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THE FAILURE OF PLAIN AND SPIRALLY REINFORCED

CONCRETE IN COMPRESSION

I. INTRODUCTION

1. Introduction.-This bulletin deals with an investigation of the
action of concrete under compressive stresses applied in one or more
directions. A part of the investigation has already been reported in
Bulletin 185 of the Engineering Experiment Station, which contains
the results of tests of concrete cylinders subjected to combined
stresses applied by means of hydraulic pressure. The present bul-
letin contains the results of a closely allied series of tests on short
columns or cylinders of plain and spirally reinforced concrete. The
tests were made with two distinct objects: to study the general be-
havior of concrete under compression in one direction or in three di-
rections, and to study directly certain phenomena relating to spirally
reinforced columns. The tests described in Bulletin 185, wherein the
lateral pressure on a cylinder was directly controlled, gave informa-
tion on a range of stresses that could not be included in any ordinary
series of column tests. However, the tests described herein afforded
an opportunity for a large number of deformation measurements, and
in this respect are far superior to the tests employing hydraulic
pressure.

The spirally reinforced column is an important practical example
of the use of concrete under three-dimensional compression. Anal-
yses and tests have furnished a fund of information which serves as a
basis for the design of such members; there is still lacking, however, a
knowledge of the general principles governing the action of such mem-
bers by means of which the limited test results available may safely
be extended and generalized. Certain principles regarding the effect
of lateral restraint in raising the ultimate strength of concrete were
stated many years ago by Considere.* One of these is that the
strength of hooped concrete may be considered as being the sum of
two essentially unlike quantities: a resistance proportional to the
strength of the concrete itself, and an added strength which is a func-
tion of the lateral restraint applied by the hooping. Considere
reasoned that the second contribution to the strength was similar to
the bearing power of a non-cohesive granular material when laterally
restrained, a property dependent upon the internal friction of the

*Consid6re, A. "Resistance A la compression du b6ton arm6 et du b6ton frett6," Genie Civil,
1903. See Translation, "Experimental Researches on Reinforced Concrete," by L. S. Moisseiff, 1906.
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material. This conception agrees in many respects with the results
of tests and is commonly employed in the analysis of spirally rein-

forced columns.
The tests described in this bulletin were intended to throw light

on a number of questions, of which the following are typical, regard-
ing the action of spirally reinforced members: What is the relation

between the lateral pressure developed by the reinforcement and the
added strength (above that of the plain concrete) at various stages of

loading? Is the added strength dependent only upon the lateral

pressure, and, as in the case of a granular material, independent of the
amount of deformation produced? What is the character of the ac-
tion by which the material in the column changes from an almost
elastic solid to an apparently plastic material after the spiral reinforce-
ment has become effective? What conditions determine the maxi-

mum load carried by a column in which failure of the spiral reinforce-
ment is not reached? In view of the large deformations accompany-

ing the use of spiral reinforcement, how much of the strength of such

members can be utilized in buildings, bridges, or similar structures?

Previous tests have answered certain of these questions to some

extent. Among the foremost investigators of the spirally reinforced

column may be mentioned Considere, Talbot, Bach, Withey, Rude-

loff, Saliger, Morsch and others; important tests have also been

carried on by various committees of technical organizations. A bib-

liography of selected references to research on spirally reinforced

columns is given in the Appendix.
In the tests of this bulletin an especial attempt was made to secure

complete and systematic observations of the behavior of plain and

spirally reinforced concrete under load, and an unusually large num-

ber of deformation readings were taken as the maximum load was

approached. The group of columns tested contained widely varying

amounts and kinds of reinforcement.

2. Acknowledgment.-The tests reported in this bulletin were

performed in 1925-6 as a part of the regular work of the Engineering

Experiment Station under the administrative direction of DEAN M.

S. KETCHUM, Director of the Station, and of PROFESSOR A. N. TALBOT,

then in charge of the Department of Theoretical and Applied Me-

chanics. Professor Talbot, whose wide experience in investigations of

reinforced concrete made his advice invaluable, directed the planning

of the tests and the choice of materials, thus insuring much of the

value of the results.
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The investigation was carried on as a basis for a Master's thesis by

Mr. Brandtzaeg, who chose the line of study, outlined the tests, and

took much of the responsibility of carrying on the tests and analyzing
the results. Most of the laboratory work, which required special

technique, was performed by Mr. Brown and Professor Richart, who

also supervised the investigation and gave special attention to the

interpretation of the test results.
Acknowledgment is due the AMERICAN STEEL AND WIRE COMPANY,

the ILLINOIS STEEL COMPANY and the AMERICAN SYSTEM OF REINFORC-

ING, all of Chicago, who furnished the steel used in the column spirals.

The company last mentioned also assisted in the securing of suitable

grades of material and fabricated all of the test specimens.

3. Notation.-The following notation will be used throughout the

bulletin:
d = diameter of spiral wire.
D = outside diameter of spiral.
el = axial unit deformation in column.
62 = lateral unit deformation in column.
e, = unit deformation in spiral reinforcement.
E, = e- + 262 = volumetric deformation or unit change in

volume of column.
E = initial modulus of elasticity of concrete.
f, = axial compressive unit stress.
f2 = lateral compressive unit stress.

f. = tensile unit stress in spiral reinforcement.

f, = f, + 2f2 = "volume" stress.
fc' = compressive strength of plain concrete.

fb = bearing unit stress between concrete and spiral.
k = rate of depression of spiral into concrete, expressed as the

difference between lateral unit deformations in con-

crete and in spiral for an increment of spiral stress of

10 000 lb. per. sq. in.

K = initial bulk modulus of concrete.

N = fb = modulus of depression.
k

p = percentage of spiral reinforcement, based upon outside
diameter of spiral.

A = initial value of Poisson's ratio for concrete.
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II. MATERIALS, TEST PIECES, AND TESTING

4. Outline of Tests.-The investigation of the failure of concrete
in compression made in 1925 included four series of tests; the part
described in this bulletin was designated as Series 1, and consisted of
one group of plain concrete and six groups of spirally reinforced con-
crete compression test pieces, all made of a 1:2.1:2.5 mixture.
All test pieces were cylinders, or short columns, 10 in. in diameter and
40 in. long; the size of cross-section was limited by the capacity of the
testing machine, while the length was chosen so as to avoid the bend-
ing effects to be found in long columns and still to furnish a satisfac-
tory length of member unaffected by the restraining influence of the
end bearing plates. Three test pieces of each kind were used except
in the case of the plain concrete, where five were used. Because of the
limited number of test pieces, the only variables introduced in the
series were the amount and kind of spiral reinforcement. Table 1
gives an outline of the series.

5. Materials.-The concrete materials were identical with those
used in the tests described in Bulletin 185.

Universal portland cement was used in all specimens. Immedi-
ately before its use a supply sufficient to make all specimens was
screened into tight metal containers and thoroughly mixed. The
cement complied with the Standard Specifications for Portland Ce-
ment of the American Society for Testing Materials, as shown by the
physical properties listed in Section 8, Bulletin 185. The sand and
gravel used were washed materials from the Wabash River at Attica,
Indiana. Sieve analyses and other properties of these materials are
given in Table 2.

The proportions and consistency of the concrete were carefully
chosen in order to secure uniformity and workability of the mixture.
The proportions of the mixture employed were 1:2.1:2.5, by loose
volumes, though all measuring of ingredients was done by weight.
This mixture had a corrected water-cement ratio of 0.87, an average
slump of 6.9 in., and a flow, or ratio of final to initial base diameter of
the standard specimen on the flow table, of 215 per cent. The rela-
tive absolute volumes of the ingredients of the concrete used, as de-
termined from test cylinders made with the test pieces were: cement,
0.118; sand, 0.328; gravel, 0.337; water, 0.212. Detailed data re-
garding the concrete are given in Table 3.

The reinforcing spirals were intended to be of mild steel, with the
exception of one lot of special high strength cable steel which hap-
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TABLE 1

OUTLINE OF TESTS OF SERIES 1

All test pieces 10 in. in diameter, 40 in. long
Concrete, 1: 2.1: 2.5, by loose volumes

Number Percentage Nominal
Group Column of Columns of Spiral Diameter of Kind of
No. No. in Group Reinforcement Steel, in. Steel

0............... 02-06 5 0

1 ............... 11-13 3 0.50 1 Annealed drawn
wire

2............... 21-23 3 1.11 Ns Annealed drawn
wire

3 ............. 31-33 3 2.07 % Rolled mild
steel

4 ............... 41-43 3 2.64 Ml Rolled mild
steel

5 ............... 51-53 3 4.41 % Rolled mild
steel

13 ............... 131-133 3 1 1.96 Y Suspension
cable wire

TABLE 2

SIEVE ANALYSES AND OTHER PROPERTIES OF AGGREGATES

Sieve
Item No.* Sand Gravel

Percentage of Material Passing a Given Sieve.... 100 1
48 2
28 21
14 54
8 71
4 93 4
3 14

W-in. 33
W-in. 65

%-in. 96

Per cent moisture content, as used. ....................... 0.2 0.3
Per cent moisture absorption .................. ..... 0.6 1.0
Specific gravity ...................................... 2.67 2.69
Unit weight, lb. per cu,. ft.

(a) Measured loose, struck off ......................... 107 94
(b) Tamped, A.S.T.M. methodt........................ 113 103

*Tyler Standard Screen Scale Sieves.

tStandard Method of Test for Unit Weight of Aggregate for Concrete, A.S.T.M.
Book of Standards, Part II, p. 120, 1927.

pened to be available. Five sizes of mild steel were chosen, having
diameters of %, Y6, %, X6, and % in., while the cable steel stock was
of n-in. diameter. It was found that the smallest two sizes-h-in.
and YM 6-in. rounds-could not be secured in rolled bars, so that drawn
wire was substituted in these sizes. This wire, although annealed,
varied greatly in quality from the rolled steel used in the larger sizes.
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TABLE 3

DATA OF CONCRETE MIXTURES

From tests of three 6 by 12-in. control cylinders made
with each column

Compres-
Column Slump, Flow, Cement- Water- sive

No. in. per cent Space Cement Strength*
Ratio Ratio lb. per

sq. in.

02....... 6.6 209 2530
03....... 7.0 216 2550
04....... 6.0 217 2290
05....... 6.8 216 2280
06....... 7.0 210 2475

Average... 6.7 214 0.353 0.87 2425

11....... 6.9 229 2675
12....... 7.3 225 2790
13....... 7.6 212 2630

Average... 7.3 222 0.353 0.87 2700

21....... 7.0 220 2640
22....... 7.1 213 2865
23....... 7.5 210 2725

Average... 7.2 214 0.354 0.87 2725

31....... 7.4 215 2880
32....... 6.9 216 2525
33....... 6.4 213 2785

Average... 6.9 215 0.351 0.87 2730

41 ....... 6.2 214 2725
42....... 7.9 216 2640
43....... 7.1 198 2480

Average... 7.1 209 0.352 0.87 2615

51....... 6.0 222 2745
52 ....... 8.5 225 2890
53....... 6.3 212 2685

Average... 6.9 220 0.354 0.87 2775

131....... 6.7 205 2665
132 ....... 6.0 217 2525
133 ....... 6.9 222 2860

Average... 6.5 215 0.353 0.87 2685

Grand
Average.. 6.9 215 0.353 0.87 2645

*At age of 28 days.

Some differences were also found in the properties of the three larger

sizes of mild steel, and hence the spirals used represented a consider-

able variation in quality. The high strength steel was heat-treated
drawn wire of a special quality originally intended for use in suspen-

sion bridge cables, and it showed a high degree of uniformity in physi-

cal properties. Information concerning the spirals, including certain

dimensions and physical properties described in Section 6, are given

in Table 4.
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6. Fabrication and Testing of Reinforcing Spirals.-The spirals
were all fabricated by the American System of Reinforcing, under the
inspection of Mr. Brandtzaeg. The steel as received at the shop was
in coils of large diameter. The spirals were coiled by machine and
held to the desired pitch by means of spacers. Four spacers were used
on each spiral, being made of a crimped No. 11 wire on the outside of
the spiral attached to a n-in. round rod on the inside of the spiral.
These spacers provided 0.3 per cent of longitudinal reinforcement
which, however, was neglected in all calculations. The spirals were
made one inch shorter than the finished columns and two extra turns
were added at each end for anchorage.

The dimensions of all spirals are recorded in Table 4, together
with information on the variability of the dimensions. The diameter
of the spiral wire was measured with a micrometer at five points along
the spiral, two measurements being taken at right angles to each other
at each point. Measurements of the spacing were taken as one-fifth
of the distance between every fifth winding, and seven of these meas-
urements were taken along two sides of each spiral.

In order to utilize the strain-gage measurements that were taken
in the tests of spirally reinforced members to determine the lateral
stress in such a member, it was necessary first to have an accurate
knowledge of the stress-strain relation for the spiral steel at all stages
of loading. Hence a particular effort was made to determine the stress-
strain properties of the spiral steel as it actually existed in a column.
Since it was not feasible to test a curved member in tension, and since
the processes of coiling and straightening had marked effects upon the
properties of the steel, indirect methods were employed to determine
the true stress-strain relation for each spiral.

During fabrication three test coupons were cut from the stock
used in each spiral, two being cut from the extreme ends of the steel
used in the spiral, but before it had been coiled. The first two, taken
from the uncoiled wire, were nearly straight. The third, which had
been bent to a 5-in. radius, was straightened in a uniform way before
testing by pulling the wire through a vise.

The tests were made in a hand-operated Olsen wire-testing ma-
chine of 10 000-lb. capacity. Extensometer measurements were
taken on an 8-in. gage length for the wire and on a 2-in. gage length
for the heavier rolled sizes. Average stress-strain diagrams embody-
ing the results of the tests are shown in Figs. 1 and 2. In general, each
curve represents the average of three tests.
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FIG. 1. STRESS-STRAIN CURVES FOR DRAWN WIRE
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FIG. 2. STRESS-STRAIN CURVES FOR MILD STEEL
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Figures 1 and 2 show a considerable difference between the prop-
erties of the material before it had been coiled into a spiral and after
it had been coiled and straightened. It is evident that the amount of
cold-working received by the spirals during coiling was somewhat less
than that received by the test coupons that were coiled and straight-
ened. The latter specimens had been allowed to rest a week between
the straightening and testing. This rest gave somewhat higher
elastic strength than that found when coupons were tested immedi-
ately after straightening, an effect noted many years ago by Bausch-
inger.* In order to agree with conditions in the spirals, only the tests
of rested specimens are included in Figs. 1 and 2.

Two different effects of cold-working are seen in the different
grades of steel. For the 8 -in. and the 3i 6

1-in. drawn wire and the
1

4 -in. cable steel of Fig. 1, the effect of the cold-working produced in
coiling and straightening the coupons appears to be an appreciable
lowering of the stress-strain curve up to and around the yield point,
though the difference between the two curves is not very great. For
the %-in., the /5 6 -in. and the /%-in. mild steel of Fig. 2, however, a
great difference is seen between the two curves, the effect of cold
working apparently being to raise the whole upper part of the stress-
strain curve a large amount. This effect is so great that it has an
important bearing upon the interpretation of the column tests, and it
was felt necessary to get further information regarding the part of the
effect due to coiling and the part due to straightening of the coupons.
With this object in view a number of auxiliary tests were made, the
most satisfactory being a small series of cross-bending tests of pieces
of the 3%-in. spiral steel, loaded on a span of 4 inches, with a concen-
trated load at midspan. Tests were made on (A) the steel straight
as received (B) the steel bent as in the spirals and (C) the steel
cut from the spirals, straightened, and rested for eight days be-
fore testing. While the load-deflection relations obtained from these
tests may not be analogous to the stress-strain relations to be found in
tension tests, it was felt that the relative effects of different degrees of
cold-working might be at least roughly indicated. In the cross-bend-
ing test it was possible not only to test the steel curved just as it was
in the spiral, but also to study the effect of applying the load so as
either to increase or to decrease the original curvature. Two speci-
mens of type A, two of type B, with downward load applied to the in-
side of the spiral, two of type B, with load applied to the outside of the
spiral, and two each for the corresponding cases of type C were tested.

*Bauschinger, J. See "Handbook of Testing Materials" by A. Martens, translated from the Ger-
man by G. C. Henning, 1899.
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FIG. 3. LOAD-DEFLECTION CURVES FOR %-IN. ROUND BARS

The load-deflection curves obtained from these tests are given in Fig.
3, which shows that there was a distinct difference between the curves
for the three types of specimens as well as consistent differences for
types B and C between the curves for those specimens tested with the
center of curvature upward and those with it downward. Figure 3
shows that the average curve for type B falls between those for type
A and type C, as would be expected. A study of the curves shows
that near the yield point the effect of coiling the spiral was about half
as great as that of the combined coiling and straightening; with
greater deflections the effect of coiling was relatively much larger,
reaching about 80 per cent of the combined effect at a deflection four
times that found at the yield point. This information was used as a
guide in locating curves for the u-in., the 5/ 6-in., and the 3 -in. mild
steel rounds of Fig. 2, which are considered as representing the stress-
strain curves of the spiral steel as it existed in the columns. For the
other three groups of spirals, made of drawn wire and of cable steel,
the difference between the curves of Fig. 1 for the steel as received and
those obtained from the steel after coiling and straightening was so
small that the latter were taken as representing the properties of the
spiral steel used in the columns.

It is felt that this study of the properties of the spiral reinforce-
ment has added greatly to the reliability of the column test data to
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follow; it should not be implied that the effect of cold-working can
always be judged from the results of these tests, but these results
should emphasize the fact that the usual tests of samples of spiral
steel which have been subjected to an unknown amount of cold-work-
ing cannot be relied upon to furnish stress-strain curves that are ap-
plicable to the steel as it exists in a column.

7. Making and Curing of Test Pieces.-The concrete for all test
pieces was mixed in a batch mixer of one-third cubic yard capacity,
all materials being weighed and dumped into the mixer in the order:
gravel, sand, cement, and water. Mixing was continued for four min-
utes, whereupon the batch was discharged into a large pan, further
turned over a few times with shovels, and then deposited in the forms.
The forms were made of 10-in. steel pipe split into four parts, and held
in position by three heavy circular steel bands. In placing the con-
crete, it was puddled with a /3 -in. round steel rod, and the form was
tapped with a heavy hammer during pouring.

Consistency tests and 6 by 12-in. test cylinders were made from a
portion of each batch. Slump and flow tests were first made, then the
same concrete was used in making the cylinders. Both the large test
pieces and the cylinders were capped with neat cement soon after
pouring. The test pieces were removed from the forms after two days
and were stored in the laboratory under wet burlap for 24 days. Dur-
ing the curing period the temperature of the laboratory varied be-
tween 65 and 75 deg. F., but with no marked change in the mean tem-
perature throughout the period. Two days before the date of testing,
the burlap was removed from the columns and the gage holes for
strain measurements were prepared. At this time the small steel plugs
required for measurements of concrete deformations were inserted and
firmly anchored by means of plaster of paris. Gage lines on the spiral
steel, which was practically at the column surface, were also drilled,
except in the case of the spirals of 1%-in. wire, on which the gage holes
were omitted because of the small diameter of the wire. The location
of gage lines is shown diagrammatically in Fig. 4, in which the surface
of the column is developed to indicate the lines which were laid out on
the four sides of the column at three points along the length.

8. Testing Apparatus and Procedure.-The large specimens were
tested in a 600 000-lb. Riehle testing machine; the 6 by 12-in. cylin-
ders in a 300 000-lb. Olsen testing machine.

Measuring instruments used included Berry type strain gages of 4-
and 8-in. gage lengths, Howard type gages, fitted with dial indicators,
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FIG. 4. DIAGRAM SHOWING LOCATION OF GAGE
LINES ON COLUMNS

of 4-, 8-, and 30-in. gage lengths, and a special diameter gage designed
for the tests by Mr. Brown. A view of these gages is given in Fig. 5.
All gages were equipped with conical points. In one test the diameter
gage was fitted with special contact points, consisting of conical sock-
ets or cups which engaged a ball bearing embedded in the steel gage
plugs of the test piece, a detail that has been used in other gages.
This was intended to eliminate the effect of wear of the edges of gage
holes, which affected the readings of this gage particularly, since the
direction of deformation was parallel to the axes of the contact points
and gage holes, but no appreciable advantage of the ball and socket
contact was noted.

Ames micrometer dials reading 0.001 in. were employed in all of
the strain gages, the Berry gages having a lever ratio of about 7.5 to 1,
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FIG. 5. VIEW OF STRAIN GAGES USED IN TESTS

the diameter gage 5 to 1, while the Howard gages indicated directly
without multiplication. All were used on gage holes made with a No.
54 drill. In the diameter gage the points were held in the gage holes
with a constant pressure produced by a strong spring at the lever end
of the instrument. The probable errors in unit deformations obtained
by the use of the different instruments, as judged from the consistency
of the readings, were roughly as follows: 8-in. Berry gage, 0.000008;
4-in. Berry gage, 0.000025; diameter gage, 0.000010; 30-in. Howard
type gage, 0.000033; 8-in. Howard type gage, 0.00005; and 4-in. How-
ard type gage, 0.0005. The latter two gages were used only after the
deformations had exceeded the range of the Berry gages. It is felt
that the gages used furnished a satisfactory degree of precision for
most purposes of the tests.

After all gage holes had been prepared, the column was placed in
the testing machine, plumbed and centered. At times it was found
necessary to embed the base of the test piece in plaster of paris to se-
cure uniform bearing. At the beginning of a test an initial or "zero"
load of 1000 to 2000 pounds was applied to the column through a
spherical bearing block, which was then prevented from further rota-
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tion by the use of wedges. The initial strain measurements were next
taken, and the remainder of the test proceeded with the column
loaded between two fixed and fairly parallel planes. Loads were ap-
plied in increments varying from 25 000 to 35 000 pounds in the early
stages of the test, and gradually decreasing to 10 000 to 15 000 pounds
during the later stages. The testing machine was always run at its
nominal speed of 0.05 inch per minute; the load recorded was that in-
dicated by the scale beam at the instant the machine was being
stopped; and a record was kept of any decrease in the load during the
period, usually 7 to 12 minutes, in which strain measurements were
taken. Strain measurements were always taken up to the maximum
load, and generally beyond it. When failure came through breaking
of the spiral reinforcement the tests were discontinued, but in cases
where the columns failed through a general yielding, the test was car-
ried somewhat beyond the maximum load. A number of special tests
were made at this final stage of loading, to which reference will be
made later.

9. Record of Tests.-A brief description of the behavior of the test
pieces under load may be useful. Certain terms used in the descrip-
tion will be defined at the outset. Thus, while the test pieces are not
columns in the ordinary usage of the word, since the height is only
four times the diameter, they will be so designated for lack of a better
term. The maximum load carried will be defined as the greatest load
reached, with the testing machine running continuously. Beyond
this load further operation of the machine produced a recorded de-
crease in resistance. In the tests of spirally reinforced columns it was
found that, after such a maximum load was passed and loading was
stopped for a short time and then resumed, a second "maximum" was
observed. This second maximum was usually slightly higher than the
first. (See Table 6, Section 20.) Similarly a third or a fourth maxi-
mum was sometimes noted. To avoid uncertainty, the first maximum
load observed will always be denoted as the maximum load carried by
the column, since this is the load that would be observed in a contin-
uous test to complete failure. The load indicated by the machine at
any time a stop was made to take strain measurements will be consid-
ered as the load on the column, although it was observed that, partic-
ularly at the higher loads, a considerable decrease in the load occurred
during the time the machine was stopped. The starting load, or load
on the column when the machine was again started, was always re-
corded and the difference between stopping and starting loads will be
discussed in Section 19.
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A. Plain Concrete Columns

This lot of five plain columns, of 1:2.1:2.5 concrete, was desig-
nated as Group 0.

Group 0.-The maximum load carried by Column 02 was 2290 lb.
per sq. in. A number of nearly vertical cracks were developed just as
the maximum load was reached, and loading was discontinued.

A set of strain gage readings was taken on Column 03 at a load of
1940 lb. per sq. in. During the readings an increase in lateral deforma-
tion indicated that a large plastic flow was taking place. Cracks also
developed during the period in which the readings were taken. When
the machine was started again, the load had fallen off and the column
failed before the load reached the amount previously applied. It is
probable that the maximum load attained would have been greater
than 1940 lb. per sq. in. if the column had been loaded continuously to
failure.

In the test of Column 04, the special conical sockets mentioned in
Section 8 were used on the diameter gage. The arrangement worked
very satisfactorily, but not particularly better than the Uisual conical
points when the gage holes for the latter were properly worn down,
and on account of the greater simplicity the conical points and drilled
gage holes were used in subsequent tests. Strain gage readings were
taken on this column at a load of 2120 lb. per sq. in., which proved to
be the maximum load. It was noted that in a period of about 7 min-
utes the unit deformations at the midheight of the column showed an
average increase of 0.00021 on longitudinal lines and 0.00044 on radial
lines. Cracks developed during the taking of readings, and the col-
umn failed to reach a higher load when testing was resumed.

The maximum load on Column 05 was 2080 lb. per sq. in. Com-
plete strain readings were taken at this load. Loading on this column
was continued until a complete failure of the shearing type occurred
on planes inclined 50 to 60 deg. to the horizontal.

Early strain readings on Column 06 were probably affected by
rapid temperature changes in the laboratory. The maximum load on
this column was 2220 lb. per sq. in.

Figure 6 shows a view of Columns 02, 03, and 04 after testing.

B. Spirally Reinforced Concrete Columns

This lot of columns, of 1:2.1:2.5 concrete, had spiral reinforce-
ment of varying amounts and qualities.

Group 1.-The columns of this group had 0.5 per cent of spiral re-
inforcement of %-in. annealed drawn wire. Because of the small di-
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FIG. 6. VIEW OF COLUMNS 02, 03, AND 04, AFTER TESTING

ameter of the spiral wire no gage holes were drilled in the spirals of
this group; instead, light punch marks were used. No breaks in the
wire occurred at these marks.

In the test of Column 11 slight spalling of the plaster of paris sur-
rounding the gage plugs was noted at a unit load of 2620 lb. per sq. in.,
and the maximum load reached was 2720 lb. per sq. in. After the ma-
chine had been stopped to permit strain measurements, a second and
a third maximum were observed, at loads of 2740 and 2680 lb. per sq.
in. Cracking and spalling of the concrete had become quite general
when, with further motion of the testing machine head, the spiral
broke near the upper gage lines. After this the column still withstood
a load of 1900 lb. per sq. in.
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Slight spalling was noted on Column 12 at a load of 2450 lb. per sq.
in., and this action increased until the maximum load was reached at
2760 lb. per sq. in. At this point the cracking and spalling were not
noticeable from a short distance away. With further intermittent
loading, a second, third, and fourth maximum were noted at loads of
2800, 2640, and 2600 lb. per sq. in. Failure occurred through the
the breaking of two loops of the spiral soon after the fourth maximum
was reached.

At the maximum load on Column 13 there was slight cracking and
bulging of the concrete between spirals. After strain readings had
been taken a second maximum of 2610 lb. per sq. in. was reached, and
shortly afterward the column failed through the breaking of a spiral.

Group 2.-The columns of this group had about 1.1 per cent of
spiral reinforcement of Yi6-in. annealed drawn wire. In the test of
Column 21, slight spalling was observed at a load of 2360 lb. per sq. in.
and cracking and spalling increased as the load rose slowly to the max-
imum of 3570 lb. per sq. in. As the machine was run beyond the max-
imum the load fell off to 3150 lb. per sq. in. where the spiral broke at
two of the drilled gage holes.

The first perceptible spalling of Column 22 came at a load of 2930
lb. per sq. in., and the maximum load was reached at 3635 lb. per sq.
in. After a set of readings had been taken the load was again raised to
a maximum of 3640 lb. per sq. in., whereupon the test was discontin-
ued without breaking the spiral. Gage holes in the spiral of this col-
umn were not drilled, but were light punch marks.

Slight spalling of the concrete of Column 23 was noted at a load of
2720 lb. per sq. in. Spalling and cracking continued but was not very
pronounced at the maximum load of 3570 lb. per sq. in. With the ma-
chine running the load remained constant for some time, then the
spiral broke at two places at gage holes in the wire. After the spiral
broke, a load of 3410 lb. per sq. in. was again applied before the spirals
started slipping and rapid decrease in load followed.

Group 3.-The columns of this group had 2.05 per cent of spiral
reinforcement of %-in. rolled low carbon steel. In the test of Column
31, a vertical crack in the concrete was noted at a load of 2640 lb. per
sq. in., and as the load increased spalling developed near this crack.
At the load of 3530 lb. per sq. in. the column was taking load very
slowly, and spalling was quite general in the upper part of the column
at the maximum load of 3740 lb. per sq. in. After strain measure-
ments were taken, loading was resumed and a second maximum of
3760 lb. per sq. in. was reached. No breaking of spirals occurred and
the test was discontinued.
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No surface spalling of Column 32 was seen until a load of 3390 lb.
per sq. in. was reached. Thereafter the spalling increased and the
rate of loading decreased until the maximum load of 3800 lb. per sq.
in. was reached. After strain measurements had been taken, a sys-
tematic set of loading tests was made wherein the machine was run
for four periods of 2 minutes each, with a one-half minute rest be-
tween periods. In each two-minute period a maximum load was
reached, the consecutive values being 3900, 3870, 3850 and 3810 lb.
per sq. in. The results of these tests are discussed in Section 20. The
spiral was unbroken when the tests were discontiuned, though the
column had shortened about 2 per cent.

One day after the foregoing tests the spiral reinforcement was
stripped from the column, which was then retested as a plain concrete
column. It took load quite rapidly up to the maximum of 1040 lb.
per sq. in., which is 49 per cent of the strength of the plain columns of
Group 0. Figure 7 shows the column with spirals removed, before
and after retesting.

At a unit load of 2870 lb. per sq. in. on Column 33, there was slight
cracking of the concrete and buckling over the spirals. At 3320 lb.
per sq. in. spalling had become quite general and the load was increas-
ing very slowly, requiring more than six minutes to reach the maxi-
mum load of 3450 lb. per sq. in. With the machine running the load
stayed constant at 3440 lb. per sq. in. for 17 minutes, when the aver-
age longitudinal unit shortening was 0.02 and the lateral unit deforma-
tion was 0.01. A systematic loading test such as that of Column 32
was made, and after this the test was discontinued. The spiral rein-
forcement remained unbroken.

Group 4.-The columns of this group had 2.6 per cent of spiral
reinforcement of 5

1 6 -in. low carbon rolled steel. In the test of Column
41 cracking sounds were heard at a load of 2620 lb. per sq. in., but no
appreciable spalling occurred until a load of 3830 lb. per sq. in. was
reached. The maximum load was 4260 lb. per sq. in. Spalling of the
column was quite general and the average unit deformations were:
longitudinal, 0.012; lateral, 0.003. When the testing machine was
again started a second maximum of 4330 lb. per sq. in. was reached;
the load was left on the column for 10 hours and gradually decreased
to 3000 lb. per sq. in. With the machine started again the column
took load quite rapidly and a third maximum load of 4570 lb. per sq.
in. was reached, whereupon the test was discontinued.

Some spalling of Column 42 occurred at a load of 3400 lb. per sq.
in. The maximum load was 4240 lb. per sq. in. The average defor-
mations taken just beyond the maximum load were: longitudinal,
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FIG. 7. VIEWS OF COLUMN 32 VITH SPIRALS REMOVED, BEFORE

AND AFTER RETESTING

0.014; lateral, 0.007. Repeated loadings to a maximum, followed by

periods of rest, similar to the tests of Columns 32 and 33, were then

made on the column. After these tests the spiral reinforcement was

still intact and loading was discontinued.
Column 43 developed a few small cracks at a load of 3540 lb. per

sq. in. and some spalling at 4070 lb. per sq. in. The column took load

very slowly near the maximum load, which was 4390 lb. per sq. in.

Strain measurements taken soon after the maximum load showed an

average shortening of the column of 1.9 per cent. After repeated

loading similar to that of Column 42 the test was discontinued.

Group 5.-The columns of this group had 4.4 per cent of 3%-in. low

carbon rolled steel.
In the test of Column 51 spalling began at a load of 4760 lb. per

sq. in. and was almost complete when the maximum load of 6460 lb.



ILLINOIS ENGINEERING EXPERIMENT STATION

per sq. in. was reached. After the machine had been stopped to take
readings, a second maximum of 6530 lb. per sq. in. was applied, and a
third still higher was reached after a two-hour rest. By this time the
column was bending appreciably and the test was stopped.

Some spalling of Column 52 began at a load of 3520 lb. per sq. in.,
and had become quite general when the maximum load of 6220 lb. per
sq. in. was reached. Failure occurred in the upper part of the column;
the large deformations noted near the top of the column were evident-
ly due to the fact that the spiral reinforcement was about 1/1 in. be-
low the upper bearing surface. Average unit deformations just after
maximum load were: longitudinal, 0.021; radial, 0.007. With
further loading, second, third, and fourth maxima of 6280, 6300,
and 62201b. per sq. in., respectively, were reached. The test was dis-
continued as the column showed a slight amount of bending.

Column 53 showed spalling at a load of 3240 lb. per sq. in., and
practically the entire surface spalled off before the maximum load of
6600 lb. per sq. in. was reached. The column took load very slowly as
the maximum was approached, a 16-minute run being required to
raise the load from 6400 to 6600 lb. per sq. in. The average unit defor-
mations at this point were: longitudinal, 0.027; lateral, 0.009. With
the machine running for 24 minutes more, the load decreased to
6590 lb. per sq. in., and the test was discontinued.

Group 13.-The columns of this group had 2 per cent of spiral
reinforcement of %-in. high strength cable wire.

In the test of Column 131 slight spalling of the concrete was seen
at a load of 3540 lb. per sq. in. and spalling was nearly complete at the
load of 5470 lb. per sq. in. The column took load slowly up to the
maximum of 8460 lb. per sq. in., when the spiral broke with a loud re-
port at a drilled gage hole. The spiral uncoiled and removed the lat-
eral restraint from a length of column of several inches, where violent
crushing of the concrete took place. The average unit deformations
of the column read just before the failure were: longitudinal, 0.044;
lateral, 0.012.

Spalling of Column 132 began at a load of 3040 lb. per sq. in.
Failure occurred in a way similar to that of Column 131, through
breaking of the spiral at a load of 7370 lb. per sq. in. The average
unit deformations shortly before failure occurred were: longitudinal,
0.035; radial, 0.011.

In the test of Column 133 buckling of the concrete outside the
spirals was noted at a load of 3660 lb. per sq. in., and at a load of 5300
lb. per sq, in. spalling of the surface was almost complete. The col-
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umn took load very slowly from a load of 6270 lb. per sq. in. up to
failure, which was due to breaking of the spiral at a gage hole, at a
load of 7800 lb. per sq. in. The average unit deformations shortly be-
fore failure were: longitudinal, 0.039; radial, 0.011.

In connection with the foregoing record of the tests it may be
noted that for Columns 11, 21, 33, 42, 51, 131, and 132 load was re-
leased nearly to zero for an interval of about an hour and then reap-
plied; such release of load being made at loads generally less than one-
half the maximum load. The release and reapplication of load appar-
ently had little effect upon subsequent behavior of the columns.

Figure 8 shows views of the columns of Series 1 after they had been
tested. It should be kept in mind that most of these columns were
loaded for some time after the maximum load was reached. However,
the figure shows to some extent the relative amounts of surface spall-
ing and deformation to which the different columns were subjected.

10. General Results of Tests.-Table 5 gives a summary of the
principal results of general interest. The table is self-explanatory,
except perhaps with regard to the values of initial modulus of elastic-
ity, Poisson's ratio, and bulk modulus. The method of obtaining
these properties of the material will be described in Section 11.

The major portion of the test observations is shown in the form of
stress-strain curves for the columns. The readings on individual gage
lines at any section did not differ greatly, but there were frequently
marked differences between the strains measured at different sections
of the column. The stress-strain curves given in Figs. 9 and 10 repre-
sent the average of the readings taken at sections near the top, middle,
and bottom of typical columns. The longitudinal strains represent
the average of four readings taken on the four sides of the column.
The radial strains represent the average of two diameter-gage read-
ings at right angles to each other. The circumferential strains on con-
crete are the average of four readings, while those on steel are the
average of the readings on eight gage lines, which together completely
encircled the column.

In computing unit loads, the average cross-sectional area of the
column was used; in the case of the spirally reinforced members the
section from outside to outside of the spiral was used. The same sec-
tion was considered to govern the gage length on diameter measure-
ments, for while the gage plugs extended from %8 to % in. beneath the
surface of the concrete, it was felt that the plaster of paris surrounding
the plug moved more nearly with the surface of the column. In the
spiral columns in which the outer surface spalled off, the gage length
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FIG. 8. VIEw OF ALL COLUMNS AFTER TESTING
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TABLE 5

SUMMARY OF RESULTS OF COLUMN TESTS

Percent-
Column age of

No. Reinforce-
ment

02............. 0
03............. 0
04............. 0
05............. 0
06............. 0

Average ........ 0

11............. 0.49
12 ............. 0.50
13 ............. 0.50

Average ........ 0.50

21............. 1.10
22............. 1.11
23 ............ 1.11

Average ........ 1.11

31............ 2.09
32............. 2.10
33............. 2.03

Average........ 2.07

41............. 2.61
42............. 2.64
43 ............. 2.66

Average........ 2.64

51............. 4.41
52............. 4.40
53............. 4.42

Average ........ 4.41

131............. 1.99
132............. 1.90
133 ............. 1.99

Average......... 1.96

Maximum
Unit

Load-
lb. per
sq. in.

2290
1940
2120
2080
2220

2130

2720
2760
2565

2680

3570
3635
3570

3590

3740
3800
3450

3665

4260
4240
4390

4295

6460
6220
6600

6430

8460
7370
7800

7880

Unit
Load at
which

Spalling
Began-
lb. per
sq. in.

2620
2450
2565

2545

2360
2930
2720

2670

2640
3390
2870

2965

3830
3400
3540

3590

4290
3520
3240

3680

3540
3040
3660

3410

Comp. Initial
Strength Modulus
of 6 by of Elastic-
12-in. ity-

Cylinders thousands
-lb. per of lb. per
sq. in. sq. in.

2530 3140
2550 3020
2290 3060
2280 2940
2475 3300

2425 3090

2675 2800
2790 2650
2630 2900

2700 2780

2640 2800
2865 2100
2725 2800

2725 2570

2880 2300
2525 2700
2785 2550

2730 2520

2725 2600
2640 2700
2480 2650

2615 2650

2745 2750
2890 2650
2685 2350

2775 2580

2665 2900
2525 2250
2860 2500

2685 2550

was taken as the average diameter from outside to outside of the
spiral.

Figures 11, 12, and 13 show stress-strain curves plotted from the
average of the readings for each column. Figures 11 and 12 show
values of the longitudinal and radial deformations of the concrete,
while Fig. 13 shows values of the radial deformations and the deforma-
tions measured on the spiral steel. The circumferential concrete de-

formations, which agreed closely with the radial ones, are not shown.
It will be noted that in Figs. 11 and 12 the scale for radial deforma-
tions is twice that used for longitudinal ones. This was done so that

Estimated Initial
Values of

Poisson's
Ratio

0.09
0.11
0.12
0.12

0.11

0.13
0.11
0.11

0.12

0.12
0.13
0.13

0.13

0.13
0.12
0.12

0.12

0.13
0.12
0.12

0.12

0.11
0.12

0.12

0.11
0.11
0.11

0.11

Bulk
Modulus-
thousands
of lb. per

sq. in.

3900
3900
4000
3950

3940

3800
3400
3720

3640

3680
2840
3800

3440

3100
3550
3360

3340

3500
3600
3500

3530

3400
3100

3250

3720
2890
3160

3260
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FIG. 11. AVERAGE STRESS-STRAIN CURVES FOR COLUMNS OF
GROUPS 0, 1, AND 2
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FiG. 13. AVERAGE STRESS-LATERAL-STRAIN CURVES FOR ALL COLUMNS

the horizontal distance between the curves would be proportional to
the unit change in volume of the column, thus furnishing a graphical
record of volume changes throughout the loading of each column.

The curves of Fig. 13 also furnish a specific comparison, since the
horizontal distance between these curves represents a relative move-
ment between the spiral steel and the enclosed concrete. A further
discussion of these curves will be found in Section 21.

III. TESTS OF PLAIN CONCRETE COLUMNS

11. Elastic Properties of the Material.-While the main object of
the tests was the study of the behavior of the material as it ap-
proached failure, some information was also secured regarding the
deformations produced at low loads. Average values of the deforma-
tions of all plain columns except Column 06, which was omitted be-
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cause of uncertainties due to rapid temperature variations during
testing, have been used in the determination of the initial elastic
properties of the material. Although the relative error of observa-
tions at low loads was large, it was evident that the stress-strain
curves were practically straight lines up to one-fourth or one-third of
the maximum load, and the initial slopes of the curves were used in
deriving values of the modulus of elasticity, E, Poisson's ratio, A, and
from these the bulk modulus, K, which is equal to the quantity

(1 - /. These values, given in Table 5, may be termed elastic con-

stants, and represent fairly definite properties of the material, al-

though they were not determined with a high degree of precision.

12. Longitudinal and Lateral Deformations.-The average stress-
strain curves of Fig. 11 show some interesting features of the deforma-
tions of plain concrete at medium and high stresses. These curves
show the development of an increasing amount of curvature with in-
crease in load for both the longitudinal and the lateral deformations.
The longitudinal deformation curves show a gradual increase in cur-
vature up to or very close to the maximum load and the shape of these
curves agrees fairly well with that of a parabola, which has been used
by Professor Talbot* to represent the stress-strain curve for concrete
in compression. The curves for lateral deformations, however, are of
a different shape, showing a region of greatest curvature at from 70 to
85 per cent of the maximum load. Beyond this region of greatest cur-
vature the rate of increase in lateral deformation is more than one-
half that for longitudinal deformations, as may be seen from the
slopes of the curves in Fig. 11. The increase in lateral deformation is
so rapid that before the maximum load is reached the lateral unit def-
ormation becomes equal to one-half the longitudinal unit deformation
(the two curves intersect) and in some cases at the maximum load the
lateral unit deformation is equal to or greater than the longitudinal
unit deformation. This relatively large value of the lateral strain is
not consistent with the rational behavior of a homogeneous body and
evidently indicates the development of internal discontinuity, pre-
sumably a splitting, of the material.

Another characteristic of the lateral deformation near the maxi-
mum load is seen in the fact that where a flow or continued deforma-
tion was noted under a stationary load, the amount noted was rela-
tively much larger on lateral gage lines than on longitudinal ones.

*" Tests of Concrete and Reinforced Concrete Columns; Series of 1906," Univ. of Ill. Eng. Exp.
Sta. Bul. 10, 1907.
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FIG. 14. RATIO OF LATERAL TO LONGITUDINAL DEFORMATIONS
OF PLAIN COLUMNS

Thus, on Column 04 at the maximum load, the longitudinal unit def-
ormation increased by 0.00021 in seven minutes, while the lateral unit
deformation increased twice as much in the same period of time.

For the curved portion of the stress-strain curves, wherein plastic,
or inelastic, deformations are developing, it is convenient to consider
quantities similar in nature to the elastic constants mentioned in Sec-
tion 11, but varying in magnitude with the load. Thus from the aver-
age stress-strain curves, values of the secant modulus of elasticity, the
secant bulk modulus, and the ratio of longitudinal to lateral unit def-
ormation have been determined at stresses ranging from 800 lb. per
sq. in. to the ultimate strength. Figure 14 shows values of the ratio of
lateral to longitudinal deformation, so found, plotted against unit
load. The term "Poisson's ratio" applies to the initial values of this
ratio, which appear to be nearly constant up to the load of 800 lb. per
sq. in.; the term does not apply to the variable values found at the
higher loads. The curve for Column 02 differs somewhat from the
others, due to the fact that there was more wear on gage holes during
the test, and hence less measured lateral swelling of the column. All
of the curves, however, show a fairly regular increase in the ratio of
lateral to longitudinal strain, this increase becoming more rapid at
from 70 to 80 per cent of the maximum load. It is seen that the ratio
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FIG. 15. VOLUME CHANGES IN PLAIN CONCRETE COLUMNS

was generally more than 0.5 at the maximum load, and on columns
which were loaded beyond the maximum load the ratio reached values
of 2.0 and more.

13. Volume Changes of the Material.-For a simple compression
member subject to a longitudinal unit deformation ei and lateral unit
deformations e2 , the volumetric unit deformation, or unit change in
volume is e» = ei + 2 E2. As the average stress-strain curves of Figs.
11 and 12 have been plotted, the horizontal distance between the two
curves represents the unit change in volume at the corresponding load.
Referring to Fig. 11 it is seen that during the application of load, up
to perhaps two-thirds of the maximum load, the volume decreases
roughly in proportion to the load applied; as the region of sharp cur-
vature of the lateral stress-strain diagram is approached, the rate of
change in volume becomes less. At the load indicated on the figure by
the line A-B, at which tangents to the two curves become parallel, a
small increase in load causes no corresponding change in volume. At
higher loads the volume increases with increase in load, until at the
point where the two curves intersect the volume is just what it was be-
fore any load was applied. At the maximum load the apparent vol-
ume of the test piece has actually been increased by the application of
a compressive load.



ILLINOIS ENGINEERING EXPERIMENT STATION

or-2 PLAIN /ONCET0

+- Co/u&,/,/7 0.5

/0 2c20 &5 40 50 6& ?FO 80 9O l/2
6/121/ Lo /c0ao' Per Ce,'/ olf //tza/e 0o'7d

FIG. 16. SECANT MODULUS OF ELASTICITY AND BULK MODULUS
OF PLAIN CONCRTE

For the five plain columns tested it has been found that the load
indicated by the line A-B was 77 to 85 per cent of the maximum load,
and that the slope of the tangent to the longitudinal stress-strain
curve (or tangent modulus of elasticity) at this load averaged exactly
one-third of the initial modulus of elasticity. These relations seem to
be quite consistent, and will be used in making further comparisons.

To illustrate the changes in volume described above, the unit
changes in volume have been computed from the average longitudi-
nal and radial strains for each plain column and are plotted against
the unit load in Fig. 15. Straight lines representing values of the bulk
modulus, K, given in Table 5, are also shown in the figure. It is seen
that at medium and low loads the deviation of the change in volume
from the straight-line relation is small, much less in fact than the cor-
responding deviation for either the longitudinal or lateral deforma-
tions. The rapid changes in volume at loads of 77 to 85 per cent of the
maximum and beyond, as previously described, are clearly shown in
the figure.

The values of secant modulus of elasticity and secant bulk mod-
ulus described in Section 12 and given in Fig. 16 also throw light on
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the way in which volume changes of the material took place. These
values have been plotted against unit load, the value at zero load be-
ing the initial value of the modulus listed in Table 5. It is seen that
the values of the secant bulk modulus at low and medium loads are
more nearly constant than are values of secant modulus of elasticity.
Figure 16 also emphasizes the fact that at loads of from 75 to 85 per
cent of the maximum, abrupt changes take place in the behavior of
the material-changes that would not be apparent from a considera-
tion of longitudinal deformations alone.

14. Development of Cracks and Failure.-With the fairly rapid
loading used in these tests no cracks were observed on the surface of
any plain column until the maximum load was reached. The cracks
that developed at or somewhat beyond the maximum load are barely
visible in the views of Fig. 8. The cracks were of two distinct types:
(a) vertical cracks, extending for some distance along the column and
not accompanied by spalling of the adjacent concrete surface; and (b)
more or less horizontal cracks, usually rather short and not extending
inward normal to the surface. These latter cracks were frequently
accompanied by spalling of thin flakes of concrete, followed by gen-
eral breaking up of the surface.

Two of the five plain columns were crushed down until complete
failure occurred, while the others were loaded only until maximum
load was reached. The appearance of the two columns at complete
failure was characteristic of concrete of this grade. Rupture of the
material followed more or less conical surfaces, inclined at from 30 to
35 deg. to the axis of the cylinder, a so-called shearing type of failure.

15. Characteristics of Deformation and Failure of Concrete in
Simple Compression.-The following description of important fea-
tures of the deformation and general behavior of concrete in simple
compression is in accord with previous discussions* of the subject.
It seems convenient to divide the action of the column into three dis-
tinct stages of loading, each having certain well-defined character-
istics.

In the first stage the deformations are all very nearly proportional
to the loads, and hence to each other. While it is not known just how
far the proportionality of loads and strains obtains, the stress-strain
curves do not show appreciable deviation from straight lines up to at
least one-fourth of the maximum load. Similar results were obtained

*"A Study of the Failure of Concrete Under Combined Compressive Stresses," Univ. of Il. Eng.
Exp. Sta. Bul. 185, 1928.
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by Johnson,* who used a mirror extensometer apparatus in making
very careful measurements of longitudinal and lateral strains in con-
crete and mortar cylinders.

The second stage of loading is marked by the deviation of the
stress-strain curves from the straight line followed in the first stage;
in general, the ratio of lateral to longitudinal deformation increases
during this stage, while the change in volume remains more nearly a
linear function than do any of its component parts.

The third and final stage of loading is marked by the abrupt
change in the curve for lateral deformation previously described.
This change is not accompanied by a like increase in longitudinal def-
ormations, and consequently both the volume and the ratio of lateral
to longitudinal strain show rapid increases. The abrupt transition
from the second to the third stage seems to be best explained as being
due to an internal splitting or breaking of the continuity of the ma-
terial, since this would make it possible to have an increase in com-
pressive stress accompanied by an increase in bulk of the material.
The fact that the lateral strains increase more rapidly than the longi-
tudinal ones further indicates that the initial failures within the ma-
terial are of a splitting rather than a shearing type. Since vertical
cracks do not appear on the surface until near the maximum load, it
may be argued that the initial splitting occurs on minute sections
widely scattered through the mass, and only after a considerable
amount of displacement has occurred do these cracks merge to form
larger continuous planes of failure.

Brandtzaegt has offered a theory of failure of a material like con-
crete in compression which agrees in many particulars with the phe-
nomena observed in the tests. The first departure from elastic action
of the material, corresponding to the beginning of the second stage, is
considered to be due to the starting of plastic sliding on elementary
planes at scattering points and in every direction within the specimen.
The spreading and increase of this plastic deformation in turn sets up
lateral pressures which are resisted by the tensile strength of the
elements still intact. Tensile failure of the latter elements, the split-
ting mentioned above, marks the beginning of the third stage of load-
ing. The loss of lateral restraint which is produced by the splitting
action results in a rapid increase in plastic deformation or yielding and
further loading soon leads to failure. While the final breakdown of

*Johnson, A. N. "Direct Measurement of Poisson's Ratio for Concrete," Proc. A.S.T.M., Vol.
24, Part 2, 1924.

tBrandtzaeg, A. "Failure of a Material Composed of Non-Isotropic Elements." Det Kgl.
Norske Videnskabers Selskabs Skrifter 1927. Nr. 2 Trondhjem, Norway. Also "A Study of the Failure
of Concrete under Combined Compressive Stresses," Univ. of Il. Eng. Exp. Sta. Bul. 185, 1928.
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the material may follow the directions of predominant elementary
sliding planes, it is evident that failure is precipitated by the tensile
or splitting failure of elements of the material. With very strong con-
crete the splitting failure is the most noticeable, whereas with weak
concrete the general disorganization and very gradual plastic yielding
are familiar phenomena of failure.

IV. TESTS OF SPIRALLY REINFORCED CONCRETE COLUMNS

16. Rate of Loading and Deformation of Columns.-Since all tests
were made with the machine running at the same nominal speed, the
rate at which a column took load depended mainly upon the deforma-
tions accompanying a given load. As may be judged from the stress-
strain diagrams, the rate of taking load gradually decreased with in-
crease in load. The columns took load rather steadily until a load
corresponding to the maximum for plain columns was reached and the
spiral began to be effective; at this point the load came on rather ir-
regularly and slowly, a condition which may have been due to the
attendant large lateral deformation required to bring the spiral rein-
forcement to a bearing against the concrete. At loads near the ulti-
mate, very large longitudinal deformations were produced with little
increase in load, as described in Section 9. It is clear that in most
cases not only was the concrete in a condition of plastic yielding but
the steel also had reached a point far beyond its limit of proportion-
ality.

Although all columns reached the "spiral stage" (the stage of load-
ing at which the spiral reinforcement began to become effective) at
about the same load, the first appearance of cracks on the surface was
noted at somewhat higher loads for the columns having the heavier re-
inforcement. The first cracks appeared when the lateral unit deforma-
tion had reached values of 0.001 to 0.002. Spalling of the surface con-
crete developed rather slowly on the heavily reinforced columns, but,
as shown in Fig. 8, the spalling was much more complete at the ulti-
mate load for these columns than for those with smaller percentages
of reinforcement.

17. Properties of Columns at Low Loads.-It is well known that the
lateral stresses exerted by the spiral reinforcement are negligible
below a unit load equal to the strength of the plain concrete, and
therefore it is possible to determine "elastic" constants for spirally
reinforced columns similar to those found in Section 11 for plain
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columns. The initial slopes of the stress-strain curves of Figs. 11 and
12 have been determined, giving principal weight to the first three
points on each curve. As noted before, the tests were made to study
the action of the material at failure, and the information secured at
low loads is not as complete as is desirable. Values of the initial
modulus of elasticity are given in Table 5, together with average
values of Poisson's ratio and bulk modulus. The values of these
latter quantities, however, are estimated rather than directly ob-
served, inasmuch as inconsistent or improbable test values were dis-
carded in arriving at these averages. It is believed that these values
represent a reasonably close estimate of the elastic properties of the
material.

The values of the initial modulus of elasticity given in Table 5 are
generally somewhat lower for the spirally reinforced columns than for
the plain columns. Similar results have been noted in other tests in
which the presence of the spiral apparently reduced the density and
stiffness of the outer shell of concrete.

18. Release and Reapplication of Load.-In a few cases it was
found necessary to discontinue testing for an hour or two after the
column had been loaded well into the spiral range, and, to avoid the
plastic deformation which might occur under this rather high stress,
the load on the column was reduced to an amount just sufficient to
hold all bearing surfaces in alignment. After one to two hours the
original load was reapplied. The behavior of the columns (Nos. 11,
21, 33, 42, 51, 52, 131, and 132) is indicated by the stress-strain dia-
grams of Figs. 11 to 13. Generally, strain readings were taken before
and after release of load and before and after reapplication, and the
points so determined have been joined by straight lines in the stress-
strain diagrams. These straight lines indicate the average rate of
recovery of deformation with release of load, and the average rate of
deformation with reapplication of load. It appears that the slope of
the curve during release of load, sometimes termed the modulus of
elasticity in regression, was but slightly less than the initial modulus
of elasticity for the column, while the slope during reapplication of
load was on the average about two-thirds as great as the initial mod-
ulus of elasticity.

There was nothing in the stress-strain relations or in other obser-
vations of the tests to indicate that this release and reapplication of
load, at stresses of from 35 to 75 per cent of the ultimate strength of
the column, had any effect upon the maximum load carried by the
column. There may have been some effect on the deformations near
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the point of reapplication of load, but the curves compare very well
with those for columns in which the testing proceeded continuously.

19. Release of Load Due to Yielding of Column.-Figure 17 gives
information on the amount by which the load decreased due to yield-
ing of the concrete while the screw-power testing machine was stopped
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during strain measurements. While some part of the decrease may
have been due to plastic flow of grease in the screws and thrust bear-
ings of the testing machine, tests made in which the concrete column
was replaced by a rigid steel block indicate that this effect was not
more than 3 to 5 per cent of the total decrease. The decrease in load
is plotted in Fig. 17 against the load at which the machine was
stopped, and different symbols have been used to indicate the time
interval during which the machine was stopped. It is evident that the
load carried by the column is the factor of principal importance in
determining the amount of yielding and the resultant drop in load,
though a slight effect of the time interval during which yielding occurs
may be seen. The shortest interval for which the testing machine
was stopped was 7 minutes, and the longest about 20 minutes. Previ-
ous tests with a similar grade of concrete have indicated that most of
the decrease in load observed over a short period occurred in the first
minute after the testing machine was stopped, the rate of the decrease
varying roughly in inverse ratio to the square of the time interval.
If this condition obtains even approximately for these tests, little
difference can be expected between the amount of load released in 8
minutes and that released in 20 minutes.

The shape of the curves in Fig. 17 is much the same for all types of
test pieces, except that the curves for the plain concrete columns
show a rather rapid release of load as the maximum load is ap-
proached, while those for the spirally reinforced columns show a
nearly uniform slope. As a means of comparing the action of col-
umns of the different types, average curves for each type are shown in
the lower part of Fig. 17, and, to afford numerical comparisons, the
percent*age of load released at a load somewhat below the ultimate
load has been computed. At a load 90 per cent of the ultimate the
average percentage of load released was found to be as follows:
Group 0, plain concrete, 9 per cent; Groups 1, 2, 3, and 4, 14 to 15 per
cent; Group 5, 13 per cent; and Group 13, 11 per cent. Spirally rein-
forced columns, in which the concrete is in a semi-plastic state
throughout much of the "spiral range" of loading might be expected
to show greater yielding than plain concrete; it is evident also that the
yielding of the spiral reinforcement had progressed further in Groups
1 to 5 than in Group 13.

Plastic flow or yielding of concrete is usually associated with the
idea of long continued loading. The yielding noted in these tests
over periods of only a few minutes may be similar in character to that
occurring over a period of months or years, but differing in degree.
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These tests show the need for a comprehensive study of all phases of
plastic yielding. The effect of such yielding upon the strength of
concrete columns having longitudinal and spiral reinforcement is a
matter of much concern to designing engineers.

20. Behavior of Columns near Maximum Load.-All of the rein-
forced columns except those of Group 13 passed the maximum load
without fracture of the spirals. It was noted in Section 9 that, after a
column passed the maximum load and the loading was discontinued
to permit strain observations, when load was reapplied it rose to a
new maximum and again fell off. This was repeated several times on
some columns, the second maximum attained usually being the high-
est of all, and the difference between the maxima being relatively
small. While the first maximum reached was always considered to be
the maximum for the column, there is still a question as to what the
maximum might have been had the testing machine been stopped just
below the maximum load, since the period of rest and plastic yielding
or compacting appeared to raise the strength slightly upon reapplica-
tion of load.

To secure some information upon the effect of the length of time
elapsing between loadings to a maximum and upon the magnitude of
the difference between maxima, systematic loading tests were made
on Columns 32, 33, 42, and 43 after the maximum load for each col-
umn had been reached in the ordinary course of testing. The testing
machine was alternately run and stopped for fixed periods of time, and
a record was kept of the maximum load and the time required to
attain it in each case. The results of these tests are given in Table 6.
There seems to be no appreciable difference in effect when the period
of rest was one-half minute from that when it was ten minutes. The
period of rest between the first maximum and the repeated loading
tests evidently had a slight effect. For Column 43, in which this
period was about three hours, the second maximum was about 5 per
cent greater than the first; in the other tests the differences in load sus-
tained were less. These tests indicate that while the manner of apply-
ing the maximum load may have a measurable effect upon its magni-
tude, the amount of the variation that may be produced is relatively
small.

It is of interest that in all but one of the spirals made of annealed
drawn wire, fracture of the spiral occurred with further loading after
the maximum load on the column was reached; none of the rolled
mild steel spirals were broken in the tests, but each of the high carbon
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spirals of Group 13 broke at gage holes in the steel, and caused failure
at a time when the column was still taking load rapidly.

It has been stated that during the "spiral range" the column
undergoes large deformations and is in a semi-plastic condition. This
has led to the erroneous idea that the concrete within the spirals at
the maximum load is a disintegrated, granular mass. To show that
the core still had considerable strength and stability of its own,* the
spiral reinforcement was removed from Column 32 after the comple-
tion of the repeated loadings indicated in Table 6. This core, which
had suffered a longitudinal unit deformation of 0.0196 and a lateral
unit deformation of 0.0105, was still able to carry a unit load of 1040
lb. per sq. in. or practically one-half of the strength of the plain col-
umns of Group 0.

21. Depression of the Spiral Steel into the Concrete.-In Fig. 13
stress-strain curves are shown for lateral deformations on both con-
crete and steel gage lines. The concrete deformations were measured
on 10-in. radial, or diametral, gage lines, while the steel deformations
were on 4-in. circumferential lines. It is seen that the readings on the
concrete were consistently greater than those on the steel, indicating a
depression of the steel into the concrete as the bearing pressures in-
creased, or more correctly a flow of the concrete through the spiral
reinforcement. The relative amount of the depression and its effect
upon unit deformations are greater than would be found in a
column of larger diameter; in this case there is no question but that
these factors must be considered in a study of stress-strain relations.

To show more clearly the amount of the depressions Fig. 18 has
been prepared from the results of the various column tests. In this
figure the difference between lateral deformations of concrete and of
steel are plotted as ordinates, and unit stresses in the steel, calculated
from the measured strains and the stress-strain curves of Figs. 1 and
2, are plotted as abscissas. Since the ordinates represent relatively
small differences between two measured quantities, the irregularity of
the plotted points does not seem unreasonable. It appears that the
relation between depression and spiral stress is very nearly a linear
one. The slopes of the straight lines of Fig. 18, which represent the
rate of depression of the spiral steel into the concrete, are listed in
Table 7. The slopes are expressed as the differences between concrete
and steel unit deformations accompanying an increment of spiral
stress of 10 000 lb. per sq. in.

*For accounts of similar tests see M rsch, E. "Der Eisenbetonbau," Fifth Edition, p. 214; also
Univ. of Ill. Eng. Exp. Sta. Bul. 20 and 185.
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FIG. 18. DEPRESSION OF SPIRAL STEEL INTO CONCRETE CORE

The depression of the spiral into the concrete should be related to
the bearing pressure between spiral and concrete. For a known spiral
stress the bearing pressure may be computed, assuming the pressure to
be uniformly distributed over a cylinder of concrete having a height
equal to the diameter of the spiral wire and a diameter equal to the
mean diameter of the spiral. Letting fb denote the bearing unit stress
in the spiral, d the diameter of the spiral wire and D the diameter of
the spiral,

f dA
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TABLE 7

RATE OF DEPRESSION OF SPIRAL STEEL INTO CONCRETE

Rate of Bearing Unit Modulus ofRate 1o Pressure between Depression,
Column Depression of Concrete and lb. per sq. in.

No. Spiral Steel into Steel, lb. per
the Concrete,*t sq. in.,t f = N

K f K

21........ 0.00012
23........ 0.00007

Average.... 0.00010 300 3 010 000

31........ 0.00017
33........ 0.00016

Average.... 0.00016 410 2 550 000

41........ 0.00015
43........ 0.00018

Average.... 0.00017 455 2 680 000

52........ 0.00024
53........ 0.00024

Average.... 0.00024 605 2 540 000

131........ 0.00012
132........ 0.00016
133........ 0.00021

Average.... 0.00016 400 2 520 000

*From slope of curves of Fig. 18, representing difference in measured
lateral unit deformations of concrete and of spiral.

tCorresponding to an increase in spiral steel stress of 10 000 lb. per
sq. in.

The values of the bearing stresses fb, corresponding to an increment of
steel stress of 10 000 lb. per sq. in., have been computed and are given
in Table 7. The ratio, N, of the bearing stress to the rate of depres-
sion is given in the last column of the table. This ratio, which might
be termed the "modulus of depression," evidently depends upon the
quality of the concrete, the pitch of the spirals, the diameter of the
column and other factors. It is interesting that the values of the ratio
stay so nearly constant for the wide range of spiral sizes used in these
tests.

An attempt was made to determine how much of the depression
could be calculated as elastic deformation, and how much was plastic
deformation. Although no exact method of analysis was found, an
approximate calculation of the elastic depression of the spiral into the
concrete showed this to be very small, and from this it appears that
the relative movement between spiral and concrete was very largely
a plastic flow of the concrete between the spiral wires. The fact that
this flow occurred, even though the pitch of the spirals was only one



ILLINOIS ENGINEERING EXPERIMENT STATION

inch, emphasizes the need of keeping the pitch of spirals to a mini-
mum if the reinforcement is to be fully effective.

Curves similar to those of Fig. 18, but based upon circumferential
rather than diametral strain measurements on the concrete, have also
been plotted; in general the points are more irregular and the average
curves have a slightly smaller slope. However, since the precision of
measurement of the circumferential strains was much less than for
those taken with the diameter gage, these readings have been con-
sidered as merely confirmatory check readings, and are omitted here.

22. Maximum Loads.-As an aid to the study of stress-strain con-
ditions in the spirally reinforced columns near the maximum load,
complete records of the average strains at a load just below the max-
imum and at one just beyond the maximum have been compiled, as
given in Table 8. The table includes vertical and lateral unit stresses
and longitudinal and lateral strains; from these sufficient information
was available to afford a good estimate of the strains and the lateral
stresses existing at the maximum load. The unit strains given are ob-
served average values for each column. In a few cases steel deforma-
tions have been computed from the lateral concrete deformations by
using the information given in Fig. 18. The spiral stresses have been
computed from the strains by use of the average stress-strain curves
of Figs. 1 and 2. The spiral stresses and the calculated lateral com-
pressive stresses in the concrete at maximum load have been esti-
mated from the readings at the loads just preceding and just following
the maximum, the possible range in the estimated values being thus
held within quite narrow limits.

The average maximum unit load and the average lateral unit
stress at this load for each of the six groups of columns have been
plotted in Fig. 19, together with the corresponding quantities for the
plain columns of Group 0. With the exception of the points repre-
senting Groups 2 and 13, the points fall on a straight line, which may
be represented by the equation

f, = fe' + 4.1f2 (2)

where f, is the axial unit load, f2 the lateral unit stress, and fo' the
compressive strength of plain concrete of the quality used. This
same equation applied very well to the results of tests of concrete in
combined compression made in this same investigation and described
in Bulletin 185. In those tests the lateral stress was produced by hy-
draulic pressure and was independent of the lateral deformation of the
test piece.
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The relation between the lateral pressure f2, the spiral stress f,, and
the percentage of spiral reinforcement p, may be found by use of the
conventional analysis of tension in thin-walled cylinders to be

pf8
f2 = p2

This value of f2 may be substituted in Equation (2) to give the
following expression for the relation between the unit load and the
stress in the spiral reinforcement:

ft = f/ + 2 .05pf.

Equation (4) indicates that in the spiral range the unit load depends
upon the strength of the plain concrete, the percentage of reinforce-
ment, and the stress in the spiral. It is of interest to know whether
this relation holds true at the time of failure, and whether failure is
due to refusal of the spiral to take further stress. Table 9 gives esti-
mated steel stresses at maximum load, together with the slope of the
stress-strain curve, or tangent modulus of elasticity at these stresses.
These steel stresses were determined by reference to the data of Table
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TABLE 9

STRESS SITUATION IN SPIRAL REINFORCEMENT
AT MAXIMUM LOAD

Calculated
Increase in

Tangent Axial Unit
Estimated Modulus of Load with

Percentage Stress in Elasticity of Increase of
Column of Spiral Steel at Steel at 0.001 in the

No. Reinforce- Maximum Maximum Unit Defor-
ment Load, Load, mation of

lb. per sq. in. millions of Spiral at
lb. per sq. in. Maximum

Load,
lb. per sq. in.

11 . ........ 59 000 8.0
12 .......... 47 000 10.0
13 .......... 55 000 8.5

Average ...... 0.50 53 700 8.8 90.0

21 .......... 61 500 2.9
22 .......... 57 500 4.7
23 .......... 59 500 3.8

Average ...... 1.11 59 500 3.8 86.5

31 .......... 38 000 0.8
32 .......... 33 500 3.2
33 .......... 39 000 0.5

Average ...... 2.07 36 800 1.5 63.5

41 .......... 37 000 2.6
42 .......... 40 800 0.4
43 .......... 40 000 0.7

Average ...... 2.64 39 300 1.2 65.0

51 .......... 48 400 0.7
52 .......... 47 400 0.9
53 .......... 52 900 0.3

Average...... 4.41 49 600 0.6 54.0

131 .......... 165 000 5.0
132 .......... 148 000 8.0
133 .......... 146 000 8.6

Average...... 1.96 153 000 7.2 289.0

8 and of Figs. 1 and 2. While a certain degree of approximation is in-
volved in the estimation of the stress at maximum load, and in assum-
ing that the curves of Figs. 1 and 2 correctly represent the conditions
existing in the spiral, the values seem to be quite consistent in showing
that the spiral stresses were still increasing as the columns failed. The
last column of Table 9 shows the calculated increase in unit load cor-
responding to an increase in unit deformation of the spiral of 0.001 at
the time the maximum load was reached. Since failure occurred
while the lateral stress was still increasing, it is evident that the rate
of increase of f1 indicated by Equation (4) does not hold true at the
maximum load; the increase in unit load made possible by the lateral
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support of the spiral is counteracted by some other effect, possibly a
loss of cohesion and of interlocking of particles of the material of the
concrete core which had hitherto contributed to the strength. It
seems quite probable that failure may have been dependent upon the
rate at which lateral pressure was supplied, so that some minimum
rate of increase of lateral pressure with respect to deformation was
needed in order to produce a corresponding increase in vertical unit
load. The rate at which failure occurred, as given in Table 9, does not
seem to vary greatly for the first five groups, though it seems to be ap-
preciably higher for the columns having the least reinforcement. The
foregoing reasoning does not apply to the columns of Group 13, which
failed through the breaking of the spirals at gage holes while the col-
umn was still taking load rapidly and not by a gradual yielding
process.

The stress-strain curves of Figs. 1 and 2 are marked to indicate the
stress existing in the spirals when the columns failed. This stress does
not seem to have any definite relation to the ultimate strength of the
steel, nor to the slope of the stress-strain curve at the points indicated
(as given in Table 9) so that it is difficult to make any generalization

as to the value of f, to be used in Equation (4) to give the ultimate
strength of the spirally reinforced column. The values of the cal-
culated rate of increase in vertical load at the time of failure give some
indication that the ultimate load is reached when the product of the
percentage of spiral reinforcement and the tangent modulus of elas-
ticity of the steel reaches a definite amount. Whether this amount
would differ with other materials and different loading conditions is,
of course, unknown.

23. Relation between Lateral and Longitudinal Stresses through-
out Loading.-It has been noted in previous tests* that in the "spiral
range" of loading of a spirally reinforced column the increments of
load were nearly proportional to the increments of spiral stress, which
are in turn proportional to increments of lateral unit stress in the
column. In Section 22 a linear relation was shown.between maximum
loads and lateral unit stresses for the columns of this bulletin. In
order to study the relation existing at loads below the maximum the
curves of Fig. 20 have been plotted. Average values of vertical unit
load are plotted against values of lateral unit stress for all load incre-
ments at which readings were taken on each column, and average
curves have been drawn through the points for each group of columns.

*"Tests of Concrete and Reinforced Concrete Columns, Series of 1907," Univ. of Ill. Eng. Exp.
Sta. Bul. 20, 1907; also Jour. Am. Concrete Inst. July, 1915.



400W

3000

ZaM

S000

0

7000

56000

4 5000

3000

2000'
"-OW

/
6ro~~ ½a~ a

I+

0

ILLINOIS ENGINEERING EXPERIMENT STATION

Cr

/0

-

10

/

**

2

4
<A

~

-I -

G

U eav 4'10 6

20

/4

S

go~2,

70

0

0

'0.

7/

2

~0

46

i'

800 /00o /200
S.20er/ ?//LATERAL STRESSES INes COLUMNS /AT VARIOUSe- UNIT LOADS?.

FIG. 20. LATERAL STRESSES IN COLUMNS AT VARIOUs UNIT LOADS

The lateral unit stresses were computed from the average of all meas-
ured strains in the spirals of each column by the method described in
Section 22. For Columns 11, 12, 13, and 22, on which no spiral strains
were measured, the lateral stresses have been calculated from the lat-
eral concrete strains, allowing for the depression of the spiral into the
concrete, as noted in Section 21.

Besides the average curves of Fig. 20, a straight line has been
drawn through the points for each group of columns. This line is
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identical with the straight line of Fig. 19 and is represented by Equa-
tion (2)

fh = fZ' + 4.1f2

wherein fc' is the ultimate strength of the plain concrete columns,
2130 lb. per sq. in. At the unit load of 2130 lb. per sq. in. the column
is beginning to deform rapidly and the spiral reinforcement is just be-
ginning to become effective, so that there is appreciable deviation be-
tween the experimental curve and the straight line. At the load of
2500 lb. per sq. in. the deviation has become negligible and beyond
this load the two curves are practically coincident.

That one equation represents so well the relation between unit
load and lateral stresses for these six groups of columns having a great
variation in amount and quality of reinforcement, with the accom-
panying differences in the amount of lateral deformation existing at a
given load, is of interest, and seems to indicate an important law of
behavior of the material, particularly since the same relation holds at
the maximum loads for the columns, and at the ultimate loads of the
cylinders tested in three-dimensional compression in Series 3A and
3B, Bulletin 185. In so far as numerical values are concerned, it
should be noted that the columns for these tests were made of con-
crete of the same quality while the tests of Bulletin 185 were made on
concretes of different proportions, but the same kind of cement and
aggregates. In contrast with the value of 4.1 noted above, Talbot

found values of the ratio - f to vary from 2.8 to 4.0 for concretes
f2

of varying mixtures and materials. Considere, reasoning from the
principles of internal friction in granular materials, estimated the
ratio to be 4.8 for spirally reinforced concrete columns; later he re-
vised this value to 4.2.

It is important to note that Equation (2) was obtained from tests
of short members, four diameters in length. Spirally reinforced col-
umns in the plastic stage are very unstable as regards lateral deflec-
tion, and an increase in slenderness may be expected to reduce the
effectiveness of the spiral very rapidly. This may account for values

f t fiof the ratio f l - f much lower than 4.1 which have been found

in other tests.

24. Volume Changes of the Material.-In Section 13 it was noted
that radical changes in the volume of the plain concrete columns oc-
curred as the maximum load was approached; hence it was felt desir-
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FIG. 21. VOLUME CHANGES IN SPIRALLY REINFORCED CONCRETE COLUMNS

able to make a study of the corresponding volume changes in the
spirally reinforced columns. The unit change in volume e. is equal to
the algebraic sum of the three principal unit deformations, or
el + 2 E2, where el represents the axial unit deformation and E2 the
lateral unit deformation. In an elastic cylinder subjected to an
axial unit stress fl and lateral unit stresses f2, the unit change in vol-
ume is

1 - 9., f. -L .f f
*- =(f + 2f2) -

ED 1- -1K
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where u is Poisson's ratio, E is the initial modulus of elasticity, K is
the initial bulk modulus, and f, is the sum of the principal stresses, or
the "volume stress." The term "volume stress" is derived from the
fact that in an elastic cylinder the quantity f, is proportional to the
change in volume.

For the purpose of studying the volume changes, values of E, and
f, have been computed for all loads at which readings were taken and
are plotted in Fig. 21. The deformations used are the average values
for each column, except that the only lateral deformations used are
those measured with the diameter gage. Each curve represents the
average relation between volume stress and volume change for a
column. For each group of columns an initial tangent is also drawn;
the slope of the tangent K is the average initial bulk modulus for the
group, as given in Table 5.

The curves do not differ greatly from those of Fig. 16 for plain
columns at loads below 1500 lb. per sq. in., the tendency being toward
a slightly greater change in volume than that indicated by the initial
bulk modulus K. The curves of Group 1 follow the straight line up to
a load of about 2000 lb. per sq. in.; then an abrupt change occurs,
and the volume increases rapidly until failure is reached. As in the
case of the plain columns, the net change in volume of these columns
at failure is a considerable increase. The curves for the columns of
Group 2 differ somewhat, Columns 21 and 23 following the initial
tangent fairly closely until near the maximum load, when an increase
in volume begins. The curve for Column 22 is similar to the other
two, but shows a greater decrease in volume. The curves of Group 3
and 4 are similar to those of Column 22, but show a more pronounced
deviation to the right of the initial tangent in the upper part of the
diagram, followed by the characteristic sudden change in direction
and subsequent increase in volume with further loading. The marked
deviation of these curves to the right of the initial tangent suggests
that the material within this range of loading is undergoing a consid-
erable amount of inelastic compacting, while the final rapid increase
in volume indicates the development of splitting or internal discon-
tinuity within the material, similar to the behavior of plain concrete
near failure.

The curves for Groups 5 and 13 in Fig. 21 appear somewhat differ-
ent from those just described; however, this is due in part to the large
proportion of the curves representing the action of these columns
within the "spiral range." The curves of Group 5 are like those of
Group 4 in that the greatest curvature is seen at a value of f, of 2500
to 3000 lb. per sq. in.; beyond this the curve becomes nearly straight,
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though the rate of change of volume is six or seven times as great as at
the initial load. Like the preceding curves, these curves show a rever-
sal in direction near the maximum load, indicating an increase in
volume with further loading. Measurements on Column 53, which
held the maximum load practically unchanged during 24 minutes of
continuous running of the machine, showed a net increase in volume
(not shown on the curve) at the end of this loading period. The
curves for Group 13 are similar to those of Group 5, except that the
loads and changes in volume are much greater, and only one of the
columns showed any tendency toward an increase in volume at fail-
ure. As previously stated, failure occurred suddenly due to breaking
of the spiral wire. It is of interest that the decrease in volume of Col-
umn 133 was more than 1.5 per cent.

The curves of Fig. 21 for Columns 33, 42, 52, 131, and 132 show
breaks where the load was released for a short time and reapplied.
When the load was released the recovery in volume was slow. The
slope of the curve representing release of load was about twice as
great as the slope of the initial tangent at first application of load,
while the slope of the curve representing the reapplication of load was
about the same as that of the initial tangent.

Although the curves of Fig. 21 appear somewhat unlike, it is evi-
dent that they represent the same kinds of phenomena. The reduc-
tion in volume at low loads represents nearly elastic action of the
material. As soon as the spiral range of the column is reached, the
reduction in volume becomes greater than can be explained by elastic
deformations, and the inference is that inelastic compacting of the
material is produced by the applied stresses. The inelastic compacting
is of greatest magnitude for those columns in which the "spiral range"
is relatively greatest. Within the spiral range the rate of reduction is
nearly constant though six or seven times as great as the initial rate
shown by the tangents drawn at zero stress. For the columns which
failed gradually through lack of the needed lateral support from the
spiral, the compacting was counteracted, and finally far exceeded by
an internal splitting action, which produced an increase rather that a
decrease in volume as the maximum load was approached.

The similarity of the curves for Groups 5 and 13 suggests that a
quantitative relation might be found between e, and f, for all groups.
By superimposing all of the curves it is found that, neglecting the por-
tion near the maximum load where the volume is increasing, all of the
curves follow the same general trend shown by the curves of Group 13.
While it does not seem desirable to express this trend by plotting an
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average curve and deriving its empirical equation, it is well to know
that such a relation might be found. It is rather surprising that
the curves for the change in volume should be independent of the
amount of spiral reinforcement. However, this may be explained by
the fact that within the spiral range there is a definite relation be-
tween f, and f2, as given by Equation (2), so that any given value of
f/ represents certain fixed values of fi orf 2 as follows:

f,, = fj + 2f2 = 1.49fl - 0.49f,' = 6.1f2 + f'

Since f/ always represents a definite stress situation in the ma-
terial, it is reasonable to conclude that the important factor is the
lateral stressf 2 and not the amount of reinforcement that produces the
stress, although it is evident that in the more lightly reinforced
columns in which the lateral stresses were small the compacting of the
material did not occur to as great an extent as it did in the other
columns at the same loads. This is the principal item of difference
between the various curves of Fig. 21.

25. Variations in Properties along Length of Column.-While the
study of stress-strain relations has been confined in the foregoing sec-
tions principally to the average of a large number of observations in
the attempt to define general relations or well-defined trends, still it is
desirable to note the extent of variation of the individual observa-
tions from the average values used. It was characteristic of the
strains measured on the four sides of any column at a given section
that the values were quite consistent but that there was considerable
variation between strains at the top, middle, and bottom of the
column. Column 52 may be taken as representative of the group in
having a very noticeable difference between the measured strains at
the top and bottom.

Figure 22 shows the relation between axial unit loads and lateral
unit stresses determined at sections at the top, middle, and bottom of
Column 52. The procedure followed in determining the values used
was similar to that employed in Section 22. The values for the three
sections of the column are identified by different symbols, and average
values are also shown by the dotted line, while the solid straight line
represents Equation (2). It is seen that the points of Fig. 22 are
slightly more scattered than are the points shown in Fig. 20, which is
reasonable, since the latter represent the average of a larger number
of observations. It is evident, however, that, despite the individual
differences in deformations, the latter have varied in reasonable con-
formity with the general law expressed by Equation (2). The points
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FIG. 22. UNIT LOADS AND LATERAL STRESSES IN COLUMN 52

indicate a rather consistent difference in trend for the top, middle, and
bottom sections, indicating the probability of a difference in strength
and stiffness between the three sections; hence, if the appropriate
values of f,' could be inserted in Equation (2) for the three sections,
the agreement between the observed values and the line representing
the general equation would undoubtedly be still better.

As a second study of variations along the length of the column,
values of the change in volume, <E, at the top, middle, and bottom of
Column 52 have been computed, and are plotted in Fig. 23 against
values of the volume stress, f,. As might be expected the change in
volume varies with the measured strains, being fairly large at the top
and middle sections, and departing only slightly from the initial tan-
gent at the bottom section. This is another indication that the con-
crete at the top of this column was weaker and less dense than that at
the bottom, since the amount of compacting occurring might be ex-
pected to be an inverse function of the density.

The studies of individual strain variations are of interest in show-
ing that in spite of incidental variations in the material, the relation
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G/-. 23. VOLUME CHANGES VIN OLMN, 52
FIG. 23. VOLUME CHANGES IN COLUMN 52

expressed by Equation (2) evidently governs the behavior of all parts
of the column. Volume change, on the other hand, is seen to be an
extremely variable quantity. Considering that much of the volume
change consists of an inelastic compacting of the concrete, it is note-
worthy that the average values given in Fig. 21 show the consistent
agreement in general trend that they do.

26. Stress-strain Relations within the Spiral Range.-In the fore-
going sections three important relations between stresses and strains
within the spiral range of action of the spirally reinforced columns
have been noted; the effect of the depression of the spiral steel into the
concrete, the relation between longitudinal and lateral unit stresses at
any load, and the relation between volume changes and the accom-
panying stress situation. With this information available it is pos-
sible to derive expressions for the relations between the longitudi-
nal and lateral strains and the unit stresses in the material which
apply fairly accurately for the range of conditions covered by these
tests. Since such expressions may not be of general application, and
since they are represented by rather complicated empirical equations,
no attempt will be made to give them here. However, it is important
to know that such relations can be derived, not so much for their
quantitative use as for their value in indicating the relative impor-
tance of the various factors involved. Thus it can be shown that the
lateral strain varies directly with the excess of longitudinal stress over
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the plain concrete strength, and inversely with the percentage of
spiral reinforcement; for a given load within the spiral range, the lat-
eral deformation was about nine times as great for the columns of
Group 1 as for those of Group 5. The relation between longitudinal
strain and stress is not governed by any simple linear function, but it
is evident that the strain decreases as the percentage of spiral rein-
forcement increases. Other variables which enter into the stress-strain
relation are the diameter of the spiral wire, the modulus of elasticity
and bulk modulus of the material and the "modulus of depression"
described in Section 21.

27. A Conception of the Action of Spirally Reinforced Columns.-
The theory of failure of concrete under combined stresses given in
Bulletin 185 is evidently applicable to the spirally reinforced com-
pression member. During the early stages of loading the action of the
reinforced member differs little from that of the plain concrete one.
After the limit of proportionality of stress and strain has been
reached, marking the beginning of plastic deformation of the con-
crete, the increase in the rate of lateral deformation serves to produce
a very small stress in the spirals. At the stage at which splitting and
failure of plain concrete begins, the action of the spiral column is quite
different. There is undoubtedly a tendency to splitting, but since
such action would in turn produce a rapid increase in the lateral def-
ormation and a consequent increase in the lateral compression ex-
erted by the spirals, the splitting is restrained or retarded. Stated in
another way, considering that small elements of the material have
begun to deform plastically, these elements must be supported later-
ally if they are to carry load. The lateral support is afforded by the
tensile strength of surrounding elastic elements and by the lateral
pressure developed as the concrete bulges outward against the spirals.
As lateral deformation progresses it is evident that some splitting
takes place, the support of some elastic elements thus vanishing and
an increase in plasticity following. This loss of support allows further
lateral deformation and the needed lateral restraint is secured from
the spiral reinforcement. The materal at this stage may be consid-
ered as "disorganized," the elements being in a highly plastic stage,
held in equilibrium between the external loads and the lateral pressure
of the spiral reinforcement. This equilibrium may be called a plastic
equilibrium; it is essentially independent of the amount of lateral def-
ormation.

It is evident that the maximum load on a spirally reinforced mem-
ber is reached when the increase in lateral compression produced by



FAILURE OF PLAIN AND SPIRALLY REINFORCED CONCRETE 67

the spirals fails to keep up with the loss of cohesion between particles.
There seems to be a minimum rate of development of spiral stress re-
quired, since failure of columns occurred before the spiral steel had
reached its ultimate strength. The material of columns highly rein-
forced should reach a more completely disorganized or plastic condi-
tion than that of a lightly reinforced one, in which the splitting effect
should be more noticeable. This is in accord with the very gradual
yielding noted in columns of Group 5 as compared to the more rapid
failures of those of Group 1.

It is admitted that the foregoing statements are not all based on
test observations; rather it is intended to give a visualization of the
probable internal action causing the phenomena observed, an expla-
nation consistent with a conception of failure that seems in accord with
other sets of experiments.

V. CONCLUSIONS

28. Summary of Results.-In the foregoing discussion an effort has
been made to correlate the results of the tests with the conception of
failure of concrete in combined compression given in Bulletin 185, an
attempt which has in some cases involved re-statement of well-known
principles simply for the sake of a new viewpoint.

The following summary is intended to emphasize the principal
findings of the bulletin; the first two paragraphs refer to the action of
plain concrete members and the remainder to those containing rein-
forcement.

(1) The behavior of plain concrete in simple compression may be
considered for three stages of loading, each having certain special
characteristics. In the first stage the material acts like an elastic ma-
terial, stresses and strains being proportional. The extent of this
stage depends upon the quality and condition of the concrete. The
second stage is marked by appreciable deviations, particularly of the
lateral strains, from the linear stress-strain curves of the first stage,
and a steady increase in the ratio of lateral to longitudinal strains.
This stage evidently indicates the beginning of plastic deformation,
perhaps a yielding of the bond at the surfaces of aggregate particles,
within the material. As this deformation spreads it tends to set up
lateral tensile stresses in the portions of the material still intact. The
beginning of the third stage is marked by an abrupt increase in the
ratio of lateral to longitudinal strains; as a consequence the volume of
the material, which had been decreasing under increasing loads,
changes its behavior radically and increases with further loading. In



ILLINOIS ENGINEERING EXPERIMENT STATION

these tests the third stage generally began at from 75 to 85 per cent of
the maximum load.

(2) As failure was approached in the third stage of loading the
ratio of lateral to longitudinal strain exceeded one-half, the apparent
volume of the material showed a net increase, and small cracks, par-
allel to the direction of loading, began to appear on the surface. This
condition was evidently produced by internal tension failure or split-
ting on minute surfaces, followed by extensive plastic deformation, or
disorganization of the material, and final failure or collapse of the un-
stable mass. From the measured bulging of the material it is appar-
ent that initial failure was due to a splitting action rather than to a
sliding along continuous inclined planes, since the bulging was not ac-
companied by a like axial shortening, which would be an essential fea-
ture of a sliding action. The fact that final fracture frequently fol-
lowed conical surfaces inclined at 55 to 60 deg. to the horizontal prob-
ably has no significance as regards initial failure.

(3) The action of spirally reinforced columns at the early stages
of loading is essentially the same as that described for the first and
second stages of loading of plain columns. During the second stage
plastic deformation of the material begins and the lateral deforma-
tions become large enough to produce a small stress in the spiral,
which in turn exerts a slight lateral pressure on the concrete core.
The third stage, which has been denoted as the "spiral range" of ac-
tion, begins at a load corresponding to that at which the splitting of
plain concrete begins. Considering that certain small elements of the
material have begun to deform plastically, these elements must be
supported laterally if they are to carry load. This lateral support
must be afforded by the tensile strength of surrounding elastic ele-
ments, and by the lateral pressure developed by the spiral. The large
lateral deformations accompanying high tensile stress in the concrete
develop pressure against the spiral and as the support of elastic ele-
ments is lost through a splitting action, the requisite support is gained
from the spiral reinforcement. As this action increases, the concrete
becomes more of a plastic mass, carrying further load only as fast as
the lateral support of the steel can be developed. When loading is
applied more rapidly than lateral support can be furnished, failure
begins.

(4) An important result of the tests was the determination of a
fairly definite relationship between longitudinal and lateral stresses
within the spiral range. The relation fi = f,' + 4.1f2 was found to
apply at the maximum as well as at lower loads; and to individual
columns as well as to the average of each group of columns. The fact
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that this relation also applied quite well to the tests of Bulletin 185
adds to its usefulness. Two limitations to the applicability of the rela-
tion must be noted, however: (a) it was derived from tests of concrete
made from a particular lot of aggregates and cement, and it is likely
that concrete made from other materials might furnish different
numerical constants, particularly as regards the coefficient 4.1; (b)
the tests were made on short cylinders having a height equal to four
diameters, a type of specimen in which the effectiveness of the spiral
should be greater than in the more slender members generally used in
practice.

(5) The foregoing relation between longitudinal and lateral
stresses in the spiral range evidently represents plastic equilibrium of
the material, and is independent of the lateral deformations taking
place. The lateral deformations are governed by the deformations of
the spiral required to develop the lateral pressure demanded for this
equilibrium.

(6) The reliability of all properties dependent upon the observed
spiral stresses is greatly enhanced by the careful studies made of the
true stress-strain relations for the spiral steel as it existed in the
columns. The results of these studies indicate that the true properties
of the steel may not have been determined in earlier investigations.

(7) In all the tests except those of Group 13 the maximum load on
a column was passed without breaking the spiral reinforcement, or
even reaching the maximum strength of the steel. It appears that
there may be a certain minimum rate of increase of lateral stress with
deformation of the column necessary to allow the vertical load to in-
crease proportionately; when this minimum rate is not maintained,
the maximum load is passed. While the tests do not give a very clear
definition of this minimum rate, it is evidently lower for the more
highly reinforced members. The limiting rate of increase in lateral
stress with respect to lateral deformation is a function of both the
percentage of spiral steel and the tangent modulus of elasticity of the
steel. The limiting value of the latter increases more rapidly than in
an inverse ratio to the percentage of spiral as the percentage is de-
creased. This limiting value of the tangent modulus of elasticity
fixes the maximum steel stress that can be utilized in giving strength
to the column. The foregoing statements do not apply to the
columns of Group 13, which failed prematurely through stress-concen-
tration at gage holes in the spiral steel.

(8) In spite of the small pitch (1 inch) of the spirals used, there
was in all cases a considerable depression of the spirals into the con-
crete core, or more correctly, a flow of the concrete between the spiral
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wires. The amount of the depression was roughly proportional to the
bearing pressure between the spiral and the concrete, being greatest
for the columns having the largest percentage of spiral reinforcement.

(9) Volume changes of a column throughout loading gave valu-
able information regarding the general behavior of the column. At
low loads, the volume change was closely proportional to the applied
loads. In the spiral range the action differed from that preceding.
Those columns having a large amount of reinforcement suffered a
correspondingly large decrease in volume, the rate of decrease reach-
ing 6 or 7 times the initial rate. This decrease was evidently due to
inelastic compacting of the concrete. In the columns having very
small amounts of reinforcement the inelastic deformation was rela-
tively small, and at high loads the amount of increase in volume was
relatively great, approaching that of the plain concrete. This in-
crease in volume, which began well below the maximum load, was
evidently due to the failure of the spiral to furnish sufficient lateral
restraint.

(10) The action of the spirally reinforced column departed radi-
cally from the laws of behavior of elastic solids, particularly as to the
independence of load-carrying capacity and lateral deformation. Vol-
ume changes, which in the spiral range were essentially inelastic in
character, were quite irregular, though all followed the same general
trend as represented by an average curve.

(11) The foregoing tests have provided three related sets of ob-
servations: (a) a relation between longitudinal and lateral stresses;
(b) a general rule regarding the depression of the spiral steel into the
concrete; and (c) a relation for the variations in volume during load-
ing. Together these relations, if sufficiently general and accurate,
provide complete information regarding load-deformation relations in
spirally reinforced members. Of the three, the third is least reliable
and general in application, while the first is the most applicable and
useful. It alone furnishes a rational basis for an analysis of the
strength properties of this type of member.

(12) It has long been recognized that much of the strength of
spirally reinforced columns cannot be utilized because of the large at-
tendant deformations; furthermore, the foregoing load-deformation
relations for plain and spirally reinforced columns do not apply di-
rectly to the commercial column with both longitudinal and spiral
reinforcement. However, the information presented should lead to a
better understanding of the behavior of and to more rational rules of
design for such members. There is particular need for a better knowl-
edge of the deformations, as well as the stresses, in such members.
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