days
of Fowerama.

Pressure readines were made under all traffic in this
artificial fisld. In this thesis thé methods and techniques
used at Fowerama and the analysis of the data collected there
will be presented, \/herever rossible, the results of the
analysis will be comrared with Soehne!s (1) theoretical

observations on rressure distribution in soil.
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REVIZY OF LTTERATURE

Althourh much work has been done dealing with various
aspects of the soil such as IcKibben (3), Nichols (4)(5),
and Baver (6) have renorted, very little is available on
distribution of pressure 1n the soil., The primary reason
for this has been the lack of a vhysical mezanes of measuring
so0il pressures,

3oehne (1) took emperical formulae that had been
developed by Boussinesqg and modified by Froehlich to calculats
theoretical pressure distribution in the soil, The formulae
of Boussinesqg were developed for use in an isotropic homo-
frensous body which obeys Hooke'!s law, Froehlich modified the
formulae for use with a plastic body similar to the soil,

Some of the theoretical observations by Soehne are:

l. The more pliable a soll the more concentrated,
wi1ll be the cannressive stresses towards the center.
This 1s primarily due to the lateral giving way or
floving of the c¢oil from under the load. Thus we would
exrect greater rressures transmitted through a pliable
s0il than through a dense soil,

2. In a dense soil the pressure bulbs or isobars
tend to be circular whereas in a more prliable soil the
isobars »ill be slender and reach farther down,

3. Fressure at a point in soil is determined both

by the mapgnitude of the unit rressure arrlisd and the



area over wnich the unit rressure is aprlied. Thus 1if
the same unit pressure is applied over one area twice
as large as another, there will be more rressure under
the larger area at a given derth than under the smaller
area,

4, The difference in rressure under a lur of a tire
and the slots between lugs would be slirht in a pliable
soil,

5. Under a circular load surface 1n a dense soil,
the rressure under the center of the lead at a certain

depth is riven by the formula
C— _
z = /Dm(/~Cos" o\)

where:

Ci? — pressure at a point in the soil

Pm = average rressure aprlied to the surface
of the soil

o~ = the half apsrture angle of a circular
cone with its apex at a point under the
center of the load and where the base of

the cone is the circular load itself, as

illustrated in Fig. 1.

Fie, 1, Half aperture Angle Under a Circular Load



DESCRIFPTION OF (S lUTFKaNT

Twelve strain gage rressure cells of the type designed
bv the Agricultural kngineering Branch, Agricultural Research
Service, U.S. Derartment of Agriculture, and the Agricultural
Bnginsering Department of KFichiran State University (Fig. 2)
were bullt to make the pressure measurements. fach cell had
two SR-4 strain rages (type A-18) cemented to the underside
of the 0.025 of an inch thick stainless steel top. The
strain gages used were 1/8 of an inch in length, 120 ohms
in resistance and had a gage factor of 1,73. Two more gages
of the same lot were cemented to the sides of the brass body
of the cell to complete the wheatstone bridge.

This arrangement provided perfect temperature compensa-
tion. Thirty feet of four wire rubber cover=d shielded
cable was connected to each cell. DBreakaway connectors
(Cinch-Jones series 400) were pnlaced in the cables aporoxi-
mately 25 feat from each cell to rrotect the recordine
instrument in case the ¢ells were caurht by the plow.

mach cell was individually calibrated in a water pres-
sSure chamber ucins a Young strain indicator to record strain.
A mercury manometer was used to record rressures in the
Water chamber. wsach cell was calibrated in increments of ten
WUp to 60 inches of mercury. This was repeated three times

T or each cell and an average comnuted, A calibration curve
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was plotted for each cell with strain in the metal

(A4 in./in. x 10) on the ordinate and pressure (psi) on the
abscissa, These calibrations were linear for each cell
within a range of O to 30 psi. Two of the cells were later
calibrated up to GO psi and found to be linear to approxi4
mately 50 psi.

A six channel direct-inking recording oscillograph ¥

was used to make all pressure measursments at Fowerama.

Fig. 3. Offner Dynograph Recording Assembly

- o e e S e T S —

“ The oscillograph was a six channelvDynonraph Record-
ing Assembly loaned to this project by Offner Elec-
tronics, Inc., Chicago, Illinois,



The instrument was calibrated according to the formula:

_ VSR
S .

N i (F e
S — indicated strain .. in./in.
R — resistance of active rage
Ry,=resistance of calibratioﬁ resistor
N —number of active gages
GF =gage factor
With the strain gages used in the cells, the formula reduced

to:

6
S= /0% /2O — . = .
80 /.73‘(300[000 ’L/Eo) //5-/‘(/,7'/1")].
The instrument was calibruted so that each line of the chart
represented five < in./in. strain in thz mctal, %ith this

calibration, cach linc ropresentod approximately 0.:25 rsi;

however, this varizd slirhtly for each cell.
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FROCLDURZ

The plowine demonstration was conducted as [ollows:
An 0Oliver Surcr 20 GII tractor was used to nrull a 5 bottom
16 inch plow vhich rlowed an & foot strip with each pass.
The center 40 feet of the artificial field were plowved in
five pvasses which took less than five minutes. after the
soil had been nlowed, another Oliver Supcr 9¢ GN tractor
pulled a 50C-gallon capacity higsh pressure sprayer waich
replaced any moisture lost durins plowincs, The same tractor
then recomracted the soil to its original bulk density by
first rullinc a Z8-inch diameter sheeps-foot tamper and then
a pneumatic tired roller.

To malke the pressure readings, six of the cells weare
buried at the same depth, snaced 0.4 of a foot apart on cen-
ter, and in a 1lin» rerrendicular to the direction of travel
Oof the traffic. The cells were placed five times during the
26 days of Fowerama, always b=low derth of plowins, Three
Of theo locations were with the cells restine on the pave-
Ment and the remainin~ two were suspended In the soil., These
Dlacements were distributed neriodically throushout the
del‘!’lcmstr'ation, the times beings aprroximately the beginning,
Middle and end. Durin-~ the intervals when readings were not
be ine made, the cells were ramoved from the soil, Large
Clods were carefully avoided when coverins the cells and the

S ©311 was paclkied as tirhtly as possibls by tampine with feet.
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cxcept for one location, a cycle of the plowing demonstra-
tion was completed before readings were taken.
To obtain pressure measurements at less than plowing
depth, the cells at three of the previously mentioned loca-

tions were placed so that one dead furrow during the plowing

operation was over the center of the cells, On the next

Fig. 4. Replacing Moisture Lost from the Soil

Pass this permitted the front and rear wheels of the tractor
Tunning in the furrow to pass over the cells with as little
&S one inch of soil between tires and cells. To obtain pres-
SUre measurements at maximum soil depths, the cslls were

Placed on the remainine two locations so their center line
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fell under tractor's wheels not in the furrow. By this

arrangement it was possible to make pressure readings under

Fig, 5. Compacting the Soil with Sheeps-

(0]

foot Tamper

the front and rear wheels of the tractor whils plowing at
Shallow as well as deever depths.

Pressures were also recorded under the wheels of the
Plow gnd plow bottoms. Pressures were recorded under the
front and rear wheels of the auxiliary tractor while water-
1n57, tamping and rolling and under the sprayer wheels, tamp-
Ine feet and roller wheels, During each location of the

Ce®11s, several plowing demonstration cycles were followed by
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recording pressures under all traffic that passed over the
cells,

When the cells were placed for a series of recordings,
the distance to the cells from the inside of the fence sur-
rounding the demonstration area was measured with a steel
tape. On each pass over the cells by traffic, a measurement
was taken from the fence to some reference point of the
passing implement, In the case of plowing, the furrow wall

was the reference point and all wheels were located with

Fig. 6. Smoothing Surfece with Pneumatic
Tired Roller

respect to the wall, In watering, tampiner and rolling, the
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center of the outside tamper foot or roller wheel nearest
the fence was used.

It was observed that the depth of soil above the cells
changed during every demonstration cycls. Therefore the
total depth of soil was measured after each demonstration
cycle had been completead. The devth of soil, distance to
reference point, wheel identification, direction of travel,

and other necessary remarks were recorded directly on the

Fig., 7. Placing Cells to Make Pressure Readings

oscillograph chart,
A small hydraulic cell dynamometer was used to deter-

mine the average force required to pull each implement,
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Necessary distances were measured to enable calculation of
weight transfer during each operation. The Oliver Corporation
provided the total weights of the tractors and implements

as well as the weight on each wheel of the tractor. The con-
tact area between the ground and the tires and tamper feet

and ground were measured as accurately as possible.

e

B

Fig. 8. Recording Soil Pressures Under
Tractor and Flow



RESULTS

To facilitate handling, the data recorded on the charts
was vut in tabular form (Fir., 9). Only thz values indicated
br the maximum deflections of the pens were recorded in the
tables, The weight transfer from front to rear wheels of
the tractors and individual loads on sach wheel and inple-
mant were calculated for each orcration, The average amount
of water in the sprayer tank was used in calculating the
total weight of the syrayer, In the analysis, each front
whcel and each rear vheel of the tractor were assumed to
have the same weight for each given Operation;

tixcept for the rear tractor tires, all wheels vere as-
sumed to have an ellirtically shaped contact area, Soehns (1)
also male this assumption in his analyslis. In dense soil
such as was the condition of the so0il while plovwinp, the lurs
on the rear tire did not penetrate the soll enourh to allow
the slots botween the luss to touch the soil, Consequently,
only the rortion of the lurs of thes rear tires in contact
with ths soil was considered as contact area, The contact
area varied so much for the tampines and rollincs onerations
that it was impractical to trv to obtain these areas., 1In
the analyvsis the average unit pressure aprlied by each tire
or implement was calculated by dividines the load carried by

the contact area, A summary of this information is rresented
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(TV&Cfor Fronr Wheel)
TEST CELL | CHART PRESSURE | CENTER |POSITICN|DEFTH OF
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Fig. 9. Sample Data Fage
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in Table 1.

Most of the 1tems in the summary table are self-exnlana-
tory; however, additional information about come items seems
necessary. The major and minor axes of the ellirtical con=-
tact areas were measured as accurately as rossible, but the
contact areas may not have been exactly elliptically shaned.
Also the contact areas vere probably varying considerably
throughout the tests, This was esrecially true when the
soil was loose. GConsequently the contact areas can only be
considered as close estimutes. 1t should be noted that the
contact a2rea of the rear tire while waterins contains lur
area plus the area of slots between lugs whereas the con-
tact area for plowing consists only of lus area, For the
sheeps-foot tamrer and the straicht wheeled roller, the
total area of the implements in contact with the soil was
used as contact area,

The pressures in the soil under the tires were averapge
values ten inches below the centers of the tires, \/here
vpossible the values were taken from curves: otherwlse a
statistical average was comruted. The average pressure under
the tamper feet was determined bv averarming all the cell
read'nes recorded under the feet, The maximum pressurc was
det2rmined by averapins the largest single pressure reading
for each pass over the cells, Under the straicht wheeled
roll=r, ths averacme of all readin~s was ussd,

To try to get some means of comraring the different



18

@oevJans noreq

n-

2edB Po9IBRWTISE

*ITIOS Y3TM 308BUOD UT

NT oanssoad psansesw £q VOpPTAID DS

TJIJEO PBOT ‘P

£q pPOpPTIATIP POTJIIBO PEOT D
gode InT ATup °q
*q90J SJutdure3 Jepun 3dedoXse PLUMSSE BaJdE 30E3U0O TBOTQUITTIT °®

“ - LT T ¢st 922 g9¢T - xosoed JeTT0Y
- — T T50 SIYIGAT
“ - 9°g $°1S 9GT 0GgGs8 = 1897 wﬁ.ﬁc‘.raﬁ_
— T80 WNWLXen
i - 0°8 AR 98T 0538 -
802 8¢t e Ty | 269 2982 ¢
BENEE gral - G 9T oara wno
923 0°9 - m - 09¢T og oaﬁmqmeWM
)| &quﬁgd
. uee 6°2T - W - | etey ST . eayy asey
: + I —SUTAWET
e 'S - | - | g9t o¢ w OITT GUOLT
i I FUTA0738)
| wez 0°%T %°0T 96¢ LTy T | onqg iy
. i Butaessr
| cez 8°g g'et | 00T | o0t 9¢ | mpﬁaﬂpgwmu
T SUT0Td
09¢ g*aT 9°¢g q 78 g0g% or onﬁpﬂamwm
m T JUTMOTS
282 g 8°62 0°¢s $86 | ¢ | earg Mqowm
(tsd) edBJang o (¥sd) m _
moTeg ,0T peTddv ‘ut) (*a1) (¥sd)
eanssodd eanssedd wohm ummpcoo peTJaae) eJaT] Ul quawe TdwT
D 0198y peJansse’y e3BaeAY Pe3BWUL3sT peoT| eanssedd J0 o&aa;
ONIAVd NO Q®0V¥Id TIOS Y01 XANVYS
FENOVA NI QTUASYEY SAYASSFHd ONY SYFHY JOVINOD ‘QFIMYYD SAYOT J0 A¥Y.IMNS

I ZT9dVYL



19

tires and loads directly, a ratio of load on tire to mea-
sured pressure ten inches below the center.of the tire was
calculated. The ratio was obtained by dividing the load on
each tire by the measured pressure, This ratio may not seem
to be of much value since it 1s not a true dimsnsionless
ratio, However, recalling that pressure in the soil at a
point below the center of a load is determined both by the
margnitude of the load and the area over which the load 1is
distributed, it can be seen that the ratio may mean somethinc,
Two factors will determine the magnitude of the ratio = the
contact area and the soil itself, For a given soil condition,
dividing the load by the rressure measured results in a ratio
numbsr which reflects variation in contact area. The contact
area in turn will be influenced by physical characteristics

of the tire such as flexibility and size. Therefore, the
ratio number will resflect physical characteristics of the
tire and a lover number will indicate more pressure trans-
mittal,

Considerines the effect of the soil on the ratio, for a
given tire a lower number indicates the soll transmits more
pressure or the contzact area chanres so more rressure is
transmitted or a combination of both. But certainly the
contact area is derendent on the soil condition, as the con-
tact area is increased in looser soils. However, since the

same tire is considered, the change in contact area will be
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influenced by the change in so0il, Thus, whather the hicher
pressure results from contact area change as the soil changes
or the soll change itself or a cémbination of" both, a lower
number means more prcessure was transmitted because of soil
change. Therefore whether a constunt tire or a constant soil,
a lowar number indicates more rressure was transmitted
throuch the soll, Consequently, the ratio numbsr does have
a siznificant meaning, even thouch 1t is not dimensionless,

The ratios 1Indicate some interesting things. The front
tire of the tractor in every case has a lover number than
the rear tire. Thus, since thz s50il conditions werse the
same, the front tire caused more apylied pressure to be truns-
mitted than the rear tire., The number for the sprayer wheel
was the smallest of all the ratlos calculated. Thus more
applied pressure was transmitted below the surface than for
elther tractor tire. The sprayer tire was an eight-ply tire
with an internal pressure of 31 psi. The front tire of the
tractor was a four-ply tire carrying 356 psi, while the rear
tractor tire, also a four-ply tire, had only 16 prsi, Thus
it se~ms possible that the flexibility of the tire may have
sometning to do with the magnitude of pressure transmitted
througsh the soil,

Ratios wer: not calculated for the tamper or roller
since they would be meuningless, It wus possibls to double
the load carried on the tamper or roller without increasing

the value of the measured pressure since not all of the



load was contributings to thzs rressure at a pgiven point,
This was caused by not havine the totzl load in ons concen-
trated area as was the case for the tractor and sprayer tires.
Jt is Interestine to note that the pressure measured in
the so0il under the tampine feet was considerably less than
under ths rear tractor tire while plowinc., This was truse
even thouch much of the time the tampin~ feet renetrated
the s0il so they were rrobably much closer to the cells than
the tire was, The estimated contact areas for the rear tire
while plowinms and the tamper feet should be quite accurata;
thus the arnlied vressures should be quite accurate. Both
the tire and tamner upnrlied about the same unit pressure, but
the measured rressure in the soil was much less under the
tamper. This bears out Soehne's observation that the pres-
sure at a roint is determined both by the applied unit pres-
sure and the contact area of the applisd pressure. With the
.rear tractor tire the rressure was arnlied over a fairly
large area comparsd to the tamnine feet. The contact area
of the rear tractor tire was 84 square inches but the contact
area of each tamper foot was only 5.5 square inches. The
center of the next adjacent area was 12 inches away since
the tamrine feet were sraced one foot arsrt on center. Thus
the small scattered contact areas did not cause as much pres-.
sur~ at a given denth in the soil as the sinrle larger con-
centrated contact area even thourh all areas annlied arproxi-

mately the same unit rressurs,
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It should be noted that the observations made from the
ratio numbers and apprlied unit nressures were not acce»ted as
fact, but only as indications of what ay»rears to have oc-
curred, Further investications under varyings soil conditions

would be necsssary before definite conclusions could be made.

Pressure Distribution Under Tractor Tires

It was hoped at the start of this project that the pres-
sure distribution under the tractor tires could be determined.
The investicators believed 1t would be possible to plot the
pressure cell readines with resmwect to vertical and horizon-
tal distances from the center of each tire and thus have a
visual ricture of the pressure distribution. Such an attemnt
was mzde but variations in ths data would not rermit connect-
ine roints of equal »ressure with a smooth curve. The vari-
ations in the measurements could have been due to inability
to measure accurately the horizontal and vertical distances
between tires and cells, thes variation in soil from test to
test and the position of maximum arvnlied rressure by the
tires with respect to their centers.

One reason for the uncertainty of the distance measure-
ments was that in a8ll orar=ations the actu:zl tracks of the
tractor vwheels were disturbed bv the trailine imrlemsant,
Also, time did not permit rrecise measurement to cach wheel

track but only to some reference —oint. Thus, 1if the



Q%]
N

implements were not verfectly alirned behind the tractor
when passing over the cells, the measured location to each
wheel would be in error. Similarly, time did not permit
measuring the derth of soil between tires and cells during
each pass., Therefore, the total denth of soil was measured
at the end of each demonstration cycle. By measuring depth
of plowing or depth of wheel track, a close approximation of
soil derth under each wheel was possible., During plowing

it was felt that these measurements were quite accurate
since the tires did not penetrate the soil.

Insrection of the data showed that in every case where
the tire rassed ncar the center of the cells, one of the
cells had a higher readine than the others, The two adjacent
cells had lesser readinecs and the further the cells viere
from the highest reading the lower pressures they indicated.
'The only excention was under the rear tractor tires when less
than three inches of soil senarated tires and cells, Under
this condition it was observed on occasions that two peak
readinrs occurred instead of one, Under the rear tractor
tires at shallow denrths, the peak readins depended on where
the lugs made contact with the so0il above the cells. At shal-

low depths it was rossible for two lugs on oprosite sides of

the tire to cause two nreals,
Since usually one cell clearly indicated a nreak reading,

it was decided to arbltrarily assume that this cell was



under the center of the tire even thouch horizontal measure-
ments might not indicate it was under the centcr. This
assumption seemed justified for two reasons, First, even
though the highest reading was not under the center of the
tire, it was jprovbably undér the center of the load applied
by the tire. Secondly, bv assumines the hirhest reading was
under the center, average values of pressure under the cen-
ter should result from a number of readings. Thils procedure
was followed separately for each tractor tire using only
data in which a single peal was indicated by the readings,
These points were plotted with recorded rressure (psi) on
the ordinate and depth (in.) on the abscissa., A smooth
curve was drawn through the points and labeled "center of
tire" (Figs. 10 and 11.)

Similarly the average pressure recorded by the two
cells adjacent to the one having the hirhest reading was
rlotted on the same erarh., A smooth curve was drawn through
these points and labeled "C.,4-of-a=-foot-from=-center" (Firs.
10 and 11.) Since the cells were spaced 0.4 of a foot
apart, this curve would renresent the average pressures 0.4
of a foot from the center of the tire. A similar procedure
was used on the next pair of adjacent cells and the result-

ine curve labeled "0.8-of-a-foot-from-center.”" This nro-

cedure was followed until zero pressures were encountered.

It was believed that by plottine in this way and drawing a
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smooth curve through the points an average value of the pres-
sures would be represented by the curves.

The distribution of pressures under the tires was hard
to visualize from the above mentioned curves (Figs. 10 and
11.) Thus it was decided to take values from these curves
and use these values to determine 1sobars under the tires.
This was done for both the front and rear tractor tires,

The isobars were plotted on a graph having depth below the
tire on the ordinate and distance from the center of the tire
on the abscissa (Figs. 12 and 13.)

To plot one isobar, a chosen single pressure value was
selected., On the pressure versus denth graphs (Fics,., 10 and
11) the chosen value was folloved across the grarh and if
crossed by the "center" curve, a point was plotted on the
isobar graph (Figs., 12 and 13) under the center of the tire
at a depth indicated by the "center'" curve. If the pressure
value was also crossed by the "O,4-of=-a=foot-from-center"
curve, a noint was plotted on the isobar graph 0.4 of a foot
from the center of the tire at a derth indicated by the
-"0,4-0f -a-foot-from-center" curve. This was continued until
all points from curves thut crossed the chosen pressure value
had been plotted., A smooth curve drawn through these points
was the isobar renresenting the chosen vrressure value., Other
isobars representing other pressure values viere drawn in the

same manner. Since th=s rressure versus derth curves did not
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identify a left or rirht of a tire, the pressure distribu-
tion was assumed to be symmetrical and a polnt was plotted
both to the left and richt of the tire's center. 1lsobars
under tractor tires could not be located for orcrations
other than plowin~ because all rressure readinrs were nade
10 inches or more below the tires excert while nlowinrs,

411 1sobars were determinad by roints from at least two
curves excent at shallor denths under the center of tires.
There, becauses the distribution of rressvre at the contact
surfacs was not knovwn, the isobars were drawn to the tire's
contact surfacs arbitrarily. Since the family of isobars
under each tire nlotted smoothly the mcthod of drawina them
secmed justified,

The laumee sandy loam in which these pressures were
measured was very densely comnacted, The soil itself prob-
ably was 1influenced by the suprorting raving and so could not
renresent a normul soil., IHowever, the gcneral distribution
and magnitude of the ~ressures were rrobably an indication
of what would he foun? in a similarly loaded field soil of
the same physical characterilstics., It is interssting to note
that the general share of the isobars 1s a sort of flattened
circle. Soehne (1) obscrved that in a dense soil the isobars
would be circular. Certainly this same soil at other moisture
contents would have given different results. Thus the most

we can say is thuat these isobars rerresent only the conditions
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at lowerama, Ilowever, the techniques used in this study
should be useful when aprlied to other projects which have
enecral aims related to effects of pressure on soil compac-
tion,

The formula Cy-= £, (/.- cos"o() was applied to the
front and rear tires of the tractor while plowing. The
radius of a circle whose area was equal to the contact area
of the front tire was used in calculating the angle KX for
the front tirc. The radius used was 3.26 inches. The tan-
ment of X was equal to the radius of the area divided byv
the distance below the tire, The average pressure applied
was 29.8 psi and this was used for P, in the formula. The
Vvalues calculated by this formula rerresented the theoretical
Pressure distribution under the center of the front tire
while plowing. These values were plotted in Fig., 14 along
Wwith the measured pressure values under the center of the
tire,

A similar procedure was followed for the rear tire ex-
cemrnt for the radius used, The radius of a circle whose area
1s 84 square inches is 5,16 inches. Usine this in the for-
Mul g results in a curve which indicates hirher pressures than
Vere measured. Illowever, since the luss apnlied the pressure
Under the rear tire, the contact area must have been scattered
S omewhat, Thus, considering the load as concentrated in one

AX*eg does not truly rerresent the conditions under the rear
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tire. Therefore a smaller radius - 3.0 inches - was arbi-
trarily selected. Using 2.0 inches with Py = 53.6 psi
results in a curve which aprroximites verv closely the mea-
sured rressurcs., ‘The fact that a smaller radius was needed
to m2t a close approxination of ths measursd rressures shovs
the same effect as was noticed under the tamper feet. There
the sprcad feet resulted in lower rrassures, which is arpar-
ently what occurred under the rear tractor tire., 7This same
eflfect may be the cause of the higher ratio numbers under
the rear tractor tire than uniler the front tractor tire.

The curves for the rear tire are shown in Fig., 15,

Nagnitude of Fressures in Loose Soil

It was observed by Soehne (1) that the more pliable a
S 011 the morc concentrated will be ths comrressive stresses
towards the load axis. This 1s prirarily due to the lateral
Sivine way or flovine of th= soil from unilcr the load, Thus
wWe would exrect to record larmer pressures under the center
Of a tire in loose soil. Such was the case durine the watar-
I ne operation., There the tractor was traveline over freshly
™loved soil which wus very loose compared to the unrloved
S oil, Two grarhs (Firs, 16 and 17) were drawn showine the
Maximum pressures under the center of both the front and
Tear tires of the tractor while rlovines and while waterine,
It can be rcadily seen that the rressures recorded while

Waterine were hicher for both front ani rear tires,
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It is true that the front tractor tire had a lurger
load while watz2ring than vplowin<., The orrosite is true for
the rear tire but waterine rressures were still hicher than
rlowine pressures, The fact that watering pfessures vere
higher was also shown by the ratios in the summary table,
Rememberines that the lover the number the more pressure
transmitted to the cells, we se2 that fo:r the front tire
while vlowin~ this number was 282, .hile waterins the num-
ber dropned to 233, indicating a hicher transmittal of pres-
sure, 3irilarly, the number for the rear tire was Z80 while
plowine and 294 while waterine, Thus it seemed conclusive
that larger pressures wsre transmitted deeper through a
rliable soil than through a dense soil. It should be remem-
bered that while waterings the cells were still in a dense
soil, The rressure was trancmitted throuéh the 1ooée soil
to the depth of rlowinm and the last few inches through the
dense soil to the cells. This undoubtedly lowered the value

of the indlicated vressure slichtly,
Effect of Turzs on Rear Tire

Soehne (1) @lso stated that in a very pliuble soil the
di!ference in pressurc under the lurs and under the slots
betwesn the lucs of a tire while in contact with the soil
was very slicrht, It was easily seen thut the lurs alone ap-

plied the rressure in a dense soll since the luss did not
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penetrate the soil enourh to pormit the slots betrecn lugs
to touch the soil,

Usinm the total contact area of the rear tractor tire
while waterine, the calculated mecan pressure applied was
10.4 psi. Obviously, more pressure thun 1C.4 psi must have
been applied br the tire., Thus the load carried by the con-
tact area could not have besen uniform. Either the lugs
carried more weight than the slots between the luss or the
rressure under the center of the tire was much greater than
the mean appliesd pressure or both,

The area of the lugs in contact with the soil while
plowine was 84 square inches. The ellirtical area, includ-
in~ the syuce between the lurs, was 32 square inches, 1If
we assumzs only the lurs suprorted the louad while waterine,
the area of luss in contact with the soil would be 84/:82
of the measured elliptical arsa (306 square inches) since
the ritio of lur area to total area is a constant, assuming
this lur area supnorted the load, the calculated aprlied
pressure is 41,2 psi which seems much more lo~ical in vicw
of th2 measured pressure in thes so0il, This indicates thet
the load carried by the slots betwecn luss of the tires
must hove been small, Thus 1t ssems 1likely that ths lurs
carried the majority of the loud evan in loose soil,

The apparent reversal of Soehnc's findines does not
indicate his wors wes in error, since the heicht of lurs

on the tires he used is not known, Tie luss on the tires
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at Powerama werc onc snd one half inches hich, which may
have been hirher than the lurs on the tires he used., Thus
it 1s entirely rossible that for a lower lus height Sochne's
findinrs could be richt, However, we must conclude that
under these soil conditions, with a lur heisht of one and
one half inches, most of the load is suprorted by the lurs,

sven in loose soil,.

Location of loint of Maximum Fressure
With Respect to iheel Axle

Three tests were run to try to determine the location
of the point of maximum pressure undef the tractor tires
with relation to the axle of each tire. ©Each test was
conducted in the followins manner:

A transit was set up so that its vertical hairline
determined the vertical rlane in which the line of pressure
cells 1l2id, The chart syreed on tlhie recording instrument was
set at ten centimeters rer second, One observer held a ncn-
cil nesr the ends of th: tracine rens and close tc the chart.
snother observer sishted throurh the transit and ~ave a ver-
bal sisnal when the center of the rear axle of the passing
tractor was in the vertical nlune determined by the transit.
As quickly as rossible after hearing the.signal, the first
observer muade a mark on the chart, aAlthourh this method was
crude, its sirplicity vrobably rermitted reasonable accuracy

at the slow tractor 3reeds used. .«lso time lost in human
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reflexes was partiully compensated for, since the pencil
could not be held exactly adjacent to the volnts of the
rens, Thus the chart had to travel a short distance before
the exact point rerresentinse the axle was under the pencil.

The sreed of the tractor as indicated bv the tachometer
on the tractor was also recorded on the chart, It was hoped
to use the sreed in determinins the relstion between dis-
tances revrresentine the tractor and those recorded on the
chart. An attemvrt to do this was only partially successful.
It was noted that small changes in the recorded speed of the
tractor would alter the results considerably and it was felt
that the speed of the tractor had not been measured rrecisely
enourh,

Therefore a different anproach was tried. Fen traces
vere recorded undcr both the front and the rear tractor tires,
Assumin~ the voint of preak rressure occurred the same dis-
tance ahead of the front tire as the rear tire, the dilstance
on tha chart between the two veaks would rerresent the wheel-
basz of the tractor (8C inches,) Thus a ratio was established
so thit all distances on the chart could be converted to dis-
tances rerresenting the tractor. Using the ratio, all dis-
tances on the chart could then be mcasured from the line
locatins the axle and converted to distances revrrcsenting
the tractor. This was dcne bv averanine the three cells
nearest the center of thc tire to obtain each value recorded

in Table II.
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It was noted that the peak pressures always occurred
ahead of the axle. FIrom this we must conclude thut the
major rortion of the contact afea lies shead of the_vertical
nrlane containing the rear axle, This seems logical when
remembering thut the tire 1is comracting soil ahead of it as
it moves over the so0il, This would be esrecially true in a
loose soil and that fact is observed 1n the data since dur-
inc Test 2 the roint of peak rressure ahead of the tractor

was less than durines the other two tests,
Pressures Under Plow Bottoms

Pressures under the plow bottoms were recorded while
the plow was oreratins. These values were nepative since
the ren traces indicated a reduction in rressure, It was
vossible for the cells used to indicate such a reading since
they were under a small rressure load while in the soil;
this lo:d would not be present 1f the cells were out in the
atmosphere, Thus the cells indicated a negative »ressure but
in reality the nersative vressure was a reduction in rressure
already annlied‘by the soil, 4t a depth of from 2.5 to 3.5
inches below the rlow bottoms, the averare of 24 cell read-
ines was nerative 1,05 psi with the maximum beines 1.,9¢ psi.

Not all pressures observed under the plow bottoms were
necative, Small nositive rressurcs were obscrved which may

possibly ha:ve been causcd by the fallinm of overturned soil
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from the adjacent rlow bottoma, The pren trace would jumv
ur and down with great variability wherceas the ren trace
under the tractor tires was relatively smooth. Thus the

impressed pressures under the plow bottoms chanpged very

rapidly. .J\lso rather large rressures were noted under the o
plow tires. Somec of the pressures were as great in magni- e
tude as those under the tractor tires., Therefore under the
conditions of the tests, it seems that nearly all of the i'
load on the vnlow was carried by its wheels whoreas the plow =~
bottoms did, in fact, create negative pressures, No attempt
to include the plow tires in the analysis was made since the
load carried by the tires was unknown,
The author feels that a characteristic of the pressure
cells usel to malze the soll pressure rcecadings should be men-
tioned. These cells measured only soil pressures that were
normal to the face of the cells, It is highly probable that
the pressures in the soil were not always vertical; thus the
cells indicated only thoc vertical component of the soil pres-
sure, Illowaver, under the center of the tires the soil pres-
sures probably were vertical and thsre the cells indicated
the total pressure., 4lso thes soil pressures probably were
close to vertical until they were past the edges of th? tires,
Therefore, the vressures indicated by the isobars beyond the
tires! edces may be lower than actual pressures rresent in the

soil, Other parts of the analysis would not be affected since

pressures under the center of the tires were used.
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CONCLUSION3

The use of straln gcare pressure cells with a multinle
channel recorder provides an effective and rarid means
for measurine pressures in soils,

The ratio number may be a quick way of evaluating effects
of different tires in the same soil, or diffcrent soil
conditions for the same tire.

The grarhical analysis used to plot isobars results in a
family of smooth curves clearly showing the distribution
of pressures under a tire for a given condition. Since
in any field work one would exrect variations in soil
conditions and loads aprlied as well as pressure meas-
ured, the method of graphical analysis may be a simrle
way to obtain smooth curves rerresenting average values,
'roehlich's formula as used bv 3oehne anparently gives
close arrroximations of pressure under the center of a
tire.

The more nrliable a soil the more pressure it transmits,
The high lugs on rcar tractor tires carried the majority
of the load in the Naumee sandy loam soil,

loads apnlied over scattercd contact areas caused less
pressure in the soil under the center of the load than
loads 2pplied over one continuous area.

The maximum pressure always occurred ahead of the axle



on each wheel,
The plow bottoms arnlied a slirht negative pressure,

The greatest part of the load of the plow was carried

by its wheels,



R«COLL zMNDATIONS POR rT:RT™ SR STUDIL

Determine the distribution of prossure at the contact
surface of tires,

Determine the distribution of pressure in a normal field
under various solls and soil conditions,

Investigate the effect of varving contact area for a
given load on rrsessure in soil,

Investirate the possibility of using vector analysis to
develop mathematical relationshins renresenting pres-
sure distribution in soil,

Determine the extent of soil compaction due to rressures
in soil.

Investirmate and dcvelop mezns for lowering pressures in
the snil under tircs by usins scattered contact arecas

or greater tire flexibility.
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AFIwiDIX

The weight transfer in the tractor while plowing was

calculated as follows: /OC?SC?#

yertical plir= of
T center of gravity

|
le— o - O 5
|
' .
I
|
- - . grouvnd level
v - — -_— _ % —— —
<- B - Y- — N
#
2930 8053‘

ant wheel

reacv/on rea:‘f‘/lo(’?

ig. 18. weight Distribution
of Iractor Under Static Conditions

To determine location of center of gravity from

Fig., 18:
M =r = 8050 x80 - [0987 X

fronf wheei

)

V)
0y
W
I\

Distance from rear axle to center of pgravity will

be 80" - 55.3" = 21, 4"



. E-3
|080
- .“" ‘
—- 1. ¢ xdl 5000£
' 4 ' ’
’5’5ll Ew:
; ) y
- — L _9round Jevel P
. 1
A 1 |

i, 19, weight Distribution
of Tractor while Flowing
To determine front tire reaction while plowing from

rig. 19:
‘ EM,20= /0980xz2l.9 -5000x155 ~ Fx80
F=

/10980 x2/7.9 —50095x 5
80

5:/969*

F= 970 rovnded offF

g2V=0: /0980-/970-RA
R = Qo0 /o
Thus euach rear tire c:rried 4505 1b. and each front

tire carried €65 1b, weight transfer for other operations

was calculuated in a similar manner.

The elliptical contact areas were calculated bv use of

the formula:

A:ﬁc«.b



Ol
N

Fig. 20. Tire Contact area
where a and b are semi~-axes of an ellipse. Thus for

the front tire on a hard surface:

Area = ﬂx%x%— = 33,0 In*

The welght of water in the sprayer tank was determined
as follows:

At the start of the watering process the amount of

water was 35X 69xg92 _ 543.7 f?‘s
1728 -

The amount of water at the end of the watering process

was approximately »p¢ y ¢ 9 x g2

3
723 - 33.5ft¢

Average water in the sprayer was then

58.7 + 33.%
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The welght of water in the sheeps-=foot tamper was

calculated as follows:
Y
| gquation of curve

_ would be:
—T\\\ X2+ ¥y? - 9°?
J N water jeve! -

__T____._,
‘\‘\ \IZ X =T /72__ y?
N . “ I

Fig. 21. Circular Curve Representing
Drum of Sheeps-Foot Tamper

From the calculus we know the area would te:

- 1z 197~
A = f dx d» - j ]9,
-/9

|

I i
—_ 2[\/ )/Z d)
~ /9
e
= —E’D TR s/'n-"/‘y”/]
= 1 d-19

:[/am ~ 36/ Si1n" (/ ] [o + 36/5n" (L.)]

—
—

177 +361(Z) - 36/ (-Z) = g92 /n*



wach drum (two drums on the tamper) was 40 inches long,

Therefore total volume was:

992 x 2 (40)

6.0 ft°
/1728 K f

§

F6.0Xx 62.9 2870 |bof Water

\
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TABlL & V

FRuSS3UR® CELL READINGs URDur Thy CulTsR OF THi FROWT TRaCTOR
TIRs IN IPRwSNLY PLOwisD kaUNMuk SANDY LOal: SOIL PLaCsD ON PAVING

Depth Cell Readings Depth Cell Readings
(in.) (psi) (in.) (psi)
9.8 3.7 10.2 5.8
10.0 8.1 11.8 3.8
10.0 5.1 12,8 5.3

| 10.0 4,7 14.7 4.1

i 10.0 8.8

TABLE V1

PRESSURw CxLI R=EaDINGS UNDZR THa CshTseR OF THE REsaR TRACTOR
TI#< IN FRSSHLY PLOwLD MaUMEL 3anDY LOalk SOIL PLACED ON FAVING

e e ey Ty

Depth Cell Readings Depth Cell Readings

(in.) (psi) (in.) (psi)

9.8 11.4 10.0 13.5

10.0 12.5 10.2 12.3

10.0 12.3 11.8 13.7

10.0 17.3 12.8 12.8

10.0 2.4 14.7 11.8 ]
—
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TABLLE VII
THEORETICAL FRuddUhw DISTRIEBUTTION ULDLR THi
CANTER O Tia FROLT THACTOR TI1RE @
Depth tan = b s cos o~ cos 4 Pressure
(in.) (degrees) (psi)
2 1.63 58.5 0.522 C.074 27.6
3 1.0¢ 47 .5 0.676 0.209 23.6
i 4 «815 39.2 0.775‘ 0.360 19.1
E 6 «043 28.5 0.860 0.6C0 11.9
? 8 « 407 22.2 0.926 C.735 7.9
g 10 326 18,0 0.952 0.822 5.3
[ 12 271 15.2 0.965 0.867 { 4.0
i 14 i 233 i 15.1 0.074 0.900 i 3.0
| 16 202 | 114 0.980 | 0,922 2.3
a. Calculated from formula C2 = Pm (/= Co05%a)
with Fp = 29.8 psi and effective radius = 2.26 in,
b. L where r is effective radius

A 1s arec tan 3

and x is depth.
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TAZIw VIII
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UNDsR THE

CENT«R 0. Tii RsAR TRACTOR TIRE wITH 3.00" RaDIUS &8
| Depth tana b a cos = costa Fressure

(in.) (degrees) (psi)

2 1.50 56.3 0.555 0.095 48,5

3 1.00 45 0.7C7 0.250 40.2

4 .750 36.9 0.800 0.410 31,6

6 .500 26.5 0.835| 0.614 20.7

b

8 . 075 i 2C.6 0.9306 0.768 12.4
10 « 000 16,7 0.958 0.842 8.5 i
1

12 .250 14,0 0,970 C.885 6.2
- . - —— _.—-...._._———.ﬁ‘

14 .212 12.0 C.979 , ©.91% 4.8

e — —~—
16 .187 | 10.6 C.983 0.534 G}

a. Calculated from formula %z = Pm (1~ Cosq"‘)

with Py, = 53.6 psi and elfective radius = 3.00 in.

b.

o~ 1s arc tan }JE where r is effective radius and

x 1s depth.
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TABLE 1X
THEORETICAL PRISSUR: DISTRILIUTION UKDER THE
CuNTwR Or THe RuAR TRACTOR TIRe «ITH 5.16" RaDIUS @
Depth tan & D e cos | costo Pressure
(in.) (degrees) (psi)
2 2,58 68.8 0.362 | 0.017 52,7
3 1.72 59.9 0.500 | 0.062 50.3 |
g 4 1.29 52.2 0.613| 0.141 6.1 |
i 6 . 860 40.6 0.759 | 0.332 35.8 |
L8 .645 32.8 0.841 | 0.49¢ 26.0 |
10 516 27.3 ' o.s88 | 0.622 20,2 E
12 |  .a0 | 25.3 | 0.925 D 0.752 1 14.4
t—i4 E « 368 ] 20.2 ? O.958j 0.774 | 12.1
16 | .322 17.8 ' 0.952 { 0.821 9.6
a. Calculated from formula €3 ~ Fim (1=Cos "2
with gn:.55.6 psi and effective radius = 5.16 in,

b. X is arc tan £ where r is effective radius and

x 1s depth,
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SULLaRY OFF STaTIC L0ADS, LOADS CariilwD, PULL AND
SENT-AXES OF COWTACT ARAS IFOR TRACTOR AND I1NMPLELSNT TIRES

Tire or ' Static| Pull Causing Working | Major | Minonr|
Implement Load Weight Transfer| Load Axis Axis
1lv, 1b. 1b. in, in,.
F'ront Tire
Plowing 1465 5000 985 7 6
Rear Tire _
Flowing 4025 5000 4505 |
— ~ i
f'ront Tire ; 1,4, 900 1350 17 | 7.5
watering ! ;
, 1
Rear Tire ! '
Watering i 4040 900 4127 28 | 18
i +
['ront Tire | |
Pamping - 1437 1800 1265 - }
Rear Tire !
Pamping 4040 1800 4212 - ? -
ont Tire ’ i
Egmng 1437 800 1360 - -
Rear Tire ; i - }
Rolling 4040 800 4117 ? - f :
Sprayer ' : !
?ire 2852 - 2852 11 | 8
&amper b a |
oe | 8550 - 8550 | 3.25 | 2,08
) T
Roller © i ;

a, ectangular area calculated.

b. 24 feet in contact with soil,
column were pneumatic tires.

c. 8 tires on the roller.

All other items in
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