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IBSTRACT

An experimental Investigation of the stress distri
bution in a single reinforced concrete column footing is re
ported. The effects of cracking on the properties of footing 
action are also reported. The footing is tested in a special
ly designed test stand which provides a uniform pressure on 
the base of the footing throughout the test. The strains are 
recorded by electrical resistance strain gages on the steel 
reinforcing bars in the footing slab, on the concrete column, 
and on the compression face of the footing. The deflections
are measured with a precise level. The experimental results/
are compared ~with those predicted by the - thin plate theory 
of elasticity.

The experimental results show that the thin plate 
theory of elasticity yields fairly reliable predictions per
taining to the shear stress distribution under the perimeter 
of the column, stress distribution in the steel reinforcing 
bars several Inches away from the column area, and deflection 
pattern of the edge of the footing slab.

The results also show that the crack pattern is found 
to be strongly influenced by the position of the reinforcing 
bars.

vi



1 INTRODUCTION

An isolated or single reinforced concrete column 
footing is essentially a foundation unit which transfers a 
column load to supporting soil or piling. The unit may con
sist of a round» square, or rectangular shaped reinforced con
crete slab. In this thesis only the square shaped footing 
slab with a square column will be studied. In addition,
the footing will be assumed to be resting on a soil which
produces a uniform bearing pressure«

Over the past years a wealth of information has been 
gathered from many analyses and tests conducted on the isolat 
ed footing in the areas of shear stress, bond stress, steel 
and concrete stress, bearing pressure, as well as the study 
of the effect of these parameters on the ultimate strength 
of the footing, However, little study has been done in the 
area dealing with the stress distribution in a footing under 
incremental loading, or in correlating such a stress distri
bution determined experimentally with that derived by appli
cation of plate theory to the footing problem.

Since the study of the stress distribution in a foot
ing has not received very much attention, it would therefore 
seem very advantageous to conduct further studies in this 
particular area in an attempt to better, understand footing



action under incremental loading. Such studies would also 
be of practical interest since the incremental loading that 
would be used in the laboratory parallels the manner in which 
a footing in the field receives its load. This results from 
the various sequences in the construction of a structure, 
and later by the added dead load from installation of equip
ment or anticipated service live load. It would also be 
advantageous, because of the increasing interest in the ulti
mate strength-design methods, to study the stress-distribution 
in the plastic range, and to determine the ultimate strength.

Another area of study in which more research should 
be done is the effects of cracking of the footing slab on 
such properties dealing with footing: action, as steel and 
concrete stress, and deflection.

These are only two of the many possible facets of 
study in which more research could by conducted on the isola
ted footing, but these are the only areas, that will be consid
ered in this thesis.

The objective of this thesis is thus twofold. The 
first is to - investigate the stress distribution of the rein
forced concrete column footing during incremental loading at 
service as well as at loads in the plastic range. This objec
tive is carried out with the purpose of developing a correla
tion between the stress -distribution obtained experimentally 
with that determined analytically by plate theory of elastic
ity. A correlation between the ultimate strength as found 
experimentally with,that determined by ultimate strength 
methods of analysis will also be made.
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The second objective, to investigate the effects of 

cracking on the properties dealing with footing action, will 
be made only in a purely qualitative manner„ The study of 
these effects on the steel stress, concrete stress, and deflec
tion will be attempted by comparing two cracked sections under 
load. The cracked concrete sections will be partially cracked 
and fully cracked. The fully cracked section is that at 
which yield is impending in the steel reinforcing jDars.

Two tests were conducted on one model reinforced 
concrete column footing. The tests were made in a specially 
designed test stand which utilized air pressure to produce 
an easily controlled uniform pressure on the base of the foot
ing. All strains on the concrete and steel were measured 
with electrical resistance strain gages. Deflection read
ings were determined with a precise surveyor’s level.



2 PREVIOUS INVESTIGATIONS

Theye: have been only two notable Investigations, 
published In the English language concerning the stress dis
tribution in the isolated reinforced concrete column footing. 
The first Was conducted by P. E. Rlchart (1) and published 
in the Journal of the American Concrete Institute in 1948.
Richart tested the footings in a machine which made use of 
a bed of steel car springs -to simulate the soil bearing press^ 
ure. The bed of springs was an excellent loading device 
until the yield point of the reinforcing bars was reached, 
at which point the pressure distribution gradually changed 
until it was an Indeterminate amount greater in the center 
than at the at the edge of the footing.

In Richartis tests all the footings were instru
mented with electrical resistance strain gages on the steel 
reinforcing bars and in several cases with strain gages on 
the -compression concrete of the footing slab near the column. 
Deflections were recorded with a precise level, from Which 
the pressure exerted by the deflected springs could be deter
mined.

Prom the data gathered in these tests Richart was 
able to learn some essential facts about the general stress 
distribution in the footing slab under incremental load. But 
no attempt was made to interpret or correlate the results to



any analysis e •
' Tli# significant results experimentally obtained by

3 •Hieharit- catio:ertiing the stress distribution in a footing are . 
as follkOW:1

(a) The stress distribution along any of the rein
forcing bars in the footing slab is of a parabolic nature with 
the maximum stress occuring at the center and the minimum 
at the end.

fbj' The stress distribution occurring-across'.any 
section of Reinforcing bars cut parallel to a side of a square 
or rectangular shaped footing slab is also parabolic. The 
maximum stress occurs in the bars near the middle of the 
slab and decreases to a minimum in the bars near the edge.

(c) The load-deflection curves, as well as the load- 
strain nuryes, all show a similar general trend of being near
ly linear with,a rather large slope at relatively small loads. 
Then as the cracking load is reached, the curve tends to 
change to a: Smaller slope as greater stress is taken by the 
steel in the cracked section which is reduced in flexural 
rigidity.

(d) The pattern of strain variation does not have 
any great Significance so far as load capacity of the footing 
is concerned when a tension failure is the mode of failure.

... Then in the years following Hi chart’s publication 
until fairly '.recently, there seems to be no indication from 
reviewing the literature published in the English language 
that studies of significance were made in the area dealing
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with the •stress distribution in an isolated column footing.
In 1959 Timoshenko and Woinowsky-Kr1eger in their 

book Theory? of Plates and Shells (2) showed the moment dis- 
trlbetibn at the 'Oehter. line of a square footing. The 
equation presented for determing the bending moments, however9 

was developed only for the center point of the footing 
because it was much too difficult to expand the solution to 
calculate moments at other points along the center.line.
Thus , the solution was not of very much value when moments 
at other points were desired. In addition, the equation from 
which the moment could be calculated at the center point 
was derived for a value of Poisson*s ratio of 0.3, which is 
a value usually associated with steel. Therefore it is very 
unlikely this equation would yield reliable results for 
Polsson*s ratio between 0.15 and 0.25 which are the usual 
values assigned to concrete.

; It was not until April of 1961, when Johannes Moe 
(3) published the results of his tests on slabs In a Port
land Cement Bulletin entitled Shearing Strength of Reinforced 
Concrete Slabs and Footings Under Concentrated Loads, that 
further knowledge was gained in the area of stress distri
bution. Of the results published by Moe, those dealing with 
the stress distribution were made primarily for the area on 
and adjacent to the column. It should be noted that all of 
Itee8 s tests were made on slabs that were simply supported 
along their,edges, but Moe stated that the results of his 
tests should be applicable to a footing, since a reinforced 
concrete slab is in many respects acting as a portion of an
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inverted slab.

Moe also applied the thin plate theory of- elasticity 
to the analysis of the slabs and correlated the results from 
this theory with that found experimentally..

The important results in the area of stress distri
bution as found by Moe are the following:

. . (a) The reaction.of the column is rather heavily 
concentrated at the corners 8 and gradually decreases toward 
the middle part of the column faces, as well as toward the 
center of the column. It is possible that the reaction is 
even negative at the center of the column, thus considerably 
Increasing the stresses along the faces of the column.

(b) The distribution of direct compressive stresses
on the slab adjacient to the column was predicted by the theory 
of elasticity to be fairly uniform. The experimental results, 
however, proved that the compressive stresses are apparently 
concentrated more,toward the middle of the column than was 
predicted.

(c) The shear distribution in the slab near the fade 
of the column was predicted by theory of elasticity to be 
highly concentrated near the corners of the column, reducing 
to a negative value near the center of the column face. The 
experimental results verified this prediction. - .

(d) The measured deflections compared.well with 
those calculated by the plate theory, but the results indicat
ed that cracking of the concrete and yielding of the steel ■ 
cause major changes in the relative stiffness of various 
parts of the slab. A decrease in flexural rigidity was specif-



ically noted at the center where measured deflections were 
somewhat larger than those predicted.

The above review is then the extent to which the area 
of stress distribution in an isolated column footing has been 
studied. In the area of cracking and its effects on footing 
action, not much information seems to be available. The only 
applicable information is that found from load~deflection 
graphs developed from data gathered on many tests of beams 
and slabs. For example in the September, 1963 issue of the 
Journal of the American Concrete Institute (4), Guralnich 
and La Fraugh report their results found in testing a 45 foot 
square flat plate structure. From a plot of load vs. deflec
tion it was found that concrete in tension contributes sign
ificantly to the flexural rigidity of the slab through a 
major part of its loading history. Therefore, it seems very 
important to consider the tension capabilities of concrete 
when interpreting test results obtained from laboratory 
experiments.



3 DESIGN OF MODEL FOOTING

3.1 Selection of a Footing Configuration
After considering the materials available to con

struct the testing apparatus, the alioted test area, the 
method of transporting the footing from the curing area to 
the test site, and the method of positioning the footing.on 
the test stand, it was decided that the maximum desirable 
configuration for the footing would be that of a square slab 
measuring 4 feet on a side.and 6 to 7 inches in depth, with 
a square column of 6 inches„ The weight of such a model foot
ing would be in the area of 1500 pounds and could be trans
ported by the fork-lift available in the laboratory.

3.2 Design Procedure
The method employed in the design of the model foot

ing was the ultimate strength method as recommended by the 
A.O.I. Committee 318 (5,6,7) which is incorporated into the
new code of the A . C .1. which was just released at the end of
this year.

The, specific design conditions are;

Allowable soil bearing pressure = 1500 psf
1,1  ̂ 5000 psi fy = 50000 psi
Outside dimension of footing slab = 4 feet
Column size = 6 inches x 6 inches
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Desirable safety factor against flexural failure = 2
Desirable safety factor against shear, failure = 2*

Considering the above parameters the design of the 
model looting was therefore based on an ultimate column load 
of 24000 pounds. The test stand would have to produce an 
ultimate soil pressure of approximately 3000 psf to produce 
ultimate failure in the footing.

It should be noted that the capacity reduction factor 
<t> given in the A.C.I. code, which provides for reduced strength 
caused by such factors as degree of workmanship, supervision, 
and control, was given the value of one for all calculations. 
This decision was made on the basis that the laboratory test 
could be more closely controlled than an "in the field job," 
hence, no reduction would be necessary for the design cal
culations .

The design is as follows:

Assume effective depth 
= 4,23" and the ultimate 
pressure on footing 
base = 3000 psf or 
2 0 ,8 psi.

PLAN VIEW OF FOOTING

48"
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"Oal'tiulatlon of shear force and stress at a distance 

d/ 2  from column face;

Actual shear force = Vu = 20.8(18.875)(48 + 10.25)/2 = 1145 lb. 
Actual vtte. .= 17u/b0d = (1145)/(10.25) (4.25) = 263 psi 
263 psi < 283 psi ok.

Moment calculations:
Moment at column face = M^ = (3000)(21)(48)(21)/(2)

My = 220000 in-lb.
Solving for required top layer of steel 
My = Agfy(d - a/2) , where a = Asfy/0.85fcb

Allowable vuc = 4 4 ^  = 4(1)̂ /5000 = 283 psi

a = Ag(50000)/0.85(5000)(48) 
a = 0.245 Ag

220000 = Aa(50000) 4.06 - 0.245A
As = 1.10 in2 (Use 10-//3 bars =1.10 in2).

GROSS SECTION OP FOOTING

I 7— " I

11 II
rCi

cxj
4:

1.5" of cover



So 1 v i ^ '̂ <3£ required bottom layer of steel 
220000 -F As (50000) ̂ „44 - „245As/2 
Ag = 1 .0 0 ( Use 9-=#3 bars = 0.99 in^).

Oheck bond requirement;
Allowable %  = 9 o54>^jf^/D> # 800 psi

= 9.5(1)^5000/0.375 = 1790 psi > 800 psi 
Therefore allowable u = 800 psiXX
Actual uu = ^/lojd. = (1145)/(10) (1 .178) (0.664) (4.06) 

uu =: 663 < 800 psi ok

Ohedk.;maximum allowable steel ratio;
As < (.75pb)(bd) , where pb =
Substituting into the above equation it is found that 
As < 7 .03 i-n̂  ok

Design of column stub:
Assume ultimate load on column = 196OOO lb. 
p0 = O.SSfy (Ag - Ag -) + Ag' fy - , assume fy' = 40000
I9 6OOO = 0 .8 5(5 0 00) 36 - Ao + As (40000)

2Ag ' = 1.09 in (Use 4-# 5 bars = 1.24 in )

Oheck maximum steel ratio for column steel:

0.01 < Ag/Ag < 0.06
Aq/Ae s 1.24/36 = 0.0346 ok

Figure 1 shows the steel arrangement for the 
proposed model footing.



SKETCH OF STEEL ARRANGEMENT 
Figure 1
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4 OOiJSTRUCTION OF MODEL FOOTING

4„ 1 Description, of Footing
The model test footing was constructed using the 

design outlined in section 3.2„ As described in that section 
the model consisted of a 4-foot square by a 6 1/8-inch thick 
footing slab upon which a 6 inch x 6 inch x 6 inch column 
stub was supported„ The concrete cover on the bottom of the 
footing slab was 1 1 /2 inches and that around the column 
steel was 3/4 inches.

With- reasonable approximation the test specimen 
represents a one half scale model of a footing.

4.2 Materials

4.2.1 Cement
The cement used in the model footing was Type I 

Portland cement.

4.2.2 Aggregate
Thevfine aggregate was washed concrete sand with a 

fineness modulus of approximately 2.80. The coarse aggregate 
was a pea gravel with a 3 /8 inch maximum size.

14



4„2„3 Concrete Mix
The. concrete mix was designed to have a minimum 

compressive,strength of 5000 psi at 28 days„ The water-cement 
ratio of the mix was 0.44. The proportions of the cement, 
sand, and aggregate were adjusted by trial to obtain a slump 
between 2 and 4 inches. The relative proportions of cement, 
sand, and aggregate by weight in the final mix were approxi
mately 1 : 2 .7 : 1.7 ,

The concrete was mixed in an electrically powered 
mixer with a 4 cubic foot capacity. The length of time requi
red to mix a batch was approximately 8 to 10 minutes. A total 
of three batches of concrete was used in the pouring of the 
model footing. Three standard 6 inch x 12 inch test cylinder's
per batch were used as controls.

" . ■

4.2.4 Reinforcing Steel
The reinforcing bars placed in the footing slab were 

#3 deformed bars of intermediate grade. The bars in the column 
stub were #5 deformed bars and were also of an intermediate 
grade.

The steel ties for the column reinforcing bars were 
made from 1/4 inch square key stock steel.

Tension tests were conducted on the. reinforcing bars 
from which the yield stress and ultimate strength were cal
culated . The nominal areas of the reinforcing bars used in 
the calculations were those tabulated in the A.S.T.M. Speci
fications . Table 1 lists the results of the tension test„



Bar No .

1

2
3
4
5
6
7
8

18

TENSION TEST OP REINFORCING STEEL 
Table . 1 

Deformed Bar #3

fy fu

51200 60000

50400 56300
51200 60400
49300 58300
51400 63500

51200 60800

50600 59400
53800 61500

Average fy = 51000 psl 
Average f^ = 60000 psl

Deformed Bar #5

f = 43200 psl 
f u = 64200 psl



4.2.5 Fabrication and Curing
.The bottom steel was placed on the heads of finish

ing nails which were driven into the formwork. The elevation 
of each finishing nail was set by using a wooden template 
through which the nails were driven. Then two broad-headed 
nails were driven on each side of the reinforcing bars to 
hold the bars securely in place over the supporting finish
ing nails. The individual bottom steel bars were Supported 
by these nails at intervals of approximately 12 and 18 inches.

The top steel was then placed on the bottom steel 
and tied tightly to it with wire to form a securely fastened 
mat of reinforcing steel.

As mentioned previously four $5 deformed bars were 
used as reinforcing in the column stub. These four bars.were 
cut to a length of approximately l/l6 of an inch less than 
the total distance from the top of the column stub to the 
bottom of the slab. Two tie rods were- welded to the column 
bars to form a sturdy column reinforcing unit. The entire 
column reinforcing unit was then held.in position on the bottom 
of the formwork by driving finishing nails around each of the 
four steel .column bars to prevent lateral movement dufing 
the pouring of the concrete.

In the center of the column stub a 1/2 inch diameter 
steel rod was fastened securly to the bottom of the formwork 
by two nails welded to the bottom end of the rod. The steel 
rod protruded 6 inches above the column stub and provided the 
necessary guide for positioning the footing accurately upon 
the base of the testing apparatus.
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After tying down all the steel the.slab was east in 

the form with the column stub on top. The entire operation 
of pouring the footing and test cylinders required about one 
hour.

Screeding of the footing slab was accomplished by 
using a plywood board placed flush with the sides of the form-
work. This initial screeding of the footing surface was the
only finishing process used on the top surface of the footing.

On the day after the pour, sand and burlap were placed 
-on the exposed surfaces of the footing and test cylinders.
The sand and burlap were kept moist while the slab cured for 
10 days. Then at the end of 10 days the burlap, sand, and 
forms were removed from the footing and test cylinders.

The slab and test cylinders were both tested at approx
imately the same age of 2 1/2 months. Table 2 lists the re
sults of the ultimate strength tests on the control cylinders. 
Table 3 lists the values of compressive strength and longi
tudinal strain measurements which were used to determine the 
secant modulus of elasticity of the concrete. Two cylinders 
were used for this test. The secant modulus was calculated 
at approximately 45/ of the ultimate strength of each cylinder. 
Figure 2 shows how the concrete modulus of elasticity was 
obtained.
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COMPRESSION TEST OF CONCRETE 
Table 2

Under Area Pu fc

1 “A 27.9 148300 5320
1-B 28.0 136200 4860
1-0 28.0 139000 4970
2-A 2 8 .0 163700 5840
2-B. 27.9 160500 5750
2-0 28.0 161400 5770
3-A 28.1 140200 5000
3-B 27.9 153000 5430
3-G 28.0 150000 5360

Average = 5367 psi
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MODULUS OF ELASTICITY TESTS 
Table 3

Cylinder f2-A

Load Strain Stress

10000 ,000110 357

20000 .000223 715
30000 .000335 1071
40000 .000452 1428
50000 .000571 1785
60000 .000688 2142
70000 .000800 2499
80000 „000920 2856

Cylinder //1 -B

10000 .000130 357
20000 .000257 715
30000 .000392 1071
40000 . .000526 1428
50000 .000657 1785
60000 .000788 2142
70000 .000920 2499
80000 .001060 2856
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CONCRETE SECANT MODULUS OF ELASTICITY

Figure 2

Average E = 2.92 x 10 psi

= 2.499 psi

Cylinder
4'2-A= 5840 psi

Cylinder
= 4862 psi

/ =>61 Strain (in/in x 10 )



5 TEST APPARATUS

5.1 Introduction
As mentioned before,there have been only two noteworthy 

investigations dealing with the stress distribution in an 
isolated column footing. Of the two investigators involved,
Richart was the only one to use a testing device which simu
lated soil pressure upon which the footing was tested. Using 
this device consisting of a bed of springs it was found im
possible to determine the pressure on the base of the footing 
after yield of the reinforcing bars was reached. In addition 
no observation of the crack pattern could be made on the base 
of the slab -during the test« To overcome these two problems 
it was decided to develop another method for testing,(8).

5=2 Description of the Test Stand
The.test stand is illustrated in Figure 3 prior to 

its assembly for the test. It consists primarily of two 
parts: (a) the base upon which the inverted footing is support
ed on its column stub and, (b) the pressure platform which 
contains the air pressure bag and observation window. Since 
large pressures were anticipated, the testing apparatus was 
designed to be self-contained. That is, no forces other than 
the weight of the model footing plus that of the testing

22
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TEST STAND BEFORE ASSEMBLY FOR TEST 
Figure 5
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apparatus would be transmitted to the testing area.

When the test stand is in the operating position the 
base and the pressure platform are fastened together with four 
3/4 inch diameter bolts per leg. Figure 4 shows the test 
stand in operating position. As the air pressure is supplied, 
the air bag is. sandwiched between the upper pressure platform 
and the base of the model footing producing an artificial, 
uniform soil pressure on the base of the footing.

5.3 Construction of the Test Stand
The pressure platform is designed to accommodate an 

inner rectangular shaped plywood box containing the plexi
glass observation window. The top of this inner box is con
structed with 3/4 inch thick plywood and the sides with 1/2 
inch thick plywood. The top of the plywood box is restrained 
from upward movement by a system of joists made of nine 3 
inch channels weighing 4.1 pounds per foot .spaced approx
imately 5 1/2 inches apart.

The sides of the plywood box are restrained form lat
eral movement by two systems of box girders welded together. 
The box girders are made with a 3 inch channel weighing 4.1 
pounds per foot welded to a 3 inch wide flat plate 3/16 inch 
thick of the same length.

The entire structure containing the plywood box is 
welded together and supported on four legs consisting of 
2 1/2 inch by l/4 inch thick angles.

The pressure platform is designed such that when it 
is lowered over the base of the model footing a space of l/4



TEST STAND IN OPERATING POSITION 
Figure 4
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inch s-B’parscbes the sJLdes of the inner plywood pressure box 
from the sides of the footing.

The base of the test stand is composed of a square 
bottom support frame made from 4 inch channels weighing 5,4 
pounds per foot welded together at the corners, A 3/8 inch 
thick triangular shaped steel plate is welded to the corners 
to serve as reinforcement for the bottom support frame and 
as a base for the four diagonal legs to rest upon.

The four diagonal legs are made up of two 4 inch 
channels weighing 5.4 pounds per foot welded back to back. 
These legs are welded at their lower end to the triangular plates 
of the bottpS support frame and at their upper end to the 
box shaped .column support structure. The square column 
support box^ls composed of four 3 inch channels weighing 4.1 
pounds per foot forming the sides and two 3/8 inch thick 
steel plates.forming the top and bottom of the box. A 17/32 
inch dlametMr hole is drilled through the top and bottom 
plate of the box and serves as a guide for the 1/2 inch dia
meter steel rod cast into the column stub.

.As stated before, the crack pattern was made visible 
by incorporating a window into the design of the top of the 
pressure platform. An illustration of the window is shown in 
Figure 5. the window is made from a i/4 inch thick square 
sheet of plexiglass measuring V  - 2" on each side. The win
dow easily Withstood the maximum pressure obtained during the 
test.

The observation of the base of the footing through 
the plexiglass window and air bag was made possible by using



PLEXIGLASS WINDOW IN TOP OF TEST STAND 
AND AIR SUPPLY FITTING SYSTEM

Figure 3



28
a transparent vinyl air bag. The air bag was rectangular 
in shape and was constructed of 8 mil clear vinyl. All 
edges of the bag were electrically heat sealed.

To provide protection for the air bag from sharp 
pieces of concrete which possibly would occur during cracking 
of the footing, two layers of clear vinyl with a total thick
ness of 28 mils were placed between the base of the footing 
and the air bag.



6 INSTRUMENTATION

6.1 Strain Gages
All the strain gages used In this study were Baldwin- 

Llma-Hamilton SR-4 electrical resistance strain gages„
Type A-12 gages one inch long and 1/4 inch wide were 

used to measure the concrete strains on ahd adjacent to the 
column stub of the footing = It should be pointed out that 
the column stub was found to contain honeycombs after the 
forms were, stripped„ Since a honeycombed area would not yield 
reliable strain measurements, it was decided to fill these 
areas with sulfur to produce a smooth working surface for 
the strain gages. The concrete strains measured in these 
areas as such should be of a fairly reliable nature since 
sulfur has approximately the same compressive strength as 
that of concrete.

It should also be emphasized, since concrete is not 
a homogeneous material, that the A-12 gage with a short one 
inch gage length will not provide as reliable a strain reading 
as the A-9 gage with a 6 inch gage length. It was not poss
ible, however, to use the 6 inch long A-9 gage in the area 
adjacent to the column where large stress concentrations 
occur, because the A-9 gage would record an average strain 
over the 6 inch gage length which would probably be somewhat 
lower than the maximum closer to the column. In an effort to
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minimize the effect of nonhomogeneity of concrete a 3/8 inch 
maximum aggregate size was used in the concrete mix as well 
as a high ratio of fine to coarse aggregate.

. Figure 6 shows the location of the strain gages on 
the concrete„ •

Onetype A-12 gage was also bonded to a standard test 
cylinder to serve as a compensating gage for the 20 A-12 
strain gages bonded to the concrete on the model footing.

type; ;A-9 gages 6 inches long and l/8 inch wide were 
bonded longitudinally on opposite sides of a standard 6 inch x 
12 inch concrete cylinder in order to obtain the average 
concrete compressive strains required in determining the 
secant modulus of elasticity of the concrete. Two such tests 
were made so that an average value for the modulus of elas
ticity could be obtained.

Type A™1 gages one inch long and 1/8 inch wide were 
bonded to the #3 deformed reinforcing bars to measure the ' 
strains in these bars during the test.

To 'prepare the deformed bars for the A-1 strain gages 
great care was exercised in the process of grinding down 
the deformations to the inner diameter of the bar where the 
strain gages.were to be placed. Then a steel scale was used 
to scribe lines on the bars for ease of accurate position
ing the gages. After the gages were bonded to the surface 
of the bars several protective coatings of epoxy were applied 
for waterproofing.

Apparently the epoxy is an excellent waterproofing



16

LOCATION OF CONCRETE 
STRAIN GAGES

Figure 6
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agent because all the gages were checked eleven days after 
the casting of the slab, and all 48 gages located on the 
reinforcing bars were found to function properly.

The"' location of the strain gages on the reinforcing 
bars can be observed in Figure 7,

The; -strain measurements were originally to be record
ed automatically with a 70 channel Baldwin-Lima-Hamilton 
recording unit. This methodcf measuring strains would have 
reduced the; labor of recording the entire 68 strain measure
ments to a'minimum at each increment of live loading. The 
70 channel'-precorder would have also reduced the error caused 
by creep in the concrete during the tests since this unit 
would have recorded the 68 strain measurements all automat
ically in 3 1/2 minutes.

However, at the time the tests were to be conducted 
the 70 channel recorder began to malfunction and had to be 
discarded. In place of the recorder 3 manual strain indi
cators were used in conduction with 3 manual switching units 
and 10 toggle switches. Figure 8 shows the strain recording 
set-up. The equipment shown in the figure will be described 
as it appears Jfrom the right to left. On the far right is a 
Model 20 type Baldwin SR-4 strain indicator used in combi
nation with the. 20 channel switching unit to its left.
These two Instruments were used to record the strain measure
ments in the 20 gages #1-/720 located on the concrete,

The next group of recording instruments in the center 
of the picture consists of a Model n type Baldwin SR-4 
indicator used, in conduction with the 20 channel switching
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STRAIN RECORDING SET-UP 
Figure 8
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unit and 5>toggle switches located to its left. This system 
of recording instruments was used for measuring the strains 
on the 24 gages #21-#44 located on the top reinforcing bars.

Theklast group of equipment consists of a 20 channel 
switching and balancing unit plus 5 toggle switches which 
was used in combination with the Model n type Baldwin SB-4 
indicator to its left. This group of instruments was used 
for recording the strains in the last 24 gages #45-#68 located 
on the bottom reinforcing bars„

The time required for reading and recording all the 
data collected from these manual instruments at each load 
Increment was estimated to be about 10-14 minutes.

6.2 Deflection Measurements
Plastic scales were attached to the inverted top sur

face of the footing and deflections were observed through a 
Wild Type BT3 precise surveyor8s level.

Although the accuracy derived from this method of 
deflection measurement in this investigation is somewhat 
less than that which could be attained by the use of dial 
gages j, there are two definite reasons for using the leveling 
technique (9). First, no complicated rigid dial support 
system had to be erected around the test stand to insure 
deflection readings independent of the movement of the test 
stand during the test. Second, deflection readings could be 
taken near ultimate strength and be done so without danger 
of injury to person or damage to the instrumentation.

The deflections observed through the Wild level could
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be easily estimated to the nearest 0,005 of a centimeter.
Thus the deflections that were recorded were accurate to 
about the nearest 0,002 of an inch.

; Since the deflections that were being measured were 
very small, special precautions were taken to make the tripod 
supporting the level as stable as possible. First, 1/4 
inch deep holes were drilled into the concrete floor of the 
laboratory so there would be no possibility of the tripod 
legs slipping during the test. Second, all bolts were 
tightened oh the legs of the tripod so that for all prac
tical purposes the legs were Immovable„ Last, a spring 
and concrete weight were suspended from the center of the 
tripod to add extra stability to the level.

The location of the scales is shown in Figure 9° 
Scales t-, -jr, 5., and 7 were used in determlng deflections on 
the four corners of the slab, and scales 2, 4, 6, and 8 at the 
four midpoints. Scales 9,10, and 11 were used to determine 
the deflections at three corners of the column stub. These 
deflections'#ere caused both by the deflection of the test 
stand base and footing rotation. These three scales also 
served as &. reference elevation for all other deflection 
measurements„

6.3 Air Supply and Measurement
Two readily accessible sources of compressed air 

were available in the testing area, For the first test only 
one source was used and it was supplied by an air compressor
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which had a 150 psi capacity. It was found, however, at the 
termination of the first test that one compressor was not 
sufficient to compensate for the leaks developed in the 
pressure bag during the test. In the second test the second 
compressor was added. The second compressor had a maximum 
pressure capacity of 120 psi,

A mercury manometer was used to measure the air press
ure in the vinyl pressure bag. The manometer was 60 Inches 
high and provided a measuring capacity of approximately 
30 psi. The manometer was graduated into units of 0.1 inch.
For the temperature ranges noted during the tests of 68° to 
074 the smallest graduated unit represented 0,1 x 13.55 x 

62,30 = 0.489 psi.. or approximately 7,04 psf.
Pictures of the air supply fittings and manometer 

are shown in Figure 5 and Figure 10. ; -

6.4 Crack Pattern
The crack pattern was observed through the 1/4- inch - 

thick plexiglass window. To facilitate the tracing of the 
crack propagation near the column area of the base of the 
footing, a grid consisting of 2 inch squares was drawn in the 
center area on the footing. This provided an easy method for 
recording the crack pattern on a similar smaller grid drawn 
on a sheet of 8 1/2 x 11 inch paper.



air supply system and manometer
Figure 10



7 PREDICTION OF STRESS DISTRIBUTION

7.1 General. Discussion of Theory
The theoretical distribution of stresses in the 

model footing was predicted by application of the thin, plate 
theory of Elasticity to the footing problem.

It should be pointed out that this theory applies 
only when hhrtain conditions are satisfied (2). First, the 
deflection of the plate must be small in comparison with 
its thioknQ#'#« Second, there can be no deformation in the 
middle -plane-, of the plate. Thus the middle plane remains a 
-neutral plane during bending. Third, points of the plate 
lying Initially on a normal-to-the-middle plane of the plate 
also do so after bending. The last condition is that stresses 
normal to the plate can be disregarded.

The first condition of a small deflection to thickness 
ratio was certainly met as will be seen from the test results. 
The remaining three are probably sufficiently correct some 
distance away from the column. However, near the column 
which is a highly concentrated load, transverse shear deform-* 
ation and - the transverse normal stress are probably quite 
large and should not be neglected. Johannes Moe (3),however, 
neglected these in his theoretical analysis of a slab prob
lem and found that his predictions were generally valid. He 
applied the analysis to a slab which was 6 inches thick and
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had a column size of 12 Inches„ The thickness to length ratio 
for the slab, was l/6„ In the present Investigation the foot
ing slab was 6 1/8 Inches and had a column size of 6 inches.
The thickness to length ratio was 1/8, Since the models seem 
to be In approximately the same realm dimension wise, and 
Moe8s results were generally good for the thick slab it was 
decided to use the thin plate theory to predict the deflections 
and stress distribution In the footing,

7,2 Appl1ohtjon of the Thin Plate Theory
In applying the theory to the footing problem certain 

physical assumptions were made for the model. First, it was 
assumed that the footing slab has a constant flexural rigi
dity. Second, the column was not considered to be fully 
fixed to the footing slab. This assumption was made so that 
the theoretical load distribution could be applied at the 
center area,of the footing In the same manner as the exper
imental strains showed the column load to be distributed.

To obtain sufficient accuracy to predict the deflec
tion and stress distribution it was decided to solve the prob
lem in two steps by finite difference methods.

In the first step a grid system with a 6 inch by 6 
inch mesh was used. Figure 11 shows the grid system. The 
column load was assumed as a point loading in the center.
In this problem there were 25 unknown deflection points. To 
solve for these unknown points required writing 25 equations 
and they were the following (2) : 14.plate equations, 5
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TABLE 4
Solution to Simultaneous Equations 

by Gauss Elimination Scheme
PART I

Solution to 25 Simultaneous Equations 
(Grid Mesh = 6")

Point Deflection/D Point Deflec
1 -3.4673 x 106 in. 14 -30.3192 x.
2 -5.7541 15 ”23.6023
3 -8.6834 16 -24.4924
4 -10.2094 17 -26.9377
5 ' -13.7679 18 -30.4044
6 -14.0726 19 -34.3508
7 -15.2232 20 -38.7177
8 -18.1744 21 -28.6804
9 -22.0909 22 -29 .1892

10 -19.0349 23 -31.1949
11 -20.0224 24 -34.4411
12 -22.6559 25 -37.8817
13 -26.2876

PART II
Solution to 9 Simultaneous Equations

(Grid Mesh = 1 .5")

Point Deflection/D Point Deflec
a -.4625 x 10  ̂in. f -2.3537b - .8 1 2 8 6 -2.6395c -1.3134 h -3.2239a -1.5989 i -4,0121
e -2.2821

in.

x 10 in.



shear equations at the boundary, 5 moment equations at the 
boundary, and 1 corner reaction equation. The 25 equations 
were put into matric form and solved on a I. B. M„ 7074 
Computer by a- Gauss Elimination Scheme for solving simul
taneous equation. The results are tabulated in Table 4.

In the second step, the mesh size was reduced to a 
1 1 /2 inch x 1 t/ 2  inch grid near the area of the.column and 
a load distribution for the column was assumed. Figure 11 
also shows the reduced grid system. Points not on this 1 t/2 
inch x 1 1 /2 inch grid were determined by Interpolating the 
results from the 6 inch x 6 inch grid. The interpolation was 
done by using a 3 point parabola equation between known points

In this second part to the problem 9 deflection points 
were, unknown. To solve for these 9 unknown points, 9 plate 
equations were written. These 9 equations were also put 
into matric form and solved by the Gauss Scheme on the 
computer. These results are tabulated in Table 4.

The theoretical deflection of one side of the footing 
is plotted In Figure 12. The moment distribution at the 
column:and 'a distance 1 1/2 inches from the column is 
shown in Figure 13. The moment distribution at a distance of 
6 inches from the centerline of the footing is shown in 
Figure 14. : 'Figure 15 shows the shear distribution on the foot 
ing slab at the column perimeter. Note that the central por
tion is positive and not negative as found.by Hoe in his 
analysis.

It should be mentioned here that the moment and shear 
for the above plots was determined by substituting the
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deflections Into the finite difference operators for these 
quantitiesv See reference (2) page 360. •



De
fl
ec
ti
on
 

(I
nc
he
s)

DEFLECTION OF FOOTING AT A PRESSURE OF 21" OF Hg.
(1478 psf)

Theoretical Curve

•----# Test No. 1

O--- O Test No. 2

.000

.020

.040

060

080

.100
1 2 3 4 6

Scale Location 
Figure 12

O n



4.00
Moment Distribution at 
column face

2.00t
Moment Distribution 1.5” 
from column face

0

Column width

THEORETICAL MOMENT DISTRIBUTION ON 
COMPRESSION FACE OF CONCRETE FOOTING SLAB 

ADJACENT TO COLUMN
Figure 13



Mo
me
nt
 

(l
Ô
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8 TEST PROGRAM

8 „ 1 Preparation for the Test
A fork-lift was used to transport the model footing 

from the curing area to the testing area twelve days after 
casting. The model footing was carried inverted between the 
forks of the lift„ The footing was then lowered onto the 
test stand base and was guided to its correct position by 
the protruding steel rod cast into the center of the column 
stub„ Before lowering the column stub completely down upon 
the base of the stand an 8 inch square area (constructed of 
scrap lumber and forming a small reservoir) was filled with 
sulfur„ The footing was then lowered the remaining distance 
to the base of the stand while the sulfur was still hot.
The sulfur provided a smooth bearing surface for the column 
stub.

The strain gages were checked with an ohm meter and 
all gages were found to be in operating order, However, after 
preliminary tests had been made several of the gages began to 
malfunction and were deleted,,

Wiring of the gages was the next operation. Follow
ing the wiring, the sharp edges of the footing slab were 
covered with several layers of paper about one inch wide.
Then two protective transparent vinyl sheets were placed over 
the base of the footing, and the deflated pressure bag on this,
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Figure 16 shows the deflated pressure bag in position prior 
to assembly of the stand for the test.

Next the pressure platform was lowered and bolted to 
the base. The air supply and strain gages were connected and 
preliminary testing was ready to be performed. In the pre
liminary test the footing was loaded and unloaded several 
times to 10 psl to check the instrumentation and also work 
the creep out of the concrete. The .10 psl load was calculated 
to be well below the cracking load. The cracking load, 
however, was. later discovered to be below this calculated 
limit. This fact was brought out by the shape of the load- 
strain curves and by comparing deflections which were pre
dicted by thln-plate theory for a homogeneous section, with 
the deflections actually observed. This will be discussed 
in furthertdetail in section 8.2,1,

8.2 Test isfe. 1 ..
Thevfirst test took approximately 5 hours to com

plete , sometrhat longer than anticipated, because the test
crew consisted of only three members. One person, regulated 
the pressure, another recorded the strain readings, and the 
third recorded deflections.

During the first test the footing was loaded to Q0% 
of its ultimate strength before the test was terminated.
At QQ% of the ultimate strength several of the steel rein
forcing bars were ■ just at a point of impending yield, but 
no yielding was recorded.



DEFLATED VINYL BAG PRIOR TO TEST 
Figure 16
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8 .2.1 Deflections

The deflections were recorded at the locations as
shown in Figure 9 - The deflections at these locations for
this test are tabulated in Tables 5 and 6 .

Figure, 12 shows the typical deflection pattern at the
edge of the,footing slab plotted for a net live load of 21" 
of Hg (1.478 psf)..

It.is interesting to note the comparison of the theo
retical deflection pattern for a homogeneous section with that 
obtained in the first test. It seems that the predication 
equation used for determining the cracking load may have been 
in error. Instead of testing a footing with a homogeneous 
section during the first test, the footing may have actually 
been partially cracked.

A reduced flexural rigidity for the first test can 
be estimated by determining the flexural rigidity by the thin 
plate theory of elasticity required to produce the experi
mentally obtained deflections. Using this scheme the reduced 
average flexural rigidity for the footing is calculated to 
be 13 .85 x 10  ̂in-lb./in instead of 6 0 .0 x 10  ̂in-lb./in 
which is the average determined for the homogeneous section. 
This calculation indicates that during the first test the 
footing may:have had a flexural rigidity about 1/5 of that 
for a homogeneous section.

The table below shows the comparison of the theo
retical deflections at points 1, 2, and 3 (see Figure 12) 
for the reduced flexural rigidity of 13.85 x 10  ̂in-lb./in. 
compared to the actual deflections found during the test.
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THEORETICAL AID ACTUAL DEFLECTIONS FOR 

A FLEXURAL RIGIDITY EQUAL TO 13.85 x 10° la-lb./im
2 3

Theoretical' .0456 0286
0283

0456
0441Actual 0461

With this reduced flexural rigidity both theoretical and
experimental deflections agree very well.

Another interesting point dealing with the deflections 
is that brought about by the difference in flexural rigidity 
of the slab in two directions„ This difference occurs because 
the effective depth is different in one direction than the 
ot h e r , ThSjflexural rigidity for a fully cracked and homo
geneous section for the two directions is listed below.

a small difference in rigidity. On the other hand, for a 
theoretically fully cracked section, the section containing 
the bottom steel has about a 9.4$ greater flexural rigidity, 
than that for the section with the top steel. This is re
flected In Figure 12, which shows that the deflection of 
the midpoint of the side containing the section with the 
bottom steel is less than that for the section containing 
the top steel.

THEORETICAL FLEXURAL RIGIDITY
Section
Containing

HomogeneousSection Fully Cracked 
Section

Top Steel 
Bottom Steel .

59.5 x 10? 60.0 x 10° 7.59 x 10? 8.30 x 10°

For, a homogeneous section there appears to be only
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Figure 17 shows two typical live load«=deflection 

plots„ From this • figure * It is observed that the deflections 
are rather linear with a constant slope until a net live load 
of 24" of Eg'(1478 psf) is reached. At this load cracking 
apparently begins again in the partially cracked section of 
the footing slab and the load-deflection curve changes in 
slope as the flexural rigidity of the slab is reduced.

8,2.2 Orack Pattern
It ,waS: .planned to sketch the crack pattern during the

test, but ffee -cracks were such small hairline cracks that 
they could noti.be identified through the plexiglass window. 
After the. teat- was• terminated the slab was examined very 
closely and,, the hairline cracks were found and marked. A 
sketch; of the crack pattern is shown superimposed on the steel 
reinforcing' bar layout in Figure 18. The strain gage loca
tions are also shown in this figure.

It is of particular interest to note that the majority 
of the hairline cracks form over the reinforcing bars. These 
bars apparently are at points where large tensile stresses 
occur.

8.2.3 St eel:. Strains
Tension steel strains were recorded on the outside 

surface of the #3 deformed, reinforcing bars at the 48 gage 
locations shown in Figure 7. The tabulated steel strains 
for the test are listed In Tables 7, 8* 9$ 10. To obtain 
the steel stresses simply multiply these values in the



table by ttis- mbdulus of elasticity for steel which is 29 x 
10  ̂psi „

In Figures 19 and 20 some of the strain data have 
been plotted ito show four typical live load=»strain curves.
From these plots it is observed that there is a definite 
change in slope in the range of live load pressure between 
18" and 24" of Hg. This change in slope is most likely 
caused by increased cracking of the already partially cracked 
footing slab. The cracking promotes a reduction.in the 
cross section of the concrete^ hence, the steel carries a 
greater and greater load for the same increment of live load. 
The point of cracking seems to be in the same range of load 
as that found for the load-deflection curves described in 
section 8 .2 .1,

It is also interesting to note the difference in 
appearance of the four typical live load-strain curves. At 
the location of gage #42 a crack developed practically on 
top of the strain gage. In addition, taking into account 
the large slope of the load-strain curve for this gage, 
and noting jihat its location is very near to the edge of the ; 
footing, it seem very likely that the slab was essentially 
uncracked at this section prior to the first test. When 
the live load finally reached 24" of Hg, however, the section 
cracked, and the load-strain curve changed drastically in slope

As for gages #29, #53, and #66 the cracks appear to 
occur a small distance away from the gage location. Also 
observing that the slopes of the live load-strain curves for 
these gages are less when compared with that of gage #42,



' 5?
it se6:SS;,: W W  logical that the slab was cracked near these 
gages before Test No, 1 was conducted. Another item of inter
est is the ..lack of a defined linearity of the load-strain 
curve for gages #29 and #66 when compared with the linear 
load-strain curve of gage #42 at loads below 21" of Hg,
This lack of linearity is apparently caused by the fact that 
the crack did not occur directly over gages #29 and #66 as 
it did for gage #42. Thus a redistribution of strain is 
what these gages recorded when the increased cracking began. 
Such a redistribution is most probably not linear, hence, 
the load-strain curves most likely will not be linear.

A plot of the steel strains across two typical cross 
sections at 6 inches from the centerline was also made. See 
Figure 21 and Figure 22. Both of these plots show that, the 
strain found in this test -is greater nearer to the centerline 
of the footing than at the edge. This seems very reasonable, 
since there is concentrated load at the center of the footing.

The'theoretical curve in Figure 14 seems to agree 
very well with the data found experimentally. The distri
bution across the section containing the bottom steel agrees 
exceptionally well. For example the ratio of the theoretical 
moment at the centerline to that at the edge is found to be 
1.68. The ratio of the strain at the centerline to that at 
the,edge for the section containing the bottom steel is 1.7 0 .

8.2.4 Goncrete Strains
The pompressive concrete strains were measured on the 

column face and adjacent to the column on the compression
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face of the footing slab„ Figure 6 shows the location of 
these gages. The tabulated data for the test is given in 
Table 11 and Table 12.

Two, typical live load-strain curves for the compress
ive strains on the column stub are shown in Figure 25. From 
these two curves it is noted that there is no significant 
compressive strain occurring on the column face until a net 
live load of approximately 6” of Eg (634 psf) is reached. 
Apparently the load is being taken only by the interior 
portion ofSthe column at small loads. As the live load is 
Increased, however, the column faces begin to take more and 
more load. 'The typical live load-strain curves for the gages 
on the compression face of the footing slab (Figure 24) 
on the other, hand, show that strain is recorded immediately 
under small loads. This implies that the bending stresses 
near the coluftin are induced almost immediately after a small 
load is add'M to the base of the footing.

The...strain distribution on the concrete column is shown 
plotted across the column faces in Figure 25. This distri
bution seems to verify the vertical shear stress distri
bution at the column perimeter ( see Figure 15). Note that 
both Figure 25 and Figure 15 indicate that large stress con
centrations; occur at the corners of the column. This fact is 
also reflected in Figure 23 which shows the live load-strain 
curves for gage 48 and -7IO. Gage ^10 is located on the corner 
of the column face, and has a much higher slope or load- 
strain rate than gage which is located at the center of
the column.face. The difference in shape of the strain
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distrivtotlem: shown across the two faces of the column In 
Figure 25- probably strongly influenced by the crack 
pattern,

Thi strain distribution of the compression face of 
the concrete slab adjacent to the column stub is shown in 
Figure 2 6, '-'These curves show that the strains are much more 
coneentrateixnear the centerline of the column face compared 
with those predicted by plate theory. Figure 13 shows the 
theoretical..' distribution. The theoretical distribution near 
the column seems to be fairly uniform. However, note in 
■ contradiction to that which was found experimentally, the 
theoretical .distribution even predicts just a very slight 
decrease 1 n sir ass... near the center portion of the column.

8.3 Test Mo. 2
This test was conducted in the same manner as the 

first test.;; In this test, however, 5 persons were employed 
in gatherin# data, and the entire time of testing was cut 
from 5 hours'to 4 hours. It should again be emphasized that 
the test was made on a section which was considered to be 
fully cracked, since the previous test was terminated at the 
point where- Several of the reinforcing bars were impending 
yield. In this test the footing was taken to failure,

8.3.1 Deflections
The? deflection pattern along the edges of the footing 

slab is shhwn in Figure 12, and can be compared with that 
of Test No. 1. The deflection pattern for the second test
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curve still maintains approximately the same ratio of corner 
deflection to centerline deflection, even though the flexural 
rigidity has been reduced. For example in the first test the 
ratio of deflection at scale #1 to that at scale #2 is 
.0461/.0283 or approximately 1.63= The ratio of the deflec- 
tlons of these two points in the second test is .0732/.0417 
or approximately 1.7 6.

An approximation can again be made with regard to 
determing an. average flexural rigidity of the footing slab 
in this second test, if the flexural rigidity required 
to cause the experimentally observed deflections is cal
culated by the plate theory of elasticity. The flexural 
rigidity is calculated to be 9=05 x 10  ̂in=lb./iri or about 
1\% greater than that for the average of the theoretically 
fully cracked section.

The load-deflectlon curves for the second test also 
show that the flexuraf rigidity has decreased. Note that the 
curves have a reduced slope. It should be mentioned here that 
the deflection measurement could not be read after the net 
live load reached 36" of Hg because several of the reinforc
ing bars began to yield and deflections became unstable.
The dotted line in Figure 17 is an estimate of how the deflec
tions would have eventually become asymptotic at the ultimate 
live load pressure of 43,6" of Hg (3070 psf).

8.3.2 Crack Pattern
The crack pattern as was shown in Figure 18 for the
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first Wsli WSmikined essentially the same for the second test. 
Figure 27 Shows a photograph of the crack pattern of the base 
of the footing after ultimate load was reached. The failure 
oceurr&d in .Mndlng and there is no indication of shear 
failure.

Again it is mentioned after observing Figure 18 and 
Figure 27 that the crack pattern in bending must be strongly 
influenced by,the position of the reinforcing bars because 
the cracks at ultimate strength occur directly over the rein= 
forcing bars located near the center of the slab.

A comparison was made of the theoretical ultimate 
load as predicted by the A.O.I. code and yield line theory 
with that experimentally obtained.

Using the A.O.I. code and taking the average value of 
ultimate load predicted in the two directions containing the 
top and bottom steel, the ultimate load was determined to be 
20.8 pel or' : 2995 psf. This is about 5# less than the actual 
load of 3070 75 = 3145 psf carried by the footing.

In applying the yield line theory to the actual crack 
pattern (Figure 7 ) 9 two eases were investigated. First, 
the load causing the yield line along the column face contain- 
ing the top steel was investigated. This analysis showed . 
that the experimental load was greater than that predicted. 
The second ease. Involved taking an average ultimate load 
that would cause the crack at the centerline and 5" from the 
centerline. This analysis shows that the predicted load is 
actually 11% greater than the experimental. Thus the control-
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ling solution is the first and.it predicts an'ultimate very 
near, but still less, than the experimental ultimate load,

Both of these analyses by the A,C.I, code and yield 
line theory definitely indicate that the steel reinforcing 
bars reached.yield during the test, and probably began to 
strain harden since the experimentally obtained ultimate load 
was greater than that predicted.

8.3.3 8teelj:Strains . .
, The strain data for this test is tabulated in Tables 

7» 8, 9» 10.
load-strain curves were plotted for the same gages 

#29» #42, .#53i, and #66 as had been done in Test No. 1. (see 
Figures 19 and 20). Observe that the load-strain curves for 
this test as compared with those of the first test now have 
a much smaller slope which is very linear. The slopes change 
very little until the ultimate load is near, at which point 
they begin to become asymptotic with the ultimate load» The 
load-strain curves have been estimated at the point near 
ultimate load because strain measurements became unstable at 
a load of 39" of Hg and could not be measured,

The reduction in slope and marked linearity of these 
load-strain curves for Test No. 2 seem very reasonable. First, 
since the section is now cracked extensively, the tensile 
load is carried only by the steel reinforcing bars. Thus, 
larger strain per increment of load is taken by. the steel, 
hence, a smaller slope of the load-strain curve. Second, the 
linearity is expected since the stress-strain curve for
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steel in tension is linear 'below the yield point.

The strain distribution plotted across the cross sec
tion of the footing 6 inches from the center line is shown 
in Figures 21 and 22. At 21” of Hg the plot of the distri
bution across the section containing the bottom steel is 
approximately proportionate to the results of Test No. 1.
At a higher load of 3911 of Hg with Increased cracking the 
plot becomes more erratic.

The plot of the tensile strains across the section 
containing the top steel does not retain the same propor
tionate shape near the center of the footing as it had 
during the first test at a load of 21” of Hg. Apparently 
the two cracks that cross this section on a diagonal (see 
Figure 7) have a great effect on the strains in the middle 
area of the footing in this section as these cracks get 
larger. This is also noted at the increased load of 39" of Hg.

8.3.4 Concrete Strains
The strain data for the concrete strains for the 

second test are tabulated in Tables 11 and 12. Noting Figure 
25 again, which shows the strain distribution on the face of 
the column stub, it is seen that the strains are generally 
somewhat greater in this test than for those found in the 
first test for the same live load. The increase in strain is 
most likely explained by the following. The cracked section 
of the footing is now reduced in flexural rigidity which allows 
the footing slab to rotate and deflect more about the column.
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therefore greater strains are induced at the outside face of 
the column. In reality the face of the column acts as a fulc
rum point about which the footing slab rotates, hence it 
receives quite a large load.

At approximately 90% of the ultimate load or 39" 
of Eg it is observed that the strain distribution has essen
tially the same shape as is shown for the lower live load of
2 1 11 of Eg. however, the ratio of center to corner strain is
somewhat reduced compared to that at a pressure of 21" of Eg.

The typical load-strain curves for individual gages 
ffQ and #10 on the column face are plotted in Figure 23, This
plot shows that each gage begins to pick up strain almost
immediately after live load is added to the footing slab 
as compared with the slow response to load shown in the same 
plot for the partially cracked section. These plots, there
fore, also show that reduced flexural rigidity caused an in
crease in load-strain rate on the column face.

The. strain distribution on the compression concrete 
(Figure 26) adjacent tothe column stub, also indicates an 
increase in strain at each gage location, but the overall 
distribution still remains essentially the same. The Increase 
in strain Is again caused by the decrease in flexural rigidity 
due to the enlargement of the cracks.

The typical load-strain curves for gages #18 and #20 
on the compression face of the footing slab are given in Figure 
24. It is seen that the load-strain rate is also greater be
cause of the decreased flexural rigidity.



Deflections

PRESSURE II
OF Hg 1 2 3
3 .084 .062 .046
6 .158 .113 .089
9 .224 .158 .128

,12 .283 .206 .172
15 .345 .248 .215
18 .406 .296 .260
21 .455 .338 .30224 .518 .385 .35127 .676 .485 .428
30 1.081 .809 .720
33 1.788 1 .391 1.253

3 .066 .052 .044
. 6 .147 .109 .109
9 .221 .170 .173

12 .295 .236 .243
15 .369 .301 .327
18 .477 .382 .399
21 • .569 .440:. .44624 .628 .480 .485
27 .670 .524 .55830 .687 .573 .64933 .729 .612 .72136 .780 .672 .80639 , .94742-

TABLE 5
headings in Centimeters 
(Test So. 1)

SCALES
4 5 6 7 8 9 10 11

029 .012 .034 .060 .065 .048 .039 .039046 .051 .079 .126 .132 .083 .079 .074
091 .092 .121 .194 .185 .120 .109 .104
129 .134 .166 .256 .241 .156 .142 .142
162 .177 .209 .311 .285 .190 .174 .174
195 .216 .246 .366 .337 .221 .206 .204
235 .256 .288 .417 .380 . .253 .235 .235
267 .299 .328 .475 .429 .292 .271 .268
303 .320 .369 .574 .539 .349 .325 .312
461 .392 .480 .756 .814 .562 .516 .585770 .552 .689 1.196 1.806 .962 .906 .821

(Test So; 2)
031 .025 .025 .048 .048 .034 .031 .031
©67 .064 .056 .096 .095 .069 .066 .064
116 .128 .109 .162 .153 .103 .106 .093168 .173 .148 .226 .205 .136 .145 .4 34
236 .253 .206 .291 .263 .185 .192 .181
275 .281 .246 .373 .339 .225 .230 .218
292 .304 .280 .445 .404 .259 .262 .242
321 .343 .311 .495 .444 .275 .283 .260
371' .403 .339 .508 .458 .295 .314 .281
450 .492 .373 .528 . .465 .313 .329 .310
508 .579 .412 .559 .478 .326 .350 .322
577 .663 .469 .616 .514 .339 ,372 .344
678 .805 .365 .425 .386958 1.337
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TABLE 6

Test
Scale

Location
1
2

■ I
56 
7

. 8

Tabulated 
(at a

HO. 1
Deflection 
(inches)
.0461
.0283.0441
.0264
.0457
.0283.0476
.0370

Deflections for Figure 12 
pressure = 21" of Hg.)

Test No. 2
Scale Deflection

Location (inches)
1
2
34
56
78

.0732

.0417

.0705..0370.0720

.0417.0756

.0370

Wbulated Deflections For Figure 17 
GAGE §6 GAGE #7

Pressure in 
inches of

36 .

9 
12 
15.
18 
21 
24 
27 
30 
33 36

Deflection (in.) Deflection (in.)
Test' Ho. 1 Test Ho. 2 Test He. 1 Test Ho. 1
.0024 .0024 .0035 .0035.0067 .0063 .0106 .0138
.0110 .0150 .0181 .0256.0154 .0213 .0240 .0343.0193 .0264 .0319 .0445.0240 .0354 .0388 .0575.0283 .0417 .0441 .0685.0315 .0480 .0512 .0780.0386 .0528 .0654 .0882

.0614 .0988
. .0705 .1150

.0858 .1335
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TABLE 7
Steel Strains in Top Reinforcing Bars

(Test No.1)
PRESSURE IN 
INCHES OF Hg 21 22 23 24

GAGES 
25 26 27 28 29 30 31 32

36
9

12
1518
21
24
2730
33

36
9

12
15
18
21
24
2730
3336
3942
43,

31 23 28 15 -6 50 30 40 33 2 5
83 81 97 55 -6 129 91 83 71 13 4
133 135 156 95 -6 219 160 150 112 22 , 4
182 195 184 137 -6 310 230 206 145 27 4
2:38 258 256 175 -8 416 300 247 162 32 3292 313 297 203 -3 518 370 281 162 35 3364 373 355 336 222 ■=6 626 425 313 181 44 2441 453 401 255 -2 749 492 362 192 60 0
540 563 484 309 -3 913 571 441 236 92 5681 723 596 405 + 18 1118 692 572 311 170 15846 923 rti 768 573 . 84 1327 870 758 442 297 102

m-pcd (Test No.2)
# 15 S

■P 60 15 0 50 35 35 40. 5 0
m 110 m 125 75 -40 150 100 120 95 40 0
m 205 Q) 250 145 + 15 260 165 210 170 85 0240 300 280 210 20 370 255 305 250 130 0
3# 410 350 280 15 490 335 395 30O 165 0
m 505 430 345 40 615 425 485 395: 195 0w 580 540 500 400 45' 740 525 575 430 220 10
575 675 570 460 55 860 615 670 5 IQ- 245 10
673 780 630 510 55 1000 715 775 540 270 15
775 890 700 570 70 1135 805 855 570 310 30
895. 1.015 795 640 80 1265 890 1005 630. 375 651045 1180 910 740 120 1385 970. 885 700 440 140
1275 1250 1100 925 190 1580 1105 1055 790 555 280 o>vo

All strain readings are in micro-inches



TABLE 8
Steel Strains in Top Reinforcing Bars

PRESSURE IN 
INCHES OF Hg 33 34 35 36

(Test No
GAGES
37

. D

38 39 40 41 42 43 44
3 50 28 5 0 46 1 0 95 7 = 1 13
6 145 84 5 -1 126 7 ° 1 247 22 •{*4 129 255 132 5 -1 226 10 0 398 37 -:-9 12

12 380 170 6 -1 331 15 -1 543 56. 14 12■ 15 511 195 7 «i 436 18 ■ e=y2 673 71 19 8' 18 639 219 12 0 544 21 ' 0 798 88 21 13
21 760 240 13 3 642 23 0 918 105 29 1324 910 275 18 0 764 30 -1 1063 131 31 827 1105 345 45 0 918 . 49 0 1253 217 .40 930 1325 520 140 19 1096 119 0 1414 569 51 933 1-495 970 105 101 1231 320 5 1527 1067 89 8

3* 60 35 10 0

(Test No 
50

. 2)
0 0 80 40 5 . 5

6 160 110 25 0 135 20 0 130 100 . 2 . 59 080 205 50 -5 235 30 0 385 190 15 5
12 '420 310 60 0 350 50 0 540 280 35 10
15 '§50 410 80 0 460 65 5 695 380 30 10
18 695 •515 90 0 580 80 5 850 475 35 10
21 • '635 610 105 0 695 95 5 980 '5.65' "45 1024 980 710 120 0 820 110 5 1130 • 655 55 1527 1140 810 140 5 940 130 10 1265 :.78g . 75 1530 .1280 920 160 10 1070 160 10 1400 ,88 0. 95 1533 1430 1055 200 30 1200 190 15 1540 1030 135 1536 1580 1225 250 40 1330 245 20 1685 1215 195 1539h.O .1880 1480 345 90 1620 350 50 2615 1430 305 15
43.6

All strain readings are in micro-inches



TABLE 9
Steel Strains in Bottom Reinforcing Bars

(Test No. 1)
PRESSURE IN GAGES
INCHES OP Hg 45 46 47 48 49 50 51 52 53 54 55 56

3 70 27 44 2 2 2 43 43 30 15 8 06 147 79 113 13. 2 -1 110 126 82 50 12 0
9 234 135 175 47 15 2 198 220 147 92 29 212 307 190 222 67 21 -1 263 297 200 122 37 -215 397 257 285 80 21 -4 317 379 252 150 ' 44 -118 465 342 368 100 31 •5-3 367 ' 460 301 171 54 021 532 422 458 122 31 0 428 546 341 192 61 -824 616 530 498 142 49 1 497 663 407 231 84 -527 691 670 595 210 80 2 705 830 517 321 171 -5.30 852 897 643 337 163 6 1305 1026 674 470 280 •̂6
33 1018 1147 804 456 259

(Text
14 

No.
1508

2)
1118 817 599 439 50

3 50 55 60 0 0 . 0 50 50 10 30 20 . 06 100 105 110 30 30 0 ' 115 140 100 100 70 -40
9 2.10 175 200 90 60 0 180 240 180 160 . 125 -3012 # 0 . 275 380 150 80 0 260 330 260 240 180 -6515 400 400 480 210 110 0 385 430 340 305 230 -3 018 515 595 610 280 130 0 530 525 430 375 290 — 2021 620 4 665 700 330 160 -5 690 620 520 440 380 -5024 740 . 975 780 380 180 0 860 715 600 500 375 -3027 850 1175 870 450 215 0 1060 860 695 560 425 -4030 980 1375. 960 510 260 +5 1460 945 790 630 : 480 -4033 1110 159.5 1070 600 320 10 1995 1080 900 710 555 -1036 1270 1830 1200 710 410 25 2780 1235 1025 810 660 *403942
43.6 ..

1480 2320 1430 955 635 85 4050 1505 1210 970 840 50

All strain readings are in micro-inches



TABLE 10

63 64 65 66 67 68
6 5 35 19 4 1
9 3 117 77 6 518 7 196 135 9 915 3 260 175 14 8
19 3 319 209 19 8
22 5 372 238 23 924 3 425 270 27 1032 3 505 330 37 946 3 639 435 55 1082 3 820 572 113 10144 11 995 720 193 9

Steel Strains in Bottom Reinforcing Bars
(Test No. 1)

PRESSURE IN GAGES
INCHES OP Eg 57 58 59 60 61 62

3 40 6 3 27 28
6 103 8 4 83 82
9 182 13 9 143 150

12 251 12 4 197 198
15 317 16 3 253 23218 380 21 4 314 260
21 430 23 4 368 290
24 507 34 3 442 350
27 624 92 2 553 445
30 80S. 139 10 718 554
33 964 174 32 873 665

(Tea t No o 2)
3 . 506 140
9 245

12 360
15 470
18 590
21 700
24 800
27 89530 . 995
33: 1110
36 1245 1 uv « 1 j . yu 1 vyv oyu 1 yu c:u 1 130 oou  ̂ -q
39 1335 830 145 . 1 2 0  1230 1040 270 35 1223 930 280 30 M42
43.6

80 0 0 50 30 0 0 48 30 0 0160 10 0 130 110 0 10 143 100 10 0260 15 10 220 200 10 20 253 200 10 0310 20 10 300 280 15 0 348 280 20 0370 20 10 390 360 20 0 465 360 20 0425 30 10 480 450 30 0 568 430 30 10
475 35 , 10 565 510 40 5 650 495 40 5520 45 • 20 660 580 50 10 755 555 50 10580 60 40 750 655 60 10 845 .610 70 10
635 70 55 850 720 80 10 955 680 95 15700 85 65 950 800 125 15 1058 765 160 20780 115 , 90 1050 890 190 20 1158 860 230 25830 145 120 1230 1040 270 35 1223 930 280 30

All strain readings are in micro-inches
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TABLE 11
Compressive Concrete Strains on Pace of Column Stub

(Test Ho, 1)
PRESSURE IN GAGES
INCHES OP Hg : 1 2 3 4 5 6 7 8 9 4 10

3 13 26 12 14 8 3 7 •6-2 11 "4-16 70 49 36 47 61 57 27 0 11 -79 151 87 85 99 126 145 62 13 44 5512 215 131 130 163 203 239 97 26 7-1 122
15 303 174 172 208 272 323 131 46 104 182
18 379 215 221 257 330 382 162 55 115 226
21 452 254 258 309 414 464 198 72 152 29424 557 303 301 360 493 562 241 93. 191 367
27 773 367 356 415 578 699 297 129 242 45630 409 404 459 682 838 368 176 333 616
33 1049 445 444 506 792 1007 446 220 417 773

(Test Ho, 2)
3 1 8 10 19 14 11 11 9 12 36 70 25 27 46 53 71 52 135 35 28
9 285 57 . 61 . 80 118 183 . 93 114 75 10212 465 96 101 132 200 294 144 73 108 17915 613 144 149 196 283 • 418 191 145 162 281
18 743 193 207 249 369 548 242 146 219 41221 841 239 255 310 472 682 301 201 279 518
24 930 284 305 360 556 798 358 219 330 62527 1021 342 361 424 650 932 417 268 396 754
30 1096 . 399 419 495 753 1073 478 278 458 888
33 1159 459 476 564 877 ,1229 544 315 519 103136 1191 514 533 625 1002 1413 624 370 602 1204
39 584 622 735 1224 1762 742 538 907 155442 695 779 1080 1700 2223 1147 538 1554 198943.6

All strain readings are in micro-inches



TABLE 12
Concrete Strains on Compression Face of Footing Slab Adjacent to Column

PRESSURE 11 
I1CHES 11 Hg 1 1 12 13

(Test lo.
GAGES 

14 15

1)

16 17 18 19 20
3. 24 32 44 44 36 15 27 29 50 206 48 81 104 95 75 53 70 71 62 499 88 130 159 148 120 92 115 120 100 8412 124 186 223 202 170 142 166 173 145 121
15 157 239 286 259 217 182 218 219 182 15218 191 291 348 314 269 234 260 275 228 19821 234 342 385 377 313 272 312 318 266 22524 270 407 454 436 368 318 366 374 317 27527 338 496 558 537 466 398 451 •464 389 32930 449 629 712 670 581 500 556 555 465 39733 525 802 907 840 73.1 587 639 627 532 469

3 32 48 54
(Test lo0 

51 42
2)
36 38 40 36 356 67 101 125 112 95 78 54 85 102 719 110 165 200 177 150 132 135 143 123 11512 151 235 263 249 212 183 196 191 163 15415 201 311 345 327 277 245 4 259 252 215 20418 259 387 440 421 353 308 327 322 271 24921 316 467 532 488 420 362 384 377 323 29424 376 541 625 575 493 419 . 446 447 381 34427 439 636 731 .671 570 479 517 518 437 39530 504 713 837 770 651 538 597 591 496 446

33 571 830 976 894 741 606 644 662 596 50236 626 956 1156 1041 845. 684 733 745 626 56339 662 1208 1431 1255 973 769 873 880 732 63442AX A 676 1760 2201 1301 843 754 1253 1333 919 639
All strain readings are in micro-inches
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TYPICAL LOAD-STRAIN GRAPH FOR CONCRETE 
STRAINS ON COMPRESSION FACE OF SLAB
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CRACK PATTERN AT ULTIMATE LOAD 
Figure 27



9 SUMMARY AND CONCLUSIONS

9.1 Stress Distribution
There is a very good Indication from these two tests 

that the thin plate theory of elasticity employed with finite 
difference methods provides a good technique for predicting 
the stress distribution in the steel reinforcing bars in a 
footing slab. The ratio of the theoretical value of stress 
along the centerline to that along a section 6 inches from 
the centerline was found to be almost the identical value 
found by experiment.

It should be emphasized that the theoretical stress 
distribution for the steel was determined by applying the 
column reaction as a concentrated load at the center point of 
the footing. Apparently the error caused by substituting 
the point loading for the actual load distribution of the 
column is small when determining the stress distribution in 
the steel only several inches away from the' column face.

The comparison of the theoretically and experiment
ally obtained stress distributions on the concrete adjacent 
to the column did not show as good agreement as that found 
in the case of the steel-stress distribution. ■ The thin plate 
theory predicted an almost uniform stress distribution at the 
column as well as 1 1/2 inches away from it. The two tests
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conducted, however* show that stress tends to concentrate 
more at the central portion of the column than was predicted 
by the plate theory. Moe observed this same phenomenon in 
his test on simply supported slabs under concentrated column 
loads o The difference between the theoretical distribution 
and that actually found can perhaps best be explained by the 
following. In the finite difference solution of the stress 
distribution near the column , the column was assumed not 
to be rigidly connected to the slab. This was done so that 
the distribution of the column load over the 1 1/2” x 1 1/2” 
grid could be approximated as closely as possible to that 
indicated experimentally by the strain distribution on the 
column face. However9 assuming zero rigidity between the 
column and footing slab reduces the stress concentration 
that actually exists at the periphery of the column. There
fore, the resulting solution possibly would not indicate a 
concentration of stress near the central portion of the column 
face as indicated in the test.-

The present test results, as well as the thin plate 
analysis of the footing also verified the findings of Richart 
outlined in section 2. This is given special mention because 
Richart presented his findings and did not attempt to inter
pret or correlate his results with any special theoretical 
analysis of elasticity.

Moe"s results in general were verified. The one 
exception* was that concerned with the prediction and veri-



ficatlon of a negative vertical shear stress near the central 
portion of the column face. In the present investigation an 
analytical solution predicted, and was verified by the test 
results, that there would be highly concentrated shearing 
stresses near the corners of the column and that the stresses 
would reduce to a minimum at the central portion of the column 
face, but still remain a positive value. The difference 
between Moe’s results and those found in the.present invest- 
gation may possibly be explained by the difference in the 
ratio of column width to slab thickness. . In -the test 
conducted by Hoe the ratio of the column width to slab thick
ness was 2. In the present investigation it was approximate
ly 1. Apparently, when the ratio of the column width to slab 
thickness is very near to unity, there is an insufficient dis
tance along the column face to develop negative shear stress.

9.2 Ultimate Strength of the Footing
The results of the second test indicate relatively 

good agreement between the experimental value of ultimate load 
and the values predicted by the A.G.I. code and the yield 
line theory.

Experimental Ultimate Load 3145 psf
A.0.1. code Predicted Ultimate Load 2995 psf
Yield Line Theory Predicted Ultimate Load 3010 psf 
The main reason the experimental ultimate load is 

greater than that predicted by either the A.G.I. code or 
yield -line theory is that these theories do not take into 
consideration the increased strength due to.the strain
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hardening of the steel reinforcing bars at yield.

9.3 Effects of Cracking ;
In this study it was discovered that the position of 

the reinforcing bars near the central portion of the footing 
slab has a great Influence on the crack pattern when flexural 
failure is the mode of failure.

.Increased cracking of a footing was found in general 
to increase both.the concrete as well as the steel stresses. 
But as was discovered by Richart in 1948 and verified again 
in the present investigation (see Figures 19 and 20), the 
pattern of strain variation does not have any great sign
ificance so far as the load capacity of the footing is con
cerned whenia tension failure is the mode of failure. How
ever, it was found that cracking does have a great effect on 
deflections. This was noted in Figure 12 which shows that 
the deflections of the footing slab in this test are magnified 
about 7 times when the footing section is reduced from a homo
geneous section to a fully cracked section. It was also 
found that thin plate theory of elasticity predicted the def
lection pattern along the edge of the footing very accurately 
even when the section was reduced to a fully cracked section.

9.4 Recommendations
Although very good comparisons were found when cor

relating the results of this test with the values predicted 
by the thin plate theory of elasticity, it would be very 
interesting to analyse the footing problem by E. Resslner's 
thick plate theory of elasticity which considers transverse
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shear deformations, and to compare these' results with those 
of thin plate theory„ •

Since the results of this thesis indicate that the 
shear problem in a footing changes somewhat with the ratio 
of the column width to slab thickness it would also seem 
to be very advantageous to investigate the shear distribution 
as well the ultimate shear strength of the footing for varying 
ratios of column size to slab thickness.. The ultimate shear 
■ strength from such a test could then be used to verify or 
perhaps modify existing shear strength prediction equations„
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NOTATION

gross area of section 
cross sectional area of steel 
depth of rectangular stress block 
width of section
periphery of critical section for shear
flexural rigidity
nominal diameter of bar, inches .
depth from compression face to centroid of 
steel
compressive strength of concrete
yield point of reinforcing steel
ratio between centroid of compression and 
centroid of tension to depth, d
constant = 0.85
ultimate bending moment
axial, load capacity of actual member when 
concentrically loaded
nominal ultimate bond stress
total ultimate shear
nominal ultimate shear stress as a measure 
of diagonal tension


