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PRESSURE C E L L S 

A C B B N K E L M A N AND R . J . L A N C A S T E R 

Public Roads Admimslralton 

SYNOPSIS 
Study of the performance of pressure cells of the pneumatic type indicates 

that the problem of accurately measuring soil pressures is a difficult one Tests 
show that when the cell docs not have a rim around the pressure sensitive face, 
the pressures that it is apt to record in soils n ill vary directly as the perimcter-
arca latio of the cell and that as its thickness is increased the cfTcct of size be
comes more pronounced, i e , the smaller the cell and the greater its thickness the 
higher the recorded pressures will be 

The presence of a rim around the pressure sensitive face serves to compensate 
for the effect of cell thickness The report suggests that the problem of measur
ing piessures can best be approached by systematic study of the design features 
of cells that satisfy practical requirements as to dimensions and materials to the 
end that these may be used with a full knowledge of their accuracy and other 
characteristics 

The design of most engineering struc-
tuies must, of necessity, take into con
sidciation the qualitv and the natuic of 
the support offered by the soil on w hich 
the structuic is to lest Usuallv, the 
unifoimity of the suppoit is moic im-
poitant than the actual unit picssure 
value although both aic of intcicst 
Manv and \aiicd ha\c been the thcoiics 
pioposcd and the cxpciimcnts pcifoimcd 
in attempting to evaluate soil suppoit 
and, in oidci to piovidc cxpciimcntal 
data, soil picssuic mcas-uiing dc\iccs of 
numcious t\pcs. îzes and chaiactciistics 
ha\ c been designed and used 

Foi some time the Public Roads 
Administiation has been studying the 
pioblcm of picssuic mcasuicment in 
soils m connection with its possible 
application to the dc\ clopmcnt of lational 
methods fui designing noniigid load 
suiiiicos A'5 a pait of this studv it 
seemed onlv logical to investigate the 
accuiacv, consistcncv and othei chaiac-
tei istics of some of the dc\ ices that have 
been pioposcd and to detciminc the 
inipoitance of some of the design featuies 
that affect the accuiacy with which soil 
piessuics mav be mea&uicd. 

This lepoit desciibes ccitam prelimi-

naiy or exploiatoiy tests m which the 
attempt has been made to develop 
information conccining the factois that 
effect the peifoimancc of one tvpe of 
pressuie-mcasuiing device, the pneumatic 
cell developed by the Public Roads 
Administration manv j'cars ago ' 

That little impoitancc has been at
tached to the cxtcinal featuies of design 
of soil picssure cells is evident fiom c^en 
a casual sui\cv of the liteiatuic on the 
subject Appaicntlv, the ovciall size 
of such dcMces has been govcincd more 
bv the space lequuemcnts of the internal 
piessuic mcasui ing clement than bv othci 
consideiations Moieovei, in some cells 
the prcssuic receiving face is scpaiatc 
and distinct fiom the side walls and base 
section, in otheis. it is integial with these 
pai ts. 

The matciial picsented m Table 1 
indicates the extent to which the dimen
sional and stiuctuial featuies of some of 
the more leccnt designs for soil picssuic 
cells vai J' While the list is not complete, 
it sen'cs to indicate that in the design 

> A T Goldbeck and E B Smith "An 
Apparatus for Determining Soil Piessuies," 
Proceedings, Ameiican Society foi Testing 
Materials, 1916 
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of soil pressure cells no great consideration 
has been given to the possibihty that the 
physical dimensions might seriously affect 
the accuracy with which they would 
indicate soil pressure. 

I t is only reasonable that the introduc
tion mto a soil mass of assumed homo
geneity of a foreign object having 

T A B L E 1 

Type of cell Thick
ness 

Diam
eter Rim width 

tncha mdua tnchta 

Pneumatic* 1 25 5 50 1.0 
Vibrating wire"» 2 67 5 52 About i 
Carbon disks' 0.25 0 50 Thm bake-

lite ring' 
Rubber diaphragm' 0 62 4 00 0 25 
Dynamometer*.. . 8.50 8 00 Not indi

cated 

" A T . Goldbeck, "Measurement of Earth 
Pressure," Proceedings, Highway Research 
Board, Vol. 18, part I I , (1938) 

•> I F . Morrison and W. E . Cornish, "Meas
urement of Earth Pressure," Canadtan Journal 
of Research, Vol. 17, sec. A. 

' M G Spangler, "Wheel Load Stress Dis
tribution Beneath Flexible Type Pavements," 
Proceedings, Conference on Soil Mechanics and 
Its Application, Purdue University, July 1940. 

<>F Kogler and A Scheidig, "Druckver-
teilung im Baugrunde" Die BatUechntk, No 29, 
July 1,1927 

• W. H . Evans, "Dynamometer for Measur
ing Eartl) Pressures." Engirteenng, Vol. 149, 
No. 3876. April 1940 

'Thickness somewhat less than that of 
mea^unng element 

radically different elastic properties will 
disturb the distribution of pressure in the 
vicinity of the object. I t is, therfore, 
rather surprising that so little attention 
has been paid to this pomt in the design 
of pressure-measuring equipment. 

Kogler and Scheidig* first called at
tention to the difficulties of measuring 

> F . Kogler and A. Scheidig "Druckver-
teilung im Baugrunde," Die BatUeehmk, No. 
31, July 16, 1927. 

soil pressures accurately with a pressure 
cell. They pointed out that a cell more 
rigid than the soil would indicate pres
sures greater than those present in the 
soil and, conversely, a cell more com
pressible than the soil would give pres
sures less than those in the soil. This 
fact was also recently recognized by 
Goldbeck.' There can be little question 
as to the correctness of this reasoning 
and the natural inference is that if a 
device is to indicate true soil pressure, 
it must possess in itself the same elastic 
properties as those of the surrounding 
soil. In other words, it must deform 
in all directions to the same extent as 
the soil. 

EXTERNAL DESIGN FEATURES OF PRESSURE 
CELLS IMPORTANT 

With the possible exception of the 
rubber diaphragm cell, the cells listed in 
Table 1 are essentially rigid in character. 
This means that the pressure which is 
indicated by them is likely to exceed 
the true pressure m the soil in which they 
are insttdled. The extent to which the 
indicated pressure might deviate from the 
true pressure probably would vary as 
some function of the thickness or of the 
cross-sectional area of the cell. In con
nection with this aspect of the problem, it 
is of interest to speculate upon just what 
sort of forces are imposed upon a rigid 
type pressure cell when it is embedded 
in a compressible soil. I t seems probable 
that they are analogous to those that 
resist the penetration of a rigid bearing 
block into the soil. I t has been found 
that the pressure existmg over the plane 
of contact between a bearing block and 
the supporting soil is not of uniform 
mtensity. In the case of cohesive soils, 
the intensity is greater near the edges of 
the area of contact and in the case of 
granular soils it is greater in the interior 

* Studies of Subgrade Pressures under 
Flexible Road Surfaces. Proceedings Highway 
Research Board, Vol. 19 (1939) 
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portion of the area. This explains the 
observed fact that the resistance offered 
to the penetration of a circular bearing 
block into a cohesive soil varies invcrselj'̂  
as the diameter of the area while, for a 
granular soil, it vaiies more or less 
directly as the diameter of the area. 

Thus, if it IS assumed that the forces 
imposed upon a pressure cell arc essen-
tiallj"̂  the same as those resisting the 
penetration of a body into the soil, it 
would be expected that the pressuie 
indicated by cells of different size would 
vaiy with the area and would be different 
for cohesive and granular materials 

In this discussion it has been assumed 
that the cell is of tangible thickness and 
that the pressure receiving face is not 
encompassed by a rim section It seems 
reasonable that the presence of a rim 
aiound the pressure-responsive area 
would disturb the pressure-area rela
tionships because it would tend to 
alter the distribution of prcssuie on the 
ccntial area 

Anothei point to be consideied when 
cells with a rim around the piessurc face 
arc being used is that difficulty may be 
experienced in seating the cell upon the 
soil in such a manner that the same 
intimacy of contact exists over both the 
iim and the piessuic-scnsitivc face If 
unifoim beaiing on the two sections is 
not secuied, the indicated pressure might 
be considerably in ciror. 

In planning these cxploratoiy tests, 
considciation was given to the sevcial 
points mentioned in the above discussion. 
Piessuic cells of the pneumatic type 
developed by the Public Roads Adminis-
tiation, but modified with the detachable 
I im and piston sections as shown m Figure 
], \̂ele used in the studj'. Detachable 
pistons, not shown in Figuic 1, were also 
used on cell No 7 In all cases the 
diameter of the pistons was the same as 
that of the piessurc-scnsitivc aiea, rc-
fci 1 cd to in the text and tables that follow 

The important dimensional fcatuies of 
these cells aie given in Table 2. 

It will be noted that the diametei of the 
pressure-sensitive areas vaiicd fiom 1 to 
5 05 in and the pciimetei-aica latios 
from 4 0 to 0 79 The constiuction 
made it possible to studj'̂  the peifoimance 
of these cells in a numbei of different 

STANDARD C E L L 

C E L L NO 2 

C E L L NO S 

C E L L NO 7 

Figure 1. Pneumatic Soil Pressure Cells and 
Attachable Sections 

ways Foi example, they could bo 
placed face down on a soil, oi anj- other 
plastic matci lal, and loaded, oi thcj- could 
be installed in a contamci that could be 
filled subscqucntlv with a soil and loaded 
in any mannei desired In tests of the 
first type, the effect of vaiiations in the 



302 DESIGN 

width of the rim section was studied. 
In tests of the second type the cells 
proper were set flush with the base section 
of a cylindrically shaped soil container 
and, by means of the attachable parts, 
studies were made of the effects of 
thickness and facial area of the cells as 
well as of the effect of variations in the 

TABLE 2 

PreBsure-senai-
tive araa 

Cumulative width of attaehable 
rim section 

Cell 
Diam
eter 

Penm-
eter-
area 
mtio 

1 2 3 4 

mdtet tn tn tn tn, 

Stand
ard 3 57 1 12 
3 1 00 4 00 0 25 0 SO 0 75 1 00 
2 1 50 2 67 0 25 0 50 0 75 1 00 
5 3 57 1 12 0 16 0 41 0 66 0 97 
7 5 05 0 79 

IDTH ' 
I WITH \ 

RIM WIDTH 
VARIED WITH 
SECTIONS 

PISTON EXTEN5KJN 

R U B B E R M A T S 

Figure 2. Test Set-up for Studying Effect 
of Width of Rim of Pressure Cell When Sup
ported by Rubber Cushions. 

width of rim. In these latter tests the 
type and condition of the soil through 
which load was transmitted to the cells 
could be varied as desired. 

The first series of tests concerned the 
performance of cells 2, 3 and 5 when 
placed face down upon rubber cushions 
and loaded individually as shown in 
Figure 2 Two distinct types of rubber 
mats were used, ordinary soft sponge 

mats, I in. in thickness, and firm fabric-
reinforced mats about \ in. in thickness. 
In the test a load was applied to each of 
the cells in suitable increments and the 
indicated pressures were measured, first, 
with only the piston extensions bearing 
on the test materials, and second, with 
the several nm extensions added one at 
a time. 

The difference in performance of the 
cells when m contact with the two grades 
of supporting material was striking. In 
the case of the soft yielding sponge 
rubber, the pressure intensity indicated 
by the cells was always equal to that 
computed for the load and the contact 
area in question. This was true regard
less of the width of the rim around the 
pressure-recording piston. In other 
words, the pressure intensity over the 
contact plane remained uniform. When 
the firm fabric mat material was em
ployed an entirely different condition 
resulted. With this material difficulty 
was experienced in securing the same 
intimacy of contact beneath the central 
piston and the surrounding rim sections 
before the load was applied to the cells. 
This meant that in one instance more of 
the load was transmitted to the test 
material through the piston section; 
in another more through the rim section. 
This difficulty made i t impossible to 
develop definite information regarding 
pressure distnbution between such a 
material and the pressure cells when their 
size and rim width was changed. In 
contrast, the sponge rubber behaved much 
like a fluid or semifluid medium and 
slight differences in the relative elevation 
of the piston and rim section apparently 
did not affect the pressure intensity 
indications. 

Another factor entering into such tests 
concerns the manner in which pressures 
are measured with the pneumatic type 
of cell. The piston or weighing face is 
subject to some outward movement when 
the cell is expanded and a pressure bal-
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ance is obtained. I f the matenal sup
porting the rim-piston face is strictly 
nonyielding in character, this movement, 
even though infinitely small, would tend 
to shift all the load to the weighing face. 
Goldbeck', in a senes of special tests 
made with damp sand soil, found that 
the error due to this movement was 
extremely small. However, i t is believed 
that the magmtude of the error would be 
dependent upon the stiffness or defor
mation modulus of the material in 
question. 

C A B E I N I N S T A L L I N G R I M - T Y P E P R E S S U B E 
C E L L S N E C E S S A R Y 

Data showing the effect of variations 
in the seating of a cell on various soils, 
with its pressure-nm face down, are 
shown m Figures 3, 4, 5 and 6. The 
curves in Figure 3 show pressures that 
were recorded in a test in which two of 
the standard cells (Fig. 1) were placed 
face down in different ways upon different 
soils and loaded with dead weights as 
shown. When the two cells were placed 
directly upon a smooth, flat surface of 

' firm loam soil in the field, the relation 
between applied and indicated pressures 
varied widely. With an applied unit 
load of 20 lb. per sq. in., the pressure 
intensity indicated by cell A was about 12 
lb. per sq. in. and by cell B about 33 lb. 
per sq. in. Apparently, in the case of 
cell A, a greater percentage of the applied 
load was transmitted through the nm 
section and less through the pressure-
sensitive area than in the case of cell B. 
In an attempt to improve the degree of 
uniformity of contact between the cells 
and soil, an intermediate thin layer of 
the moist soil fines was introduced and 
this resulted in some improvement, 
cell A indicating a pressure of 18 lb per 
sq in. (for a unit load of 20 lb. per sq. in.), 
cell B showing no appreciable change. 

I n another test, the same two cells were 
placed on an extremely moist, plastic 
loam soil, and the pressures indicated by 

the two cells were in close agreement 
'although about 20 percent less than the 
calculated pressure intensity. In this 
test, i t appears that there was a con
centration of pressure near the perimeter 
or upon the nm section of the cells. 

The data shown in Figure 4 were ob
tained in another test designed to show 
the effect of variations in the seating of 
pressure cells of the rim type on a soil. 
Eight of the standard cells were placed 

E L L B 

C E L L S 

C C L L A 

L O A D POUNDS PER SQUARE I N C H 

a & PLACED O I R E C T L V O N S M O O T H , F I R U , L O A U SOIL 
M K BEDDED O N S M O O T H , F I R M L O A M A N D A T H I N INTERMEDIATE 

L A T E R OF M O I S T SOIL F INES 
O - o P L A C E D DIRECTLY O N E X T R E M E L V MOIST, P L A S T I C L O A M 

Figure 3. Results of Pressure Cell Tests on 
Soil in the Field 

reasonably close together on a thin bed of 
the moist soil fines laid over a uniform 
soil formation and loaded in the manner 
indicated As the data in Figure 4 show, 
the indicated pressures varied consid
erably between cells. 

The data in Figures 5 and 6 further 
emphasize the fact that when several 
pressure cells having rims are placed 
face down on a soil and loaded equally, 
there is likely to be considerable dis
persion in the pressure values indicated 
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by the various cells in the group. In the 
tests referred to as series A in Figure 5 

APPLrCD LOAD- POUNDS PER SQUARE INCH 

Figure 4. Results of Pressure Cell Tests on 
Sou In the Field 

SERIES A TESTS 

s 
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/ 

SERIES B TESTS 

' LOAD 1 

A i ' . . o I . A A > | « 

C E L L S ] 
P L A S T E R O F P A R I S « 

CENTER 

0 1 0 2 0 SO 0 1 0 

APPLIED L O A D - POUNDS PER SQUARE INCH 

Figure 5. Performance of Standard Cells 
When Placed in and Beneath Rigid Bearing 
Blocks. 

four identical cells were spaced sym
metrically around a central cell, then a 
bearing block 18f in. in diameter was 

cast centrally over the group; that is, 
the cells proper became an integral 
part of the bearmg block. Series B 
tests referred to in the same figure differed 
from series A m one important respect, 
in that the cells were set into the soil 
rather than cast in the bearing block. 
The bearing blocks in each series were 
loaded in the manner illustrated. The 
data obtamed in these tests likewise show 
an extremely wide dispersion in the 

S E R I E S B T E S T S 
S T A N D A R D C E L L S 

S E R I E S A T E S T S 
R I M L E S S C E L L S 

CELLS 
PLASTER CP PARIS 

ENTER CEL 

C E L L S 
lOFRARIS 

o 

AVERAC 

C E N T E R " 
C E L L — ' 

o 

y 
* A * ' 

A 

/ A -

/* 
1 0 so 4( 

i A P P L I C D L O A D - P O U N D S P E R 

) 0 1 0 2 0 

S Q U A R E I N C H 

Figure 6. Results Obtained by Testing 
Performance of Cells Beneath Rigid Bearing 
Blocks. 

pressure values indicated by the indi
vidual cells. The average indicated pres
sure for a given load is somewhat greater 
in series B than in the series A tests. 
This would indicate that the soil around 
and between the cells did not transmit 
its proportionate part of the load. This 
point was given further study in later 
tests. 

The possibihty that much of the dis
persion in pressure values indicated by 
different cells when tested in the same 
manner was caused by lack of uniformity 
in seating them on the soil was investi-
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gated in anothei group of tests, the lesults 
of which aic shown in Figure 6 In the 
seues A tests leferred to in this figure, 
cells with the iims eliminated (cell 7, 
Fig 1) were installed beneath the bearing 
block. I t IS to be expected that theie 
should be less difficulty in pi-opeilj"^ 
seating cells without iims and, in general, 
the data indicate this to be the case 
With the exception of data from one of 
the outer cells, the values for the various 
cells aie reasonably close together, in 
contiast to those of series B, in which the 
standard iim-type cells were again used, 
and in which the individual pressure 
values are scatteicd to about the same 
degree as in the caihci tests The 
fact that the average pi essurc indicated 
153- the cells in the seiies A tests is higher 
than that m seiies B is probably due to 
the gieatei cell thickness Othei tests 
were made to investigate this matter 
moie fully. 

R I G I D P R E S S U R E C E L L S I N A C O M P R E S S I B L E 
SOIL S E R V E TO D I S T U R B T H E 

CONTINUITY O F S T R E S S E S 

The tests thus far described clearly 
indicate that consideiable tiouble may be 
expected m seating a pressuie cell of 
the 11m tvpe on soil so that the same 
initial intimacv of contact obtains be
neath the 11m and pressure-recording 
aica This appears to be tiue even 
though the cell is bedded on a thin 
intei mediate layer of moist soil fines 
Thus, in cases wheic i t is nccessaiy to 
place the cell on a soil such as, for 
example, a prepared section of load sub-
giade, rathci than place the soil upon the 
cell as in a fill, the presence of a 11m might 
cause appreciable eirors in the piessure 
indications Also, the picsence of a um 
might affect in another way the accuiacy 
with which the cell will indicate pressure 
because the soil when loaded will tend 
to flow aiound the foieign object and, 
undei these cu cumstances, the piessuie 
intensitv on the object would not be 

uniform fiom edge to center I f such 
soil movement tends to form a conccn-
tiation of piessuie around the pcnmetei 
of the object, the presence of a rim on 
the piessuie cell should seive to reduce 
correspondingly the pressure intensity 
that IS indicated by the cell, and this 
indicated pressure intensity will be less 
than the aveiage applied over the entire 
entiie face of the cell If , on the other 
hand, there is a concentration of pressure 
in the central area of the cell face, as 
might be the case with gianular material, 
the pressure intensity indicated by the 
cell may be highei than the aveiage for 
the entile cell face. 

YE BOLT TO CROSS HEAD 

1 1 

1 BEAMS 

LEVEL7 

REiNronceo 
coNcneie 
eEARINC ^ 

STEEL 
BEARING 
PLATES 

I V D R A U L I C J A C K T 
FOR MAINTAINING 1 
LEVEL POSrTlON ! 
or I BEAMS 

/ / / / / / 

PKESSURE 
C E L L -
LEADS 

SOIL CONTAINER 

— ^ B 

CONCRETE BASE 

v7777777777777777777777777?y777F* 
WEIGHING TABLE V TESTING MACHINE 

Figure 7. Plan of Loading Set-up for Soil 
Container Tests 

Eai hei in the repoi t mention was made 
of ceitain tests in which the pressuie 
cells weie installed in a container that 
was later filled with soil to which load 
was applied These tests weie designed 
piimaiilv to develop infoimation con
cerning the effect on piessuie indication 
of some of the factois just discussed 
Figure 7 shows how the equipment was 
aiianged on the table extension of the 
testing machine that was used to apply 
known foiccs on the soil suiface 

The soil containei consisted of a steel 
hoop 01 cylindei 30 in in diametei and 
8 m high placed on a concietc base which, 
in turn, was suppoited on the table of 
the testing machine The cells weie 
aiiangcd in the bottom of the container 
in the pattern show n in Figure 8 Loads 



306 DESIGN 

were applied to the soil with a concrete 
bearing block that covered the soil 
surface. Three soils varying in character 
from a heavy plastic moist clay to a 
cohesionless dry sand were used in the 
study. The gradings and soil constants 
of the material are listed in Table 3. 
The loam soil was used both in a dry 
and in a moist condition. 

increments and the indicated pressures 
were recorded. Then, to cells 2, 3, 5 and 
7 the | - in . piston extensions were attached 
and the tests repeated. This was followed 
by similar tests in which the rim or ring 
sections were added one at a time to cells 
2, 3 and 5 

Throughout these tests the pressure-
sensitive face of standard cells 1, 4, 6 
and 8 remained flush with the base of the 
container. In the case of cell 7 the | - in . 

T A B L E 3 

MECHANICAL ANALYSIS 

Figure 8. Layout of Cells in the Test Container 

I t is recognized that in these tests 
with the container, the soil through which 
the pressure was transmitted to the cells 
was restrained from lateral movement 
and was thus forced to behave somewhat 
differently than i t would under normal 
field conditions. 

The test procedure was briefly as 
follows. With the pressure-sensitive areas 
of the cells flush with the surface of the 
base section, the container was, as a 
general rule, filled twice in succession 
with each of the four soils; the load was 
applied to the bearing block in suitable 

Parti-
eles 

laiger 
than 

2 0mm 

Partides smaller than 2 mm (percent 
by weight) 

Material 

Parti-
eles 

laiger 
than 

2 0mm 

Coarse 
sand 
20to 
0.25 
mm 

Fme 
sand 

0 25 to 
005 
mm 

Silt 
0 05 to 
0005 
fnm 

Clay 
small

er 
than 
0005 
mm. 

Col
loids 
small

er 
than 
0 001 
mm. 

Pass
ing 
no 
40 

sieve 

Sand.. 0 75 22 1 2 56 
Loam 0 14 34 31 21 8 94 
Clay 0 2 3 24 71 49 99 

PHYSICAL TEST CONSTANTS OF MATERIAL 
PASSING NO 40 SIEVE 

iHatenal Liquid 
limit 

Flas-
tieity 
index 

Shrinkage Moisture 
equivalent 

iHatenal Liquid 
limit 

Flas-
tieity 
index 

Limit Ratio 
Cen
tri
fuge 

Fidd 

Sand 
Loam 24 6 15 1 9 18 18 

Clay 78 51 15 1 9 43 29 

thickness piston extension was left in 
place. 

The moisture content of the damp loam 
and moist clay soil was held practically 
constant throughout the tests, being 
about 15 and 30 percent, respectively. 
With the exception of the moist clay, 
which was hand tamped in place in order 
to eliminate large void spaces m the final 
specimen, the soils were placed in the 
container without artificial compaction. 
After test, the compacted specimens of 



BENKELMAN AND LANCASTER—SOIL PRESSURE CELLS 307 

the moist and dry loam soil were broken 
up by passing through a J-in. mesh 
sieve preparatory to being used over 
again. 

With this method of test the effect of 
size of the pressure-recordmg device, 
both with and without encompassing 
rim sections, could be studied. In con
trast to the tests described earlier in the 
report, the use of the container permitted 
the soil to be placed or molded against 
the pressure-sensitive face of the cells. 

8 « 

•Ul I N I T A P P L I E D L O A D - I h U N I T A P P L I E D L O A D 

MOIST LOAM 

•UNIT A P P L I E D L O A D 

MOIST. PLASTIC C L A Y 

p U N I T A P P L I E D L O A D 

I « S 6 S 7 2 3 

C E L L N U M B E R 
S « a 7 2 3 

Figure 9. Variation In Pressure Recorded 
by the Cells When Flush With the Base of 
Container. 

Thus the possibility of nonuniform in
timacy of contact between pressure and 
rim sections was removed. 

When these tests were planned i t was 
thought that the intensity of the pressure 
transmitted through the soil to the base 
section, at points radially equidistant 
from the center of the container, would 
be umform or at least would not vary 
to such an extent that the performance 
of one cell could not be compared directly 
with another. However, i t was found 
that when the cells were installed flush 
with the base, differences of appreciable 

magnitude existed in the pressures in
dicated by the vanous cells. The data 
obtained in the tests with the cell faces 
flush with the base are given in Figure 9. 
Although i t was noted that the differences 
were greatest between cells of different 
size and that they were less when plastic 
soil was used than they were when granu
lar types of material were employed, still 
no relations could be developed that 
would permit the direct comparison of 
the several individual cells. 

I t was decided, therefore, to use the 
data obtained with each cell in these 
tests as a basis of comparison with data 
obtained with the same cell in future tests 
in which the individual cells had been 
altered in various ways. For example, 
the cell face could be extended into the 
soil various distances and the effect of 
varying amounts of rim area could be 
studied, always companng individual 
cell data with those obtained with the 
same cell set flush with the surface of 
the base. 

PERFORMANCE OF RII ILESS PRESSURE 
CELLS DEPENDS UPON THEIR SIZE 

A N D THICKNESS 

In general, the pressures indicated by 
the cells were found to be du-ectly pro
portional to the applied load. This is 
evident in the typical load-pressure re
lationships shown in Figure 10 for the 
moist loam soil. These data show the 
pressures indicated by cells 2, 3, 5 and 7 
for the following physical conditions. 
(1) Zero thickness, or with the pressure 
face flush with the base section; (2) 
| - in . thickness, or with the piston ex
tensions attached, and for the f-in. thick
ness plus; (3) one-run section, (4) two-
rim sections; (5) three-rim sections; and 
(6) four-rim sections Each plotted 
value represents the average of two tests. 

In these and subsequent figures and in 
the test where the term "cell thickness" 
is used, this dimension refers to the 
amount of the extension of the cell piston 
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or the cell um into the soil m the con
tainei and docs not icfer to the dimension 
of that part of the cell w hich is embedded 
in the plaster of pans 

In connection with this figuie, atten
tion IS called to the relationship shown by 
a broken line for each of the cells. This 
lepresents a collected value of the le-
lation shown by the vcitical crosses by 
which the element of friction on the 
lateial suiface of the piston extension 
was eliminated The correction was 
arrived at by test data obtained with 
cell 3, in which duplicate tests were 
made with and without a very thin metal 
sleeve sui rounding the piston extension. 
I t was considered that this sleeve seived 
to ehminate friction between the lateral 
surface of the piston and the soil Thus 
the increase in pressure due to cell thick
ness alone was determined Assuming 
that the intensity of this lateral frictional 
force would be unaffected by the diameter 
of the cell, the values of pressure that 
would have been indicated by the other 
three cells, had not faction been present, 
wcie computed. 

Fiom such data foi the four test soils, 
i t was possible to express on a percentage 
basis the pressure intensity indicated by 
the cells when they extended up into the 
soil, in teinis of that recoided when the 
piessure area was flush with the base of 
the containci The relationships are 
shown in Figure 11. 

With the exception of the test data 
obtained with the moist plastic claj-̂  
soil, the tiend of the data is very consis
tent and stiongly indicates, fiist, that as 
the size of a iimless type piessuie cell 
IS decreased, the piessure intensity that 
the cell w i l l indicate, in soils that displace 
veiticallj- above and aiound them, may 
be expected to inciease to a maiked 
degree, and second, that the presence of a 
rigid um section aiound the piessuie-
sensitive aiea tends to compensate for the 
effect of cell thickness. 

The behavior of the moist plastic clay 

in these tests was quite diffeient f iom 
that of the other thi ee soils Its moisture 
content was such that appaiently the 
material behaved neaily as a fluid with 
essentially the same piessuie intensity 
piescnt thioughout the confined mass of 
soil I t was obscivcd in all of the tests 
with this soil that the matciial, in con
tiast to the other soils, actually flowed 
out from the | - in . cleaiance space be-

MOIST P L A S T I C C L A Y 

i 100 P l n _ n n R n n n n n n 

a 3 0 0 

I i [ ] | ] f l H „ n P f l 

MOIST LOAM 

nmbi. 
I 2 3 A S 6 I 2 3 4 S 6 I 2 3 < S 6 

— C E L L N 0 3 — 4 ~ C E L L N O 1 C E L L NO 5 — H C E L L N O 7| 
RIMLESS C E L L 2 RIMLESS WITHOUT L A T E R A L FRICTION 
ONE RIM SECTION 4 TWO RIM SECTIONS 

-THREE R I M SECTIONS 6 FOUR RIM SECTIONS 

Figure 11. Performance of Cells With and 
Without Rim Sections 

twcen the beaung block and the walls of 
the container 

Figuie 12 shows a poition of the same 
data plotted in such a mannci as to in
dicate the effects of the physical dimen
sion of cells of the iimlcss type on the 
mannei m which they pcifoimed undci 
the desciibed conditions of test In this 
graph the piessuie intensity, expiessed 
as a percentage of that obtained with the 
cells set flush, is plotted against the 
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perimeter-area ratio of the recording 
units, for cell thickness or piston exten
sions of f, f and 1 | m , respectively. 
I t was considered advisable to include 
more than one thickness of cell unit in 
order properly to evaluate this factor. 
The relationships shown are considered 
indicative rather than absolute How
ever, the indications are believed to be 
significant I t is evident that for the 
dry sand, dry loam and moist loam the 

the pressure (100 percent) indicated by 
the cells when flush with the base of the 
container. I t may be assumed that for 
this soil the increased pressure intensity 
indicated by the cells, with the piston 
extensions in place, was largely due to 
lateral friction. 

The fact that tests with moist loam, 
dry loam and dry sand soil gave similar 
values was not entirely unexpected. In 
these tests the body of soil as a whole 

K-ORV SAND 
o onV L O A M 
« - M O I S T LOAM 
A MOIST PLASTIC CLAY 
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Ave i f t l t n i c t f l H I C K N E S S 
^ t - ^ — 1 

j l l f l N C H THICKNESS g»IRECTED FOR FRICTION 

PERIMETER - AREA RATIO OF CELLS-INCHES 

Figure 12. Effect of Size and Thickness of Cells of the Rimless Type 

physical dimensions of the cells, as 
measured by the thickness and by the 
perimeter area ratio are quite directly 
related to the accuracy with which they 
will mdicate pressure mtensities In the 
case of the plastic clay, on the contrary, 
the physical dimensions of the cells 
apparently do not affect the accuracy of 
the pressure indication as is shown by the 
horizontal hne which averages the test 
values obtained with the plastic clay. 
I t IS to be noted that, when this value of 
117 percent is corrected for lateral fnc-
tion, i t remains somewhat greater than 

could move or displace only in the ver
tical direction Had the tests been made 
in a way such that the material could 
behave in a natural manner; i.e., displace 
laterally, in the cells, dry sand might have 
behaved somewhat differently than the 
loam soil I t is known that the resistance 
offered by granular soils to the displace
ment of loaded bodies vanes more or 
less directly with the size of the loaded 
area, the displacement under the same 
unit load decreasing as the size of the 
area is increased From this, one would 
expect that, under normal conditions. 
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the pic&suic iccoidcd by cells in gianulai 
soils would increase as the pics&uie-
scnsitivc aica of the cell is incicascd, 
^\hich is contiary to the i elation found 
hy the tests made in the ngid containci 
Some fuithei evidence indicating that 
the le&training effect of the containci \\a& 
lesponsiblc was obtained from a limited 
series of tests made in a containei whose 
side walls were not strictly iigid With 
this type of containei when dry &and was 
used, the prcssuie indicated by cells of 
| - in . thickness decieased as their aieas 
were decreased In fact, for the smallest 
cell, 1 in. in diameter, the piessure 
lecorded was less when the cell thickness 
was | - in . than when the piessure-sensitive 
area was flush with the base of the con
tainer. 

In spite of the fact that the tests weie 
made in a container that lestrained the 
soil body from lateral movement, i t is 
beheved that the data shown in Figure 12 
clearly indicate that, unless a soil is so 
plastic that i t behaves essentially as a 
fluid, the accuiacy of cells of the geneial 
design studied may be affected to an 
important degree by both the thickness 
and the diametei 

I t was lemarked earlier in the leport 
that the piessure intensities which iigid 
cells might indicate when embedded in 
and surrounded by soil might possiblj' 
vary in a mannei similai to that which 
obtains under rigid bearing areas of 
different sizes. The data obtained in 
these experiments, as well as data ob
tained by Housel^ and othci investigators, 
indicate that this relation exists. 

R I M SECTIONS ON R I G I D P R E S S U R E C E L L S 
COMPENSATE FOR T H E E F F E C T O F 

C E L L T H I C K N E S S 

Refcrimg again to the data given m 
Figure 12, i t is of inteiest to note that 
the slope of the piessuie intensity-
peumetei aiea latio cuivcs inci cases as 
the thickness of the cell unit inci eases. 
In othei words, as the cell thickness is 

mcioasicd, the diffcicntial in soil move
ment IS gicatei and the effect of diameter 
(as mca&uied by the pciimctci-area 
latio) becomes moic pronounced 

Hou&cl̂  m his tests with iigid bcaiing 
aicas found that as the displacement of 
the bearing plate \̂as mci eased, the slope 
of the piessure mtensity-pcnmctei aiea 
latio cuives inci eased I t is believed 
that the same soil leaction is responsible 
in both expeiiments. 

In Figuie 13, cell thickness is plotted 
as a diiect function of the prcssuie in-
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Figure 13. Effect of Thiclmess of Cells of the 
Rimless Type 

dicated by each of the four cells for each 
of the soils tested. I t is evident that, 
unless the soil is so plastic as to behave as 
a fluid, the indicated pressure intensity 
varies diiectly with the thickness of the 
cell This effect of cell thickness is a 
verj' impoitant one since foi piactical 
leasons the cell must have thickness and 
only in special cases can i t be installed 

< "A Practical Method for the Selection of 
Foundations Based on Fundamental Research 
in Soil Mechanics," Department of Engineer
ing Research, University of Michigan, Bulle
tin 13, 1929 
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so that this thickness does not cxeit an 
influence 

The icsult of inci-easing the effective 
l im width of the three cells of vaiiable 
size, but of a constant f-in. thickness, 
is shown in Figure 11 These data show 
that as the width of nm was increased 
the pressure intensity indicated by the 
cell approached that indicated by the 
same cell when set flush with the base; 
in other woid&, that which would be 
shown by a cell of negligible thickness. 
This suggests the possibility of determin-

CELL NO 9 -CemnAL PRESSUBE AREA J 57INCMES IN DIAMETER 

CELL NO 2 CENTRAL PRESSURE AREA I SOINCHCS IN QlAWETEA 

C r L L NO J - C E N T R A L PRESSURE AREA I 0 INCH IN DIAMETER 

WIDTH OF RIM - INCHES 

Figure 14. Effect of Width of Rim for Cells of 
Different Size 

ing the width of nm necessaiy to just 
compensate for the eiiors m piessure 
indication that aic caused by the cell 
thickness of | - in 

In Figure 14 the data for each of the 
thiee diameters of cell (1 0, 1 5 and 3.57 
in , respectively) are arranged foi this 
purpose by averaging the values plotted 
in Figure 11 for the diy sand, dry loam 
and moist loam soils foi the f-m thick
ness collected for side friction Figure 
14 indicates, first, that i t is possible to 
adjust the nm width to compensate for 
cell thickness in cells of this type, second, 
that the nm width lequired for such com
pensation increases as the oveiall cell 
diameter decreased; and third, that for 

cells of this thickness the nm width re
quired is appreciable. 

SUMMARY 

In appraising the significance and 
utility of the knowledge obtained in this 
study, i t should be lemembered that the 
tests having to do with the influence of 
the dimensional features on cell pei-
foimance were made with soil that as a 
body was not free to move laterally and 
that was of rather limited depth How 
the cells might have performed in the 
same soils had there been no planes or 
baniers of dLscontinuity was not in
dicated by these tests, but i t is probable 
that some differences would have been 
found 

The question is intimately related with 
the state of initial density of the material. 
Increasing the density of a soil by ar
tificial compaction will reduce its move
ment under load, although some move
ment IS to be anticipated m even the 
densest soil materials. To indicate the 
tiue pressure developed in a soil by an 
external force, a pressure-measunng de
vice, particularly a cell of the rimless 
type must either possess the same load 
displacement characteristics as the soil 
itself or i t must have no tangible thick
ness In this connection i t appears to 
be rea.sonable to assume that a slight 
amount of differential movement around 
a piessuic cell in a compacted soil would 
impose as much additional pressure on 
the cell as would a relatively large move
ment in an uncompactcd soil 

I t seems impracticable to attempt to 
design pressure mdicatmg cells that will 
display the same load displacement 
characteiistics as the soil because these 
aie neither constant oi known. The 
design of a cell that has no tangible 
thickness likewise presents piactical dif
ficulties I t appears that the problem 
of measuring pressures can best be 
appi-oachcd bv .systematic study of the 
design features of cells that satisfy prac-
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tical lequucmcnts as the dimensions 
and mateiials to the end that those may 
be used with a ful l knowledge of then 
accuiacy and othci chaiactcristics I t 
IS believed that this exploratory study 
of the performance of cells of a single 
type, limited as i t is, has served a useful 
purpose and has pioduccd significant 
lesults 

I t has been shown that when cells 
equipped with a iigid i im aie placed on a 
soil, i t IS difficult, even w ith the greatest 
care, to secure the same initial intimacv 
of contact between the soil and the active 
and inactive areas of the soil face As a 
lesult thcic is likely to be a lather wide 
variation in the pressure intensities 
indicated by identical cells installed in 
the same way on the same soil medium. 

The tests indicate further that when 
cells of this type aic used, the actual 
magnitude of the pressure intensity that 
the cell may indicate depends upon the 
amount of plasticity possessed by the 
soil Wheie the soil used is so plastic as 
to act hke a fluid undei piessure, the 
cells give an accurate indication. 

The accuracy of the indication of pres

sure intensity given b> cells of this tvpc 
IS apparently affected to an important 
degiee by the phvsical dimensions and 
by the extcinal design features such, 
foi example, as the i elation betw een the 
size of the piessuie-scnsitive aica and 
that of the total facial aica expcscd to 
piessuic 

I t appeals to bo possible to so design 
the cell that foi given test conditions, 
the erroi in piossuic intonsitj' indication 
caused bj'̂  the cell thickness can be com
pensated for bv suitably piopoitioning 
the active and inactive aieas of the cell 
face. 

As i t was stated at the beginning, this 
repoit desciibes the results of certain 
exploratoiy tests. The data obtained 
are not offeied as conclusive They do, 
howevci, point to the impoitancc of a 
knowledge of the pei foi mancc of piessui e-
measuring equipment if dependable data 
arc to be obtained and i t is hoped that the 
piesentation of this lepoit of progiess 
will stimulate othcis to investigations of 
the chaiactciistics of picssuie indicatois 
of other types. 




