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. PURPOSE

The object of this experimental research was to
determine the general distribution of pressure under a
reinforced concrete spread footing of the “combined"

type.



INTRODUCTION

The science of foundations at the present time has
little available data concerning the way in which pressure
distributes itself directly upon the under surface of loaded
foctings of the rigid slab type. Knowledge of the distri-
bution of pressure in the soil for some distance beneath
footings has been experimentally and theoretically investi-
gated, and has resulted in the discovery of the so=called
pressure bdbulb, and the development of the classic Boussinesg
theory for its application to determining bearing values of
soils. This theory offers a solution for the problem of the
stresses which develop within the soil under a loaded footing.
The next step in the sequence is a solution of the problem
of tne stresses which develop in the footing itself. These
stresses are due to the direct soil loading on the footing,
the point magnitude and distribution of which cannot bhe
determined by the Boussinesq theory, since the Boussinesg
theory is based upon an assumed point or distributed load,
and it is the assumed distributed load that is desired in
this case.

Customary procedure up to date has been designing
footings upon the basis of a uniform distribution of scil
pressure across the under side of the entire footing area.
However according to experiments carried on by M. L. Enger,
Frederick J. Converse, and others, the distribution of the
soil reactions over the base of a rigid slab is by no means

uniform. Dr. Charles Terzaghil in his article "The Science



1.
of Foundations" says in regard to this question. “Thus

far all attempts to deal theoretically with the problem of
stress distribution have failed, and there ig little hope for
guccess within the near future. Considering the importance
of the possible error involved in assuming uniform stress dis-
tribution, the need ¢f a more exhaustive experimental investi-
gation of this phase of the foundation problem becomes obvicus."
Previcus experiments performed for the purpose of de-
terminingApressure distribution under a footing have used
round plates s with uniform and concentrated lcads, or squsare
blocks °° centrally loaded. In practically all cases the
pressure variation found has approximated a parabolic dis-
tribution, the maximum pressure often being as great as twice
the average pressure over the footing area. That such var-
iation can cause critical stresses within foundations is
shhown by Dr. Terzaghi in "The Science of Foundations". His
analysis shows stresses caused by a parabolic pressure dis=-
tributicon to ke double those caused by a uniform distribution
of the same totel magnitude. In some cases even the direction
of stress was reversed. There is reason to believe, with
such a variance from uniform distribution with square and
round foctings, that even greater variations might be expected
in the case of a combined footing, with corresponding critical

moment and shear stresses in the foundatione.

1. Trans. Am. Scc. C.E. Vol. 93 p.277
2. "Der Grundbau" Brennecke & Lohmeyer Vol. & pp. 1=13
3. "Distribution of Pressure Under a Square Footing"

F. J. Converse Civil Engineering April 1933



It was to determine the type and magnitude of the
pressure variation actually existing beneath a combined
footing that;this experiment was undertaken. With this
pressure distribution known, the degree of error involved
in current design practice may be evaluated, and the de-

sirability of modification to fit the experimental data

determined.,



DESCRIPTION OF APPARATUS

The Pressure Cell

The pressure measuring device used in the investigation
is sketched in Fig. l. Fundamentally, its action depended
upon the bending of a thin circular plate simply supported
around its entire circumference. The interior, or "working"
portion consisted of a disc of 12 gauge mild steel 3-3/16
inches in dismeter to which two rods (14 inch sections of
1/8 inch black pipe) were welded normal tc the plane of the
disc. These rods were placed 1% inches apart, symmetrically
with respect to the center of the plate. As the disc deformed
due to the pressure of the soil, the tops of these rods moved
apart, magnifying the deformation of the disc to a degree
such that it could be measured with a micrometer. To aid in
the measurement, insulated contact points were set in the
upper ends of the rods and connected to a battery and small
light. When measurements were taken, the exact instant that
contact was made between the micrometer screw and the points
of the vertical rods, was indicated by the flashing of the
light.

The outer portion of the device cousisted simply of a
13 inch section of 3 inch standard wrought irom pipe. A
Zroove wa®s machined in the lower end of this pipe to form a
support for the interior unit. The disc of the interior unit
fitted loosely in this groove, with the bottom of the disc
flush with the bottom of the pipe so that a level surface was

maintained over the entire area of the cell. The contact



surfaces of both the groove and the disc were machined to

give an even bearing.

The vertical deflection at the center of the thin disc
amounted to about 0,004 inches under a pressure of 5000 pounds

per sqﬁare foot. This movement was magnified approximately 20

times by the vertical rods.
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The Loading Apparatus

In order to load the footing with the desired total
load of 60,000 lbs., (5000#/ft.% for 12 ft.2), a choice of two
methods was available. The footing could be loaded directly
with an external load of the desired amount, or it could be
loaded by jacking against some fixed object with load=-reading
Jjacks. The latter method was selected as the most practicable,
and loading was accomplished by jacking against the anchored
beam and pile system shown in the full page figure.

As shown in the figure the load was transmitted from the
two jacks to a heavy 18"-527 BG beam. At the ends of this beam
the load was transmitted to two transverse 12"-25# I beams by
means of the bolted plate connections shown. Hach transverse
beam distributed its load equally to four 8" cast in place con-
crete piles by means of 3/4" square reinforcing rod straps em-
bedded in the piles. These straps ran the full length of a
pile, passed over the end of the transverse beam and ran the
full length of a corresponding pile on the other side of the
beam as shown in the figure. From the piles the load was trans-
mitted to the soil by means of skin friction.

The heavy beams used were for the purpose of getting the
piles far enough away from the loaded footing so that the zone
of influence of the distribution of pile locads to the soil
would not extend appreciably toc the soil under the footing.

In the design of the piles, it was decided after proper inves-
figation and consultation, that the soil at the experiment site
would safely give 500#/ft.2 skin friction on vertical cast in

place concrete piles. However, due to the fact that the distri-
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bution of load in the soil would probably be impaired by the
proximity of the test hole and the nearness of the piles to
each other,vthe actual design of the piles was on a basis of
a maximum 3607 /ft.< skin friction with an 8 inch pile 10 feet
long.

The holes were dug with an 8" soil auger and the piles

were poured with a 2000# concrete, The beam sections were

selected on the basis of a limiting bending stress of 180007/in.<

with the maximum 30 ton load applied to the footing. The
bolted plate connections were designed on the basis of a limit-
ing shear stress of 10,000//in.2 in the threads, while the 3/4"
reinforcing rod straps in the piles develop a tensile stress of
13,4007 /in.% at maximum load.

The apparatus performed satisfactorily during the whole

course of experiments, and was loaded up to maximum design load.

10



The Footing

The design of the footing was affected by several
practical counsiderations. Its size was limited by the load-
ing facilities available. The problem was not so much in
finding Jjacks of sufficient capacity, but in providing a
reaction for them to work against. The system adopted was
capable of resisting a force of 30 tons with a reasonable
factor of safety. woince the foundation load desired was 2%
tons per square foot, the area of the footing was fixed at
12 square feet. The desirability of providing symmetry for
ease in checking results led to the selection of a rectangular
shape and a symmetrical loading arraungement. The dimensions
of the footing were therefore taken as 1'-6" by 8'-0", and
the pressure cells were arranged so that equal loads could be
applied 10 inches from each end. According to an investigation
of previous foundation experiments, this size of footing would

probably give different settleménts than a larger footing with

the same unit load, but at the same time the general distribution

of pressure under this footing should be the same as that of
a footing of proportionally larger size.

In order to avoid excessive depth of footing and to main-
tain proportions similar to those of full size foundatiouns, it
was necessary to reinforce the concrete block for compressive
as well as tensile stresses and to provide an unusually large
amount of stirrup steel, These measures made possible a total
thickness of the block of 12 inches and a distance of 10 inches
between compressive and tensile steel., The reinforcement as

it appeared just before being placed is shown in ¥igure 3.



In the design of the footing the following unit stresses

were taken as allowable:

Tensile strength of steel 18000 lbs. per sqg. in.
Compressive strength of concrete 800 " " " n
Longitudinal shear in concrete 45 " o " "
Vertical shear in concrete 129 * " H "
Bond between steel and concrete 100 " " " i

On account of the use of a water-cement ratio calculated
to produce concrete with an ultimate crushing strength of about
3000 lbs. per square inch, the comparatively high allowable
stresses were not cousidered excessive. That this assumption
was justified was shown by the fact that no cracks were observed
in the concrete under any condition of loading. At points
where pressure cells were placed, the heavy pipe was considered
to have strength as an arch equal to the strength of phe concrete
displaced. ©Since the actual soil pressure was unknown at the
time the footing was designed, the customary assumption of uni-
form pressure over the base was made,.

It was thought desirable to obtain further ianformation
concerning the proportion of load transmitted from the footing
to the earth by friction between the sides of the foundation
block and the soil., TFor this reason the earth was used as forms
for the concrete., The sides of the excavation were accurately
trimmed to size and care was taken to make them vertical.

An attempt was made in arranging the pressure cells in
the footing to provide at the same time as much information and
as many chances for comparison of results as was possible with

the number of cells available.. One loungitudinal section down
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the footing and three cross-sections in a

,4"
= 5

the center o
transverse direction are provided, and except for one case
each cell may be checked against another in a similar location
elsewhere in the footing. The reinforcing steel aund pressure
cells are shown in place in the excavation in Figures 4 and 4a.
Figure 5 shows the footing dimensions and the location and

numbering of the pressure cells,
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Calibration of the Pressure Cells

In order to determine the earth pressure in the field
from the cell deflections measured there, it was first necessary
to obtain a load-deflection curve for each individual cell,
These curves were determined by calibrating the cells before
they were placed in the footing. The calibration was done on
a small Fairbanks-Morse platform scales and readings were taken
to an accuracy of one pound. Between the.cell and the platform,
a celotex pad was placed to approximate the effect of the upward
pressure of earth. In order to apply and hold small increments
of load, the scales were placed on the weighing table of the
150,000# Tinius=-Olsen testing machine, and increments of load
applied to the top of the pipe by means of the movable head of
the testiung machine,

Calibration readings of deflection were taken at every
50 lbs. of load. The desired load was hung on the balance
arm of the scales, the machine run at low-low speed until the
arm came up to the balance point, and the load held at that
point until deflections were read by the micrometer method
given in the description of the cells. Three calibration runs
“were run on each cell with 25 lb. inter?als from 0-100 lbs., and
50 lb. intervals from 100-400 1lbs. The results of these runs

were then used to plot the calibration curves of the cells.

15



MEASURBMENT OF THE PRESSURE DISTRIBUTICK

Field Procedure

The test runs in the field were made with two fifty ton
pressure=-recording gas jacks loaned by Converse & Labarre Co.
These jacks were put in place on the footing, centered, and
carefully aligned vertically and horizontally. One of the jacks
in place is shown in figure 6. The gas attachments were conmected
up in parallel so that the two jacks always gave the same lqad,
the load being measured from the known area of the jack piston
and the guage-recorded gas pressure in the jacks.

In order to check elevations on the footing, a bench mark
was established far enough away from the footing to be unaffected
by adjacent settlement, and rod readings were taken on the
footing by a dumpy level. The elevations taken were points
on the tops of the outer end cells on the north end, points
on the outer middle cells, and points on the two corners of
the south end. In order to read the settlement to the degree
of accuracy desired, a steel scale reading to 1/100 of an inch
was clamped to the level rod, and level readings taken on this
scale after checking it on the bench mark,

A set of zero readings was taken on the pressure cells
in the manner described in the description of the cell, and
the zero rod readings were made, The footing was then loaded
with 6 ton jack loads (2000#/ft.<) and the pressure cell and
level rod readings taken. This procedure was repeated for
the whole series of test runs. The test runs made with the
earth sides intact, in their consecutive order was 0, 20007/ft.<,

0, 30007/ft.2, 40007/£t.,2, and 5000%/ft.2
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Pictures taken during the course of these runs are shown in
figures 7 and 8. The readings taken are recorded in the
accompanying data sheets,

Following the completion of the above test runs with
the earthen sides intact, the earth was dug away around the
four sides of the footing, so that the footing received no
support from the side walls. Another series of test runs was
then made, recording the same readings of the pressure eells
and rod readings. Figure 9 shows the footing with the side
walls removed during the course of the second series of runs.
The test runs made in their consecutive order with no side wall
support were 0, 3000#/ft.2, 40007/ft.%, and 5000#/ft.% The

readings taken are recorded in the accompanying data sheets.

Figure 9

o



Discussion of Results

The results obtained for the pressure distribution under
the footing are shown in the two pages of pressure distribution
curves given, one for the earth walls intact, and the other for
the earthen walls dug away.

The pressure distribution obtained from these curves at
first seems to be entirely without rhyme or reason. This is
particularly true in view of the fact that corresponding cells
on opposite ends of the footing fail to check each other as
regards to absolute pressures. Also because the transverse rows
of cells at the north end of the footing and the center, show
maximum pressures near the edges of the footing in a transverse
direction, while the transverse row of cells on the south part
of the footing shows maximum pressure at the middle of the foot-
ing. There is also considerable difference in the distribution
of pressure down the center of the footing as regards the north
and south half.

If the cells used were reasonably accurate, the difference
between pressure distribution over the two ends of the footing
can be explained by only one consideration; namely, a difference
in the soil conditions at the two ends. . Actually such a differ-
ence existed. Shortly after the 3 foot main excavation for the
footing was dug, a heavy rainstorm occurred. Although provision
had been made for drainage in the excavation, the south end
which was the low end, soaked up enough moisture to make it
guite soft and mushy as compared with the north end. Due to an
impervious clay layer about seven feet below the surface and
the extreme shadiness of the southern end of the excavation,

the moisture did not drain gyt of the soil. When the footing
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was poured several weeks later, the soil at the south end
of the earthen footing form was so water-soaked that tamping
squeezed water out of it, and pushing a finger into it caused
bulging over a diameter of several inches. The soil at the
other end was firm and strong. Unfortunately no moisture read-
ings were taken at the tinme.

A possible significance of the effect of this water is
made with the aid of "Der Grundbau", a German book on foundations
written Ey Brennicke and Lohmeyer. In the first chapter of this
bock a comparison is made between the extremely different actions
of a cohesive soil and a cohesionless soil under the same con-
ditions of loading. A cohesive soil acts as a continuous elastic
body, and transmits stress byvshear. Consequently, considering
the case of a rigid body placed upon a perfect continuous elastic

body and loaded, the deflection curve is as shown in Figure A,

—_—
M

Fig. B

Fig. A \

J

The pressure on the rigid body acts entirely at the edges of it.
Actually a cohesive soil has partially continuous elastic qual-

ities, and with the qualities it has, the tneoretical.pressure
on the bottom of a rigid footing as worked out by Breunicke and
Lohmeyer is shown in Figure B. The pressure is a maximum at the
edge region and decreases rapidly toward the center. VWith a non
cohesive soil pressure is transmitted by grain to grain contact,
and there tends to be a "flow" of particles away from the source
of load application. Under such action the deflection of the

soil is shown in Figure C. The greatest pressure is at the center
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where the resistance to "flow" is the greatest, or according

Fig. C " Fig. D

U

to Boussinesq's theory, where the effect of a series of loads

approximating the uniform load, is the greatest. Based upon
the actual gualities of a non-cohesive soil, the theoretical
pressure‘distribution over the bottom of a rigid body is shown
in Figure D, The pressure is a maximum at the center, and de=
creases toward the edges in a parabolic distribution. According
to experiments covered by Brennicke and Lohmeyer, cohesive loams
and clays with active capillary water have shear strengths great
enough to cause them to act like a continuous elastic body
similar to rock when loaded. However when the capillary water
effect is inactive, the cohesion of the soil breaks down, and
the clay or loam acts as a cohesionless material. This break-
down in cohesion occurs when the soil becomes water-soaked.
Adapting this explanation to the results obtained, it is
found that the transverse pressure distribution at the north
end and center of the footing is similar to the theoretical
pressure distribution for a rigid body on a cohesive soil, while
the transverse pressure distribution at the south end is sim~
ilar to the theoretical distribution for a rigid body on a
cohesionless soil. The actual soil in place is very cohesive,
so that an explanation of the differences in pressure distri-
buticn between the two ends, seems to be due to the fact that
thggzwas a breakdown in the cohesive gualities of the soil under

the south end of the footing, because of a high moisture content



at that point. A very good verification of this explanation is
obtained from the curves of longitudinal pressure distribution
with side walls intact. From these curves it is seen that the
pressures under the footing near the south end average about
double the corresponding pressures at the north end. This
additional bottom pressure iundicates that the side walls at
the north end are taking considerably more pressure thau the
side walls at the south end. Since the amount of load taken
by the side walls is a function of the shear resistance or co=-
nesion of the soil, a counsiderable decrease in the cohesion of
the side walls at the south end is indicated by these curves,
The pressure distribution obtained in a longitudinal dir-
ection was the series of waves shown in the curves. The ex-
planation of this distribution of pressure does not seem to be
one that can be very easily arrived at. However, hazarding an
explanation, if a rigid elastic footing is assumed acting upon
a. continuous elastic foundation, the deflection of the elastic

foundation would be somewhat as shown in Figure E. - s vl

¥Fig. E

a 5 c T q '

This deflection curve with its series of waves is obtained from
Timoshenko's "Strength of laterials". The deflection curve
derived is for the case of a concentrated load acting on an
infinitely long bar, resting on an elastic foundation. The above
curve is modified to meet the conditions %f the bar eunding at a,

but is fundamentally the same curve., With this deflection curve

high points of pressure would occur at points a and ¢, and zero
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pressures at points b and d. This analogy carried to a soil of
partial continuous elasticity, would give a pressure distribution
similar to that obtained in this experiment for the longitudinal
distribution. Any explanation of the relative intensities of
pressure at the peaks and low points is not attempted at this
point, since sonsiderable verification of this pressure distri-

bution is necessary before anything conclusive can be obtained.

To compare the total load on the concrete block as meas=
ured by the pressure cells, with that applied by the jacks,
the cell pressures in Run No. 10 (5000#/ft.<) were plotted on
a plan of the block, and pressure contours drawn by interpol-
ation between the plotted values. By measuring the contour areas
obtained, the total upward pressure recorded on the block was
found to be 87% of the jack load. The north or left half of
the footing gave a recorded upward pressure of 98% of the jack
load. Since this was the half that was unaffected by apparent
exdess moisture, it was taken as typical of pressures obtained
under ordinary counditions with this type of soil. On this basis
the idealized iso-pressure lines for a combined footing resting
on a cohesive loam with active capillary water, were drawn, and
are presented in the results. With this idealized pressure
distribution for an average load of 2.5 tons/ft.z, 96% of the
jack loads are accounted for, Further experimentation of course
is needed to verify this distribution.

By comparison of center line distribution with different
magnitudes of loading, the total recorded pressures for the
walls intact was calculated to by 67% of the total recorded
pressures with the side walls removed. The remaining 33% of the

total load was undoubtedly carried by frictiom on the sides of
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the footing block.

The settlements obtained during the course of these runs
is shown in the settlement diagrams. These settlements show
that the footing deflected slightly, but appear to have no
bearing upon the pressure distribution obtained.

A mechanical analyéis of the soil on which the footing was
placed was made according to the A.S.T.lM. Standards (Serial
D137-22T). Clay was taken as that part of the soil which did
not settie out through 8 centimeters of water in 8 minutes. Of
the soil which did settle out, that passing a 200 mesh Tyler
Standard sieve was taken as silt, and that retained on the sieve
was taken as sand. The percentage of each size was based on the
dry weight of the soil sample. Moisture content was 14% of the
dry weight at the time of the tests. The analysis showed the
soil to be composed of 49% sand, 34% silt, and 17% clay. Accord-
ing to the U.,S. Bureau of Public Roads, this soil would be
classified as loam. The extreme cohesion noted in the excavation
is thought to be due to the largg proportion of the sand particles
ranging just above the <00 mesh size,

The most conclusive thing achieved from this research is
the necessity for further verification of these results. Unfor-
tunately, due to difficulties in financing the project, work was
not started until the middle of the second term. Consequently
with the necessary delays for concrete to harden etc., actual
testing of the footing did not occur until the middle of May,
and was limited to a very short periocd. In order to verify some
of the theories and assumptions advanced here, test runs should
be made on the footing with the soil dried out, and then with

the region soaked with water. Also the footing should be lifted



off the ground, and sand put in place, so that tests could be
made on purely cohesionless material. Before starting any such
tests, it would be advisable to lift the footing up and calibrate
the cells in place in the footing. There was always a question
as to whether the rough treatment and water infiltration during
concrete pouring might not have affected the calibration curves
of the cells considerably. The period of testing on this project
should iny be beginning at this point. The discussion in this
thesis is baséed upon one set of ten runs, and because of the

need of verification, is made extremely general in nature. On
this basis, no recommendation as yet can be made toward any

change in the customary procedure of combined footing design.



CONCLUSIONS

1. +“hen a concrete combined footing is poured into an
earthen form of cohesive soil, the side walls will take as

much as one-third of the total load on the footing.

2. The pressure distribution under a rigid combined

footing is not uniform.

3. The pressure distribution under a rigid combined
footing seems to occur in waves, similar to what would the-
oretically be expected for a rigid body on a continuous

elastic foundation.

4, The pressure distribution under a rigid loaded
footing is apparently quite sensitive to the relationship

between moisture-content and cohesive qualities of the soil.

5. The necessity for further verification and exper-
imentation, precludes any recommendation at the present time,
for any change in the present procedure of designing this

type of footing.



APPENDIX

1., Field Data Sheets

2. Pressure Cell Calibration Curves
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