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*.qiE PAILURE OF PLAIN AND SPIRALLY REINFORCED

CONCRETE IN COMPRESSION

1. INTRODUCTION

1. 1 ntroduct'ion.—-This bulletin deals with an investigation of the
te under compressive gtresses applied in one OF more

P,

. Bulletin 185 of the Engineering

‘ getion of eonere
directions. A part of the investigation has already been reported in
Experiment Qtation, which contains

£ tests of concrete cylinders subjected to combined

d by means of hydraulic pressure. The present bul-
losely allied geries of tests on short

¢olumns oT 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 gtudy directly certain phenomena relating to spirally
reinforced columns. The tests described in Rulletin 183, wherein the
lateral pressure on & 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 deseribed herein afforded
an opportunity for & large number of deformation measurements, and
in this respect are far superior to the tests employing hydraulic

pressure.

The spirally rein
of the use of concrete under three-
yses and tests have furnished 2 fund of information which serv
basis for the design of such members; there is still lacking, however, &
knowledge of the general prin ciples gOverning the action of such mem-
bers by means of which the limited test resulis gvailable may safely
be extended and generalized. Certain principles regarding the effect

of lateral restraint in raising the almate strength of concrete were

stated many years ago by Considére.* One of these is that the

2t1jeng{-,h of hooped conerete may be considered a8 being the sum of
wo essentially unlike quantities: & resistance proportional to the

strer . AN
rength of the conerete itself, and an added sirength which is a func--
{he hooping. Considére

10;1 of the lateral restraint applied by

th:(};ned that the second cont.rib}ltion to the st.veng.th was similar t0

e ;armg power of 2 non-cohesive granular material w.hep laterally
i ined, a property dependent upon the inlernal frickion of the

* R
1604, SEE'.‘;?@'}TG. A “Fbsistanee 3 la compression du béton arn et du béten freltd,” Génie Civil,
Translation, Wxperimental Researches e Reinforeed Cuncrele,”" B3 i 8, Moissef, 1506.

v

the results O

stresses applie
Jetin eontalns the results of ac

forced column is an important practical example

dimensional compression. Anal-
es as &
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material. This conception agrees in many respeets with
of fests and is commonly employed in the analysis of Spi
forced columns.

The tests described in this bulietin were intended to th:;
on a number of questions, of which the following are typic'
ing the action of spirally reinforced members: What is th,
between the lateral pressure developed by the reinforcemen
added strength (above that of ihe plain concrete) at various
loading? Is the added strength dependent only upon th
pressure, and, as in the case of a granular material, independes
amount of deformation produced? What is the character o
tion by which the material in the column changes from an
elastic solid to an apparently plastic material after the spiralre
ment has become effective? What conditions determine th
mum load carried by a column in which failure of the spiral re
ment is not reached? In view of the large deformations acco
ing the use of spiral reinforecement, how much of the strength
members can be utilized in buildings, bridges, or similar structy

Previous tests have answered certain of these questions to
extent. Among the foremost investigators of the spirally rei
column may be mentioned Considére, Talbot, Bach, Withey
loff, Saliger, Mérsch and others; important tests have alsg
carried on by various committees of technical organizations.
liography of selected references to rescarch on spirally re
columns is given in the Appendix.

In the tests of this bulletin an especial attempt was made to;se
complete and systematic observations of the behavior of pla
spirally reinforced concrete under load, and an unusually large
ber of deformation readings were taken as the maximum los
approached. The group of columns tested contained widely v
amounts and kinds of reinforeement.

2. Acknowledgment.—The tests reported in this bulletin

performed in 1925-6 as a part of the regular work of the Engine
Experiment Station under the administrative direction of DEaN

8. Kwurenvy, Direetor of the Station, and of PROFss0R AN ?A"’Bo‘:
- : : ! then in charge of the Departinent of Theoretical and Ap,phe.d M
Co - chanies. Professor Talbot, whose wide cxperience in investizations
reinforeed ¢ cte made his advice invaluable, directed the plannit
of the test d the choice of materials, thus insuring much ©
value of the results.

L

&




pAILURE OF PLAIN AND SPIRALLY REINFORCED CONCRETE g
The investiga.tiou was carried on as a basis for a Master’s thesis by
. Brandtzaeé, who chose the line of study, outlined the tests, and
of the responsibility of earrying on the tests and analyzing

Most of the laboratory work, which required special

rformed by Mr. Brown and Professor Richart, who

e investigation and gave special attention to the

_ AMERICAN STEEL AND WireE COMPANY,
the [LLINOIS grrEL COMPANY and the AMERICAN SysTEM OF REINFORC-
e, all of Chicago, who furnished the steel used in the column spirals.
¥ The comnpany last mentioned also assisted in the gecuring of suitable

grades of material and fabricated all of the test speciment.

o3 Notation.—The following notation will be used throughout the
- bulletin:

4 = diameter of spiral wire.

D = outside diameter of spiral.

¢, = axial unit deformation in column.

¢, = lateral unit deformation in column.

& = unit deformation in spiral reinforcement.

e+ 2¢0 = volumetrie deformation or unit change in
volume of column.
initial modulus of elasticity of concrete.

= axial compressive unit stress.

= lateral compressive unit stress.

= tensile unit stress in spiral reinforeement.

=fi+ 2fs = “yolume’’ stress.

= compressive strength of plain conerete.

= bearing unit stress between concrete and spiral.

— rate of depression of gpiral 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 Ih. per. sq. in.

initial bulk modulus of conerete.

T modulus of depression.

L

percentage of spiral reinforcement, bhased upoil outside
diameter of spival.

initial value of Poisson’s ratio tor concrete.
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II. MatEer1aLs, TEsT Pieces, AND TEsTING

4. Qutline of Tests.—The investigation of the failure of
in compression made in 1925 included four series of tests;
deseribed in this bulletin was designated as Series 1, and cong
one group of plain concrete and six groups of spirally reinforde
crete compression test pieces, all made of a 1:2.1:2.5
All test pieces were cylinders, or short columns, 10 in. in diame:
40 in. long; the size of cross-section was limited by the capacity:
testing mechine, while the length was chosen so as to avoid the
ing effects to be found in long columns and still to furnish a sa
tory length of member unaffected by the restraining influence
end bearing plates. Three test pieces of each kind were used:
in the case of the plain concrete, where five were used. Because
limited number of test pieces, the only variables introduced
series were the amount and kind of spiral reinforcement. T
gives an outline of the series. - '

5. Maierials.—The concrete materials were identical with
used in the tests deseribed in Bulletin 185. _

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

The proportions and consistency of the concrete were care
chosen in order to secure uniformity and workability of the mix
The proportions of the mixture employed were 1:2.1:2.5, by :
volumes, though all measuring of ingredients was done by we
This mixture had a corrected water-cement ratio of 0.87, an av
slump of 6.9 in., and a flow, or ratio of final to initial base diame
the standard specimen on the flow table, of 215 per cent. TheIg ?ﬁ
tive absolute volumes of the ingredients of (he concrete used, 88
termined from lest cylinders made with the Lest pieces were: e
0.118; sand, 0.328; gravel, 0.337; water, 0.212. Detailed dat:
gduhng the concrete are given in lable 3 ;

The reinforcing spirals were intended to be of mild steel, with th
cxeeption of cne lot of speeial high strenpth cable stc-l whlch hap

Percentage ¢

Per cent me
Per cent mc
%Femﬁc Bra
it weight

(a) Meas
{b) Tam:

*Tyle
}8tar
Book of Bt

pened to he
diameters of J
of 34-in. diar
and %G-in. e
wire was sul
varied greatl




FAILURE OF PLAIN AND SPIRALLY REINFORCED CONCRETE 11

TaBLE 1

OuTLINE OF TESTS OF SenriEs 1

All test pieces 10 in. in diameter, 40 in. long
Concrete, 1:2.1: 2 .5, by loose volumes

—

Number Percentage Nominal Kind of
Column of Columns of Spir: Diameter of %“ {’
Ne. in Group Reinforcement Steel, in- Stee

.
02-06
11-13
21-23
31-33
41-43
51-53

131-133

0

0.50 Annealed drawn
wire

1.11 Annealed drawn

wire
2.07 Rolled mild
. steel

2.4 Rolled mild

steel
4.41 Rolled mild
steel
1.96 Suspension
cable wire

G G & W & oo

.

TABLE 2
Smve ANaLysEs aNp OTHER PROPERTIES OF AGGREGATES

M

Ttem Band Gravel

Percentage of Material Passing a Given Sieve....

Per cent moisture content, a8 used .
Per ¢ent moisture absorption ... . -
Specific gravity

mt}wmght. 1b. per ou. fi.

(8} Measured loose, struck off
(b) Tamped, A.8.T.M. method

’%‘%’iﬁgﬂgﬁaﬁ %cree'rrx‘ Scale Sieves.
Book o St-andnrdse, P:.rtolil. ;anlfzc())l: 111'5121;.We:ght of Ageregate for Conerete, A8 T

E?:I?litto‘ be ajailable. Tive sizes _of milq steel were chosen, having
of V~i1fli1(')f 14,36, Y4, ¥e, and 2§in., while the cable stee..l stock was
‘and‘t% . ia‘meter. It was found that th.e smallest two sizes —}§-10.
" ire wsa-;n. 10u1}ds—co_u1d nob br_z securcd in ro_lled bars, so that drawn
vatied snhst}tuted in these sizes. This wire, although a,nneeyled,
greatly in quality from the rolled steel used in the larger sizes.
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TABLE 3

Dara or CoONCRETE MIXTURES

From tests of three 6 by 12-in. control eylinders made
with eaeh column

Com;
Slump, Flow, 5:5’:&
in. per cent Birength*
1b. per

i B =R T o S B o B B B P B S B R )
BN | D Skl | R O [ W WD | OO %R

@l eam | o B |~
OO~ @ | WD | -

o

Grand
Average. . 6.0

*At age of 28 days.

Some differences were also found in the properties of the three 13_'1"5

sizes of mild steel, and henece the spirals used represented a conside
able varintion in quality. The high strength steel was hegt—treate
drawn wire of a special quality originally intended [or use in cuspen;
sion bridge cables, and it showed a high degree of uniformit_y 1o p .
cal propertics. Information concerning the spirals, including cere 4
dimension: and physical propertics described in Section 6, are give
in Table 4.
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1 and 2 ghow & considerable difference between the prop-

. a'.i material pefore it had been coiled into a gpiral and after

ke oiled and straightened. hat the amount of
Fing received bY the spirals du ili

eceived bY the test coupons that were

e latier gpecimens had been allowed to rest & week between

htening and testing- This rest gave gomewhat higher

that found when coupons Were tested immedi-

noted many years ago by Bausch-

the spirals, only the tests

in the different

4n. drawn wire and the

steel of Fig. 1, the effect of the cold-working produced in

and straightening the coupens appears to be an a.pprec.iable

g of the stregs-strain curve up +o and around the yield point,

the difference between the two curves is not very great. For

jn., the $4e-in- and the 3-in. mild steel of Fig. 2, however, &
difference is seen between the two curves the effect of cold

ng apparently being to raise the whole upper part of the stress-

n eurve & large amount. This effect is 80 great that it has an
+tant bearing upon the interpretation of the column tests, and it

Felt necessary to geb further information regarding the part of the
'du.e t0 coiling and the part due to straightening of the coupons.

th thlf‘: object in view & pumber of auxiliary tests were made, the
.Sfms_factﬂry being a small series of cross-bending tests of pieces
36-in. spiral steel, loaded on & Spav of 4 inches, with & coneen=

ded 1.oad at midspan. Tests Were made on (A) the steel straight
_%Wffd (B) the steel bent as ‘0 the spirals and (C) the steel
.iron? the spirals, straightened, and rested for cight days be-
t::ﬁ:mg- While the load-defiection relat:ions obtained from these
femsion t?;:t% jbe analogous to the stre§s-stram relati9ns to be found 1D
mld-WOrkins, it was felt that the relative eff‘ ects of different degrees of
ing bost it wg mlght. be at least roughly indicated. In th_e cross—}Jend-
in the Spiraf"sbpﬂsmble not only to test the steel cur_ved just as it Was
cither to inc}r ut also to study the effeF.tt of applying the foad so a8
mens of type Z&SE or tp dec.mase_t.hc original curvature- Two £peei-
§ide of the s Jira,l \:‘0 o type B, w@h downwa.l‘d_ Joad applied to the in-
spiral and tl, _two of type B, with 1oad applicd to the outside of the
- wo each for the corresponding cases of type C were tested.

*Bauschi
m b ing o, L
an by G. G Hmlx ; Uandbook of T 'ing Materials" by - MMartens, (ranslated from the Ger-
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TT 1. T T 1 1 1]
Al bars F-in round, rested i }
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\g 300 — 7 o a-A-Cur from Sre
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~J 3 B~ Cur From soired ofg
£00 - 0 e/ inside of spial o
v o w-Z-frsiae of spireY ¢
I = - Cur from spiral 8
100 ened, and resred 8 o
! o e/ jmside of s &
o w-z-fnside of spirel Y
— Average or | ang
57

Derlection irn lnches
Fic. 3. Loap-pErLEction CURVES FOR 3-IN. Rounp Bage

The load-deflection curves obtained from these tests are given in
3, which shows that there was a distinet difference between the €2
for the three types of specimens as well as consistent differenct
types B and C between the curves for those specimens tested wit
center of curvature upward and those with it downward. Fi
shows that the average curve for type B falls between those for;
A and type C, as would be expected. A study of the curves
that near the yield point the effect of coiling the spiral was about
as great as that of the combined coiling and straightening;?
greater deflections the effect of coiling was relatively much 18
reaching about 80 per cent of the combined effect at a deflection?
times that found at the yield point. This information was used‘r
guide in locating curves for the 14-in., the %{¢-in., and the 9-in. L
steel rounds of Fig. 2, which arc considered as representing the stre
strain curves of the spiral steel as it existed in the eolumas. For
other three groups of spirals, made of drawn wire and of cable S,fg-c
the difference belween the curves of Fig. 1 for the steel as received
ihose obtained [rom the steel after coiling and straightening W85 o tes
ammall Lhat the latier were taken as representing the properties of T de
spiral stcel used in the columns. '
Tt is felt that thi= study of the vrope.ties of the spiral
ment Las added greatly to the reliability of the column tes

reinford ¥ oar
¢ dats YEEL
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gAILURE OF PLAI
. not be implied that the effect of cold-working can
be judged from the results of these tests, but these results
should cmphasize the fact that the usual tests of samples of spiral
‘ected to an unknown amount of cold-work-

to furnish stress-strain curves that are ap-

be relied upon
tain a columi.

gte
ing cannot
the steel as it exis

plicable to
* 7 Making and Curing of Tes
o was mixed in & batch mixer of on
ing weighed and dumped
ment, and water. Mixing

t Pieces.—The concrete for all test
e-third cubic yard capacity,
into the mixer in the order:
was continued for four min-

_utes, whereupon the batch was discharged into 2 large pan, further
turned over a few times with shovels, and then deposited in the forms.

" The forme were made of 10-in. steel pipe split into four parts, and held
hree heavy circula

in position by t r steel bands. In placing the con-
crete, it was puddied with a 34-n. 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 bateh. Slump and fow tesis were first made, then the
same concrete was used in making the cylinders. Both the large test
pieces and the ecylinders were capped with neat cement soom after

d from the forms after two days

pouring. The test pieces were remove
fmd 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., bub with no marked change in the mean tem-

perature throughout the period. Two days before the date of testing,
the burlap wag remove d the gage holes for

4 from the columns an
strain measurements were his time the small steel plugs
required for measurements of concrete

prepared. Att
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 gpirals of 14-ip. wire, 0D which the gage holes
were omitted because of the small diameter of the wire. The location

. of gage lincs is shown diagmmmatically in Fig. 4,1n whieh the surface
of the column is developed to indicate the lines which were laid out-on
the four sides of the columu at three points 2long the length.

and Procedure.

piece!
el materials be
gravel, gand, ce

_The large specimens were

8. Testing A pparatus
teste.d in a 600 000-1b. Riehle testing machine; the Sim—eylin-
dersin a 300 000-1b. Olsen tosting machine.
fd-

ed Berry type strain gages o
iiited with dial indicators,

d includ

Measuring instruments use
nges,

and 8-in. gage lenyths, Howard Lype &




b Deveropea Circcmforerce OF Ca/’e.f/?;.r?-—-—-"t
o0 Concrere Gage e e Plugs Used for
-4 Steel Gage Lie Drameter Readigs

Fig. 4. DiacraM SHOWING LOCATION OF GAGE
Lines on CoOLUMNS

of 4-, 8-, and 30-in. gage lengths, and a special diameter gage desi_
for the tests by Mr. Brown. A view of these gages is given in Fig
All gages were equipped with conical points. In one test the diam
gage was fitted with special contact points, congis 1cal 8C
ets or cups which engaged a ball bearing embedded 1n the steel 238
plugs of the test piece, a detail that has been used in other gaBS
"This was intended to eliminate the effect of wear of the edges of go&;

holes, which affected the readings of this gage particularly, th %
direction of deformation was parallel to the axcs of the contach PO
and gage holes, but no appreciable advantage of the ball and sockE;
contact wos noted.

Ames icromeler dials reading 0.7°01 in. were cinploye
the slrain gages, Lhe Berry gages havine a lever ratio of about

din all of
7501

“with a co
«.of the ins!

by the us
~of the re:

7 4in, Ber

type gag
ard type
deforma
that the
most pl
Afi
the tes
necess:
cure w
load o
spheri
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Fia. 5. VIEW OF Srratn (GACGES Usgp 1N TESTS

e diameter gage 5 10 1, while the Howard gages indicated directly
ithout multiplication. All were used on gage holes made with & No.
4 drill. In the diameter gage the points were held in the gage holes
with & constant pressure produced by a strong gpring at the lever end
f the instrument. The probable errors in unit def ormations cbtained
v the use of the different jngtrume ] : the conslstency
,f.the readings, were roughly as follows: &-in. 0.000008;
4in. Berry gage, 0.000025; diameter gage, 0.000010; 30-in. Howard
. type gage, 0.000033; %-in. Howard type 888¢ (.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
that the gages used furnished & satisfactory degree of precision for
most purposes of the tests.

After all gage holes had been prepared, {he column wasd placed ip

: wow.the testing machine, plumbed and centered. A times it was found

necessary to embed the basc of the test piect rplaster-ofparis 10 56
eure uniform bearing, At the Leginning of & {est an initial or “gero”
load (_)f 1000 Lo 2000 pounds was a.pp]ied to the column {hrough 2
spherical ben. ing block, which was then prevcnted from {urther rola~
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tion by the use of wedges. The initial strain measurement;
taken, and the remainder of the test proceeded with
loaded between two fixed and fairly parailel planes. Load
plied in increments varying from 25 000 to 35 000 poundsi
stages of the test, and gradually decreasing to 10 000 to 15
during the later stages. The testing machine was always
nominal speed of 0.05 inch per minute; the load recorded ws
dicated by the scale beam at the instant the machine w
stopped; and a record was kept of any decrease in the load d
period, usually 7 to 12 minutes, in which strain measureme;
taken. Strain measurements were always taken up to the m
load, and generally beyond it. When failure came through
of the spiral reinforcement the tests were discontinued, but:
where the columns failed through a general yielding, the test w
ried somewhat beyond the maximum load. A number of spe
were made at this final stage of loading, to which reference
made later.

9. Record of Tests.—A brief description of the behavior of t§
pieces under load may be useful. Certain terms used in the d ‘
tion will be defined at the outset. Thus, while the test piece : Foace holes v
columns in the ordinary usage of the word, since the height i : ken on th'
four times the diameter, they will be so designated for lack of a
term. The maximum load carried will be defined as the greate
reached, with the testing machine running continuously. Bey
this load further operation of the machine produced = recorded
crease in resistance. In the tests of spirally reinforced columns it
found that, after such 2 maximum load was passed and loading:
stopped for a short time and then resumed, & second “maximum”’; “plete st.ra:ir
observed. Thissecond maximum was usually slightly higher than ' ' 'Was contm.
first. (See Table 6, Section 20.) Similarly a third or a fourth m :/. onplanes i
mum was sometimes noted. To avoid uncertainty, the first ma: Early :
load observed will always be denoted as the maximum load carried . rapid tem]
the column, since this is the load that would be observed in a confiigis® =~ this colurr
uous test to complete failure. The load indicated by the machine 24§ Figure
any time a stop was madc to take strain measurements will be const
ered as the load on the column, although it was ohserved that, partt
ularly at the higher loads, 1 considerable decrease in the load OCCurfe.qs This !
during the time the machine was stopped. The starting load, or load; ment of 1
on the column when the inachine was again started, was always X Grou
corded and the difference between stopping and starting loads will . inforecem:
discussed in Scetion 19.
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A. Plain Concrete Columns

ot of five plain columns, of 1:2.1:2.5 concrete, was desig-

- Group 0- ,‘
0.-£The maximum load carried by Column 02 was 2290 1b.)

?n- A number of nearly vertieal cracks were developed just a8
imum Joad was reached, and 1oading was discontinued.
ot of strain E3E° readings was taken on Column 03 at a load of
b, per &4 iD- During the readings an ncrease in lateral deforma-
dicated that 2 large plastic fow was taking place. " Cracks also
ed during the period in which the readings were taken. When
achine was started again, the load had fallen off and the column
‘pefore the Joad reached the amount previously applied. 1t is
ble that the maximfum joad attained would have been greater
1940 1b. per sd. in. if the column had been loaded continuously to

2 the test of Column 04, the special conical sockets mentioned in
ction 8 were used on the diameter gage. The arrangement worked
. satisfactorily, but not particularly better than the usual conical
ints when the gage boles for the latter were properly worn down,
i.on account of the greater simplicity the conical points and drilled
age holes were used in subsequent teste- Strain gage readings were
ken on this column at 2 load of 2120 Ib. per 54- in., which proved to
¢ the maximum load. It was noted thatina period of about 7 min-
405 the unit deformations at the midheight of the column showed an
Verage increase of 0.00021 on longitudinal lines and 0.00044 on radial
nes. 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 1b. per 84. in. Com-
“ plete gtrain readings were taken at this load. Loading on {his column
was continued until a complete gailure of the shearing type occurred
on planes inclined 50 10 60 deg. Lo the horizontal.

Eaﬂy gtrain readings on Column 06 were probably affected by
rapid temperature changes in the laboratory. The maximum load on
this c.olumn was 2220 1b. per 8d. in.

Figure 6 shows & view of Columuns 02, 03, and 04 alter testing.

B. Spirally Reinforced Concrete Columns

mer;l:oh;? lot gf columns, of 1:2:TT‘Z_Tmmre%eThad_$Dh"_al_Lnforce—

varying amounts and gualities.

infocr}(l;-s;i 1-‘*The_c'w\umns of this group had 05 per cent of spiral re-
nt of L¢-in. annealed drawn wire. Because of the smail di-
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Tig. 6. ViEw or CoLuMns 02, 03, anp 04, aFTER TESTING

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

In the test of Column 11 slight spalling of the plaster of pars$
rounding the gage plugs was noted at a unit load of 2620 ib, per sd:
and the maximum load reached was 2720 Ih. per sq. in.
chine had Licen stopped to permit strain measurements, a seco
a third maximum were ohserved, at loads of 2740 and 2680 1b. pet 5
in. Cracking and spalling of the concrete had he
when, with further motion of the testing machine head, the 8Pt
hroke near the upper gage s, After this the column still withste?
a load of 1900 Ib. per sq. in.

2720 1%
Prono
chine
spiral
broke
starte
G‘
reinfc
3, a
8q. 11
At ¢
slow
at tl
men
376
the
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Trc. 6. View oF CoLumns 02, 03, axp 04, arTer TESTING

ameter of the spiral wire no gage holes were drilled in the spira
this group; instead, light punch marks were used. No breaks in
wire occurred at these marks. '
In the test of Column 11 slight spalling of the plaster of paris 8
rounding the gage plugs was noted at a unit load of 2620 1b. per 84

and the maximum load reached was 2720 Ib. per sq. in.  After the mige

chine had been stopped to permit strain measurements, a second &

a third maximum were ohecrved, at loads of 2740 and 2680 1b. per

in. Cracking and spaliing of the concrete had hecome quite gene

when, with further motion of the testing machine head, the Spt

broke near the upper page lines.  After this the column stil] withstoo
d of 1900 1b. per sq. in.
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-ned wit
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No surface spalling of Column 32 was seen until a load
per sq. in. was reached. Thereafter the spalling increased
rate of loading decreased until the maximum load of 3800 :
in. was reached. After strain measurements had been tak".
tematic set of loading tests was made wherein the maching
for four periods of 2 minutes each, with a one-half minute
tween periods. In each two-minute period a maximum
reached, the consecutive values being 3900, 3870, 3850 an
per sq. in. The results of these tests are discussed in Section 2
spiral was unbroken when the tests were discontiuned, th ¥
column had shortened about 2 per cent.
One day after the foregoing tests the spiral reinforcems
stripped from the column, which was then retested as a plain ¢
column. It took load quite rapidly up to the maximum o
per sq. in., which is 49 per cent of the strength of the plain col
Group 0. Figure 7 shows the column with spirals removed
and after retesting.
At 5 unit load of 2870 1b. per sq. in. on Column 33, there waszil
eracking of the concrete and buckling over the spirals. At
per sq. in. spalling had become quite general and the load was if
ing very slowly, requiring more than six minutes to reach the
mum load of 3450 Ib. per sq. in. With the machine running th
stayed constant at 3440 1b. per sq. in. for 17 minutes, when th
age longitudinal unit shortening was 0.02 and the lateral unit de
tion was 0.01. A systematic loading test such as that of Colu
wag made, and after this the test was discontinued. The spir
forcement remained unbroken. 3
Group 4.--The columns of this group had 2.6 per cent of SE&
reinforecement of 3{g-in. low carbon rolled steel. In the test of Co
41 cracking sounds were heard at a load of 2620 1b. per sq. in., b
appreciable spalling occurred until a load of 3830 lb. per sq.
reached. The maximum load was 4260 Ib. per sq. in. Spalling 0
column was quite general and the average unit deformations _
longitudinal, 0.012; lateral, 0.003. When the-testing machin ‘4. in. an:
again started a second maximum of 4330 1b. per sq. in. was reach v very slow
the load was left on the column for 10 hours and gradually decresg - Btrain m
to 3000 lb. per sq. in. With the machine started again the eolu average
took load quite rapidly and a third maximum load of 4570 1b. per - loading ¢
in. was reached, whereupon the test was discontinued. ‘ Grou
Some spalling of Column 42 occurred at a load of 3400 Ib. pet ~ carbon 1
in. The masimum load was 4240 b, per sq. in. The averageé df_’ - Int}
mations taken just beyond the maximum load were: longitud: - sq.in.a
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Fio. 7. Views of CoOLUMN 32 wiTH SPIRALS REMOVED, BEFORE
AND AFTER RETESTING

§4i lateral, 0.007. Repeated loadings to & maximum, followed by

1?_10_ds of rest, similar to the tests of Columns 39 and 33, were then

sti]fe on the column. After these tests the spiral reinforcement was
intact and loading was discontinued.

.Column 43 developed a few gmall cracks at 8 load of 3540 1h. per
qu‘r‘;-s 1311?1 gome spalling at 4070 1b. per sq. in. The column took 10de
Strain?]: y near the maximum load, which was 4390 lb. per sq. 11
averase eisuren}ents taken soon after the maximum load showed an
wdos ding ; ortening of the column of 1.9 per cent. After repeated
- Griupn;ﬂar r;ﬁ thalt of Columnﬂ_tw%ﬁ%‘;f_.

T € ig oT 5 =
. carbon rolled steel_co umns of this group had 4.4 per cent 078 in. low
. ?Ll tsledtest of Column 51 spalling began at o load of 4760 1b. per
. and was almost complete when the maximum load of 6460 1b.
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per sq. in. was reached. After the machine had been stoppe
readings, a second maximum of 6530 1b. per sq. in. was applie]
third still higher was reached after a two-hour rest. By thi :
column was bending appreciably and the test was stopped.
Some spalling of Column 52 began at a load of 3520 lh. pe
and had become quite general when the maximum load of 622
8q. in. was reached. Failure occurred in the upper part of the
the large deformations noted near the top of the column were
ly due to the fact that the spiral reinforcement was about 1%
low the upper bearing surface. Average unit deformations just
maximum load were: longitudinal, 0.021; radial, 0.007, 3
further loading, second, third, and fourth maxima of 6280, ;
and 6220 1b. per sq. in., respectively, were reached. The test w
continued as the column showed a slight amount of bending.
Column 53 showed spalling at a load of 3240 lb. per sq. in
practically the entire surface spalled off before the maximum
6600 lb. per sq. in. was reached. The column took load very slow]
the maximum was approached, a 16-minute run being requiré
raise the load from 6400 to 6600 Ib. per sq. in. The average unit d
mations at this point were: longitudinal, 0.027; lateral, 0.009.
the machine running for 24 minutes more, the load decreas
6590 Ib. per sq. in., and the test was discontinued.
Group 13.—The columns of this group had 2 per cent of spid
reinforcement of 14-in. high strength cable wire. %
In the test of Column 131 slight spalling of the conerete was 1)
at a load of 3540 1b. per sq. in. and spalling was nearly complete at
load of 5470 lb. per sq. in. The column took Toad slowly up to?
maximum of 8460 1b, per sq. in., when the spiral broke with & loud IS
port at a drilled gage hole. The spiral uncoiled and removed thel
eral restraint from a length of column of several inches, where viol
crushing of the concrete took place. The average unit deformati
of the column read just before the failure were: longitudinal, 0.0
lateral, 0.012. 4
Spalling of Column 132 began at a load of 3040 Ib. per sq. I
Failure occurred in a way similar to that of Column 131, throug}
breaking of the spiral at a load of 7370 Ib. per sq. in. The avers
unit deformations shortly before failure oceurred were: longitudi
0.035; radial, 0.011. '

In the test of Column 133 buckling of the concrete outside th‘?
spirals was noted at 2 load of 3660 lb. per =« in., and at a load of 53008

1b. per sq. in. spalling of the surface was almost complete. The ¢

“crete are
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encircled
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400k load very slowly from a load of 6270 Ib. per sq. in, up to
e, which was due to breaking of the gpiral at a gage hole, at a
¢ 7800 1b. per 89. in. The average unit deformations shortly be-
ailure were: longitudinal, 0.039; radial, 0.011.
2Tn gonnection with the foregoing record of the tests it may be
tod that for Columns 11, 21, 33, 42, 51, 131, and 132 load was re-
sased nearly to zero for an interval of about an hour and then reap-
ed; such release of load being made at loads generally less than one-
i]f the maximum load. ‘The release and reapplication of load appar-
ly had little effect upon subsequent behavior of the columns.
Figure 8 shows views of the columns of Series 1 after they had been
ested. It should be kept in mind that most of these columns were
_daded for some time after the maximum load was reached. However,
the figure shows to some extent the relative amounts of surface spall-

sing and deformation to which the different columns were subjected.

10, General Results of Tests.—Table 5 gives 4 SUMINATY 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 deseribed in Section 11.

The major portion of the test observations is shown in the form of
s‘tress-stra.in 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.
';l‘he 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
encireled the eolumn.

In computing unit loads, the average cross-sectional area of the
colnmn was used; in the case of the spirally reinforced members the
section from outside to outside of the spiral was used. The same sec-
tlon was considerce to govern the gage length on diameter measure-
‘S‘:le?ts, for while the gage plugs cxtemdad-from $4-bo-beie-beneath the
th:; a;e of the concrete, it was [elt that the plaster of parissu rrounding

¢ plug moved more nearly with the surface of the column. In the
spiral solumys in which the cuter surface spalled off, the gage length.
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ATTER TESTING

Fig. 8 View oF ALy COLUMNS
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TABLE &
SoMMARY OF RESULTS OF Corumn TESTS

a——

Estimated Initial
Values of

Pot . Modulus—
gisson's | thousands
Ratio

4 taken as the average diameter from outside to outside of the
'{'Ef:ii:r:? E: 1?, a'nd 13 show stress-str? in curves plotted from the
alues of theel mﬁj‘dmg.s for each cglumn. Figures 11 and 12 show

while Fig, 13 ¢ }?_Ilglt-uchna,l and radl.al deformations of the concrete,
tlons measur;dows V{ﬂ“es_ of the radial def Qrmat.mns an.d the deforma-
formations' w’hioﬁ the spiral stee.l.l The mrcu}nfercnt.ml conerete de-
It will be I,lotedct,hagr'eed f:losely with the radial ones, arc not, showi.
tons is twic aff in Figs. 11 a.n(_l 12 the scale for radial deforma-

e that used for 1ong1tudmal ones. This was Jone so that
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discussion of these curves will be found in Section 21,

proached failure, some information was also secured

the horizontal distance between the curves would be proportion:
the unit change in volume of the column, thus furnishing a grapd
record of volume changes throughout the loading of each column.

The curves of Fig. 13.also furnish a specific comparison, Sinct
horizontal distance between these curves represents a relative o
ment between the spiral steel and the enclosed concrete. A furl

1II. TrsTs oF PLalN CoNCRETE COLUMNS
11. Elastic Properties of the M alerial.—While the main Obj.e‘f;-.
{he tests was the study of the behavior of the material as ¥’

deformations produced at low loads. Average values of the defor™
tions of all plain columns except Column 06, which was omitted ;
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ge of uncertainties due to rapid temperature variations during

e been used in the determination of the initial elastic

f the material. Although the relative error of observa-

ds was large, it was evident that the stress-strain

tically straight lines up to one-fourth or one-third of

ad, and the initial slopes of the curves were used in

Jeriving values of the modulus of elasticity, E, Poisson’s ratio; ki, and
from these the pulk modulus, K, which is equal to the quantity

; ‘Thése values, given in Table 5, may be termed elastic con-

" gtants, and represent fairly definite properties of the material, al-
_though they were not determined with a high degree of precision.

12, Longitudinal and Lateral Dej‘ormations.ﬁ—T he average stress-
strain curves of Fig. 11 show some interesting features of the deforma-
“{ions of plain concrete at medium and high stresses. These curves
- ghow the development of an increasing amount of curvature with in-
erease in load for both the longitudinal and the lateral deformations.
The longitudinal deformation curves ghow 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 8 parabola, which has been used
1_>y Professor Talbot* to represent the stress-strain curve for concrete
In G_Ompreasion. The curves for lateral deformations, however, gre 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 increage in Jateral 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
z‘;;;lpl.d that before the maximum load is reached the lateral unit def-
(th::lon becomgs equal to onejhalf the longitudinal un'}t deformation
1&teraro curves mters.ect). and in some cases at the maximum 1.oa,d _the
nit de;lmt dce.ff)rmat1o.n is eq}ml to or greater than the longltud_ma.tl
not constzrfonatm?. This re.latwely large value of the lateral gtrain 18
evidentl g _ent. with the rational behavior pf a homogenem‘ls b.ody and
sumab] ¥ mdl_ﬂa.tes the development of internal discontinuity, pre-
z v a splitting, of the material.

mumnl?:(lie? Chara.cteristic of the lateral deformagion mnear the maxi-
tion was ]jllstSt?en in the fact .that where a flow or continued deforma-
tively mur-)h ﬁf ander a stationary load, {he amount nc_;ted was Tela-
ch larger on lateral gage lines than on Jongitudinal ones.

—_

™ Tests of ¢
Sts. Bul. 10, 1%82.’.0011“%‘3 and Reinforced Concrete Goluane; Series of 1406, Univ. of TIL Fng. Exp-
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“Thus, on Column 04 at the maximum load, the longitudinal unit-
ormation increased by 0.00021 in seven minutes, while the lateral
deformation increased twice as much in the same period of time.}
For the curved portion of the stress-strain curves, wherein plas
or inelastic, deformations are developing, it is convenient to cons
quantities similar in nature to the elastic constants mentioned in
tion 11, but varying in magnitude with the load. Thus from the &
age stress-strain curves, values of the secant modulus of elasticity,
secant bulk modulus, and the ratio of longitudinal to lateral un
ormation have been determined at stresses ranging from 800 lb.
8q. in. to the ultimate strength. Figure 14 shows values of the rati
lateral to longitudinal deformation, so found, plotted against
load. The term ‘“Poisson’s ratio” applies to the initial values of
ratio, which appear to be nearly constant up to the load of 800 1b.
8Q. in.; the term does not apply to the variable values found at
higher loads. The curve for Column 02 differs somewhat from
others, due to the fact that there was more wear on gage holes dur
the test, and hence less measured lateral swelling of the column.
of the curves, however, show a fairly regular increase in the rat_l
lateral to longitudinal strain, this increase becoming more rapid

from 70 Lo, 80 per cent of the maximum load. Tt is seen that the ratig

it 2ot s 1B T DEF
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generally more than 0.5 at the maximurn load, and on columns
ch were loaded beyond the maximum load the ratio reached values

.0 and more.

. Volume Changes of the Material.
mber subject to & longitudinal unit deformation & and lateral unit

‘ ormations ez, the volumetric unit Jeformation, of unit change in
Folume is'e, = €1 + 2eg: “As the average stress-strain curves of Figs.
*a_nd 12 have been plotted, the horizontal distance between the two
eﬂ}‘epresents the unit change In volume at the corresponding load.
eferring to Fig. 11t is seen that during the application of load, up
--perha._pg two-thirds of the maximum load, the volume decreases
ughly in proportion to the load applied; as the region of sharp cur-
:é;:";m f>f the lateral stress-strain diagram is approached, the rate of
th rge in volume b(’:comes less. Atthe load indicated on the figure by
e line A-B, at which tangents to the two curves become parallel, &

small i : . .
increase in load causes no corresponding change in volume- At
ihi in load, until at the

1g0 ] ’
Eher loads the volume 1110T35333’w1-t,h-4wﬂ33‘3———n—t
whnat it was be-

oint w . —

%ﬁ%::ta“ here the bwo curves intersect the volume 13 just

¥ ume OI;Y load was applicd. At the maximum load the apparent vol-
- of the test piecc has actually been incrcased bY the application of

& compresgive load.

e

—For a simple compression
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For the five plain columns tested it has been found that the la
indicated by the line A-B was 77 to 85 per cent of the maximum lot

- and that the slope of the tangent to the longttudinal stress-st
" eurve (or tangent modulus of elasticity ) at thisload averaged exac

one-third of the initial modulus of elasticity. - These relations seem;
be quite consistent, and will be used in making further comparisons.
To illustrate the changes in volume deseribed above, the ul
changes in volume have been computed from the average Jongitu
nal and radial strains for each plain column and are plotted again
the unit load in Fig. 15. Straight lines representing values of the b
modulus, K, given in Table 5, are also shown in the figure. It is 5€€
that at medium and low loads the deviation of the change in volum
from the straight-line relation is small, much less in fact than the o]
responding deviation for either the longitudinal or Jateral deformd
tions. The rapid changes in volume at loads of 77 to 85 per cent of ﬁ_‘_
maximuin and beyond, as previously described, are clearly shown B

the figure. :
"The values of secant modulus of elasticity and sccant bulk mod:

ulus described in Section 12 and given in Tig. 16 also throw light 0}

;. pAILUR?
/j"-.'way in W}:
Jpes have

-+ the initial
ia values of
<ore nearly ¢
Figure 16 als
csent of the I
the material-
ion of longi'

14. Dewe
oading used
any plain e¢
that develo]
visible in th
(a) vertical
-not acecomp
more or les:
- inward nor
. accompani
eral breaki

Two of
failure oce
joad was 1
failure wa
© . material T
35 deg. to

15. C

= Sumple C

tures of t

cOmpress

i It seems

F tinct sta
istics,

(In th

to the Io

far the 1

curves ¢

least on

"
Exp. 8ta. E



ATLURE OF PLAIN AND SPIRALLY REINFORCED coneRETE 41

ip whieh volume changes of the material took place. These
s have Deen plotted against unit load, the value at 2ero load be-
- initial value of the modulus listed in Table 3. It is seen that
Jues of the gecant bulk modulus at low and medium loads are
nearly constant than are values of secant modulus of elasticity.
e 16 also emphasizes the fact that at loads of from 75 to 85 per
of the maximum, abrupt changes take place in the hehavior of
nges that would not be apparent from & considera-

4. Development of Cracks and F ailure.— With the fairly rapid

ing used in these tests 1o cracks were observed on the surface of

plain column antil the maximum load was reached. The cracks

developed at or gomewhat beyond the maximum load are barely

ble in the views of Fig. 8./ The cracks were of two distinct types:

vertical cracks; extending for some distance along the column and

0L ccompanied by gpalling of the adjacent concrete surface; and (b)

Biiore or less horizontal cracks, usually rather short and not extending

iard pormal to the surface.. T hese latter cracks were trequently

ompanied by spalling of thin flakes of concrete, tollowed by gen-
breaking up of the surface.

wo of the five plain columns were erushed down until complete

lure occurred, while the others were loaded only until maximum

was reached. The appearance of the two columns at complete

re Was characteristic of concrete of this grade. Rupture of the

erial followed more or less conical surfaces, inclined at from 30 to

g. to the axis of the cylinder, & so-called ghearing type of failure.

Characteristics of Deformation and Failure of Concrele i

ple Compression.-——The following deseription of jmportant fea-
nis of t.he t%eff)rmation and general pehavior of concrete in gimple
s‘;:;‘-isﬁlon is in accordt v.vith preVigus discussions* of the subjec_t.
ot ot UOnvement.to divide the action of the column into three dis-
finct stages of loading, cach having certain well-defined character-

t{;le?;:dﬁl‘st stage the deformations are all very nearly progortional
the pTOS’ &Dfi hen.ce to each other. While it is.not known just ho.w
déves 4 portionality of 1.09”ds and strains oblainsg, the gtress-strain

o not show appreciabl iati traight lines up to at

east one-fourth . &wmmwﬁ‘—'m -
rth of the maximum load. Qimilar resuits W obtained

e
A Btud .
. Bta. Bul, 1%\:3 f 1%120’8]..‘ siture of Conerete Under Combined Compressive Gtresses,”” Univ. of TIL.Eng.
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by Johnson,* who used a mirror extensometer apparatug in
very careful measurements of longitudinal and lateral straing
crete and mortar cylinders.

{ The second stage of loading 1s marked by the devia.tion
stress-strain curves from the straight line followed in the firsf:
in general, the ratio of lateral to longitudinal deformation {
during this stage, while the change in volume remains more
linear function than do any of its component parts.)

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

Brandtzaeg? has offered a theory of failure of a material lik
crete in compression which agrees in many particulars with the’
nomena observed in the tests. The first departure from elastic af
of the material, corresponding to the beginning of the second sta|
considered to be due to the starting of plastic sliding on elemen
planes at scattering points and in every direction within the speci
The spreading and increase of this plastic deformation in turn se
lateral pressures which are resisted by the tensile strength of
elements still intact. Tensile failure of the latter elements, the sp!
ting mentioned above, marks the beginning of the third stage of lo
ing. The loss of lfiteml restraint which is produced by the splittd
action resultsin a rapid inerease in plastic deformation or yielding 8

- further loading soon leads to failure. While the final breakdown

*Jobnson, A. N. " Direct Measurement of Poissoa's Ratio for Concrete,” Proc. A S.T.M.,
24, Part 2, 1924, Det

T‘Brandtmpg A, “Failure of a Material Composed of Non-Isotropic Elemenl‘v "
Norske Vidensknbers Selskabs Shnifier 1927, Nr. ondhjem, Norway. Also " A Siudy of the
of Conerete under Combined Compiessive Stresses,” Univ. of Ill. Eng. Exp. Sta. Bul. 185, 1928

Fadl
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FAILURE OF PLAIN AND SPIRALLY REINFORCED CONCRETE 43

he material may follow the directions of predominant elementary
ng planes, it iz evident that failure 18 precipitated by the tensile
rsplitting failure of clements of the material. With very strong con-
rete the gplitting failure is the most noticeable, whereas with weak
oncrete the general disorganization and very gradual plastic yielding

¥ . grefamiliar phenomena of failure.

1LY REINFORCED CONCRETE COLUMNS

16. Rate of Loading and Deformation of Columns.—Since all tests
were made with the inachine running at the same nominal speed, the

rate at which a column took load depended mainly upon the deforma-

tions accompanying & given load. Asmay be judged from the stress-
. gtrain diagrams, the rate of taking load gradually decrensed with in-

o crease in load. The columns took load rather steadily untll & load
_corresponding o 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, & eondition which may have been due t0 the
sttendant large lateral deformation required to bring the gpiral rein-
he concrete. ¢ At loads near the ulti-

- forcement to a bearing against t
mate, very large longitudina.l deformations were produced with little
1t is clear that in most

inerease in load, as described in Section 9.
cases not only was the conerete in 2 condition of plastic yielding but

2;_6 steel also had reached & point far beyond its limit of proportion-

1‘Fy.
\_ \Although all columns reached the tgpiral stage” {the stage of load-
ing at which the spiral reinforcement began to become effective) at

?bOUt the same load, the first appearance of cracks on the surface Was
noted at somewhat higher loads for the columns having the heavier re-
en the lateral unit deforma-

L .
lt}forcement. The first cracks appeared wh
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 gpalling was mueh more complete at the ulti-
mate load for these columns than for those with smaller percentages

of reinforcement.

R <r i — -

. at 17, Properties of Columns a,t,.an.f‘andS..~It is well known tha‘ut _th

bderal stregses exerted by the gpiral reinforcement are niegligible
low a unit load equa,l to the strength of the plain concrete, and?

therefore it is possible 10 determine ccolastic’’ constants for spirally \

rei .. . . .
nforced columns similar to those found in Scetion 11 for plain =~




44 [LLINOIS ENGINEERING EXPERIMENT BTATIO

columns. The initial slopes of the stress-strain curves ofih
12 have been determined, giving principal weight t¢
points on each curve. As noted before, the tests were
the action of the material at {ailure, and the informatio
low loads is not as complete as is desirable. Values 0!
modulus of elasticity are given in Table 5, together wih
values of Poisson’s ratio and bulk modulus. The valued
latter quantities, however, are estimated rather than
served, inasmuch as inconsistent or improbable test val
carded in arriving at these averages. It is believed that {1
represent a reasonably close estimate of the elastic prope)
material.

The values of the initial modulus of elasticity giveni
generally somewhat lower for the spirally reinforeed colum

the plain columns. Similar results have been noted in of
which the presence of the spiral apparently reduced the
stiffness of the outer shell of concrete.

18. Release and Reapplication of Load.—In a few ¢
found necessary to discontinue testing for an hour or t
column had been loaded well into the spiral range, and,
plastic deformation which might occur under this rather
the load on the column was reduced to an amount just
hold all bearing surfaces in alignment. After one to tw
original load was reapplied. The behavior of the columns
21, 33, 42, 51, 52, 131, and 132) is indicated by the strese
grams of Figs. 11 to 13. Qenerally, strain readings were &
and after release of load and before and after reapplicatio
points so determined have been joined by straight lines in
strain diagrams. These straight lines indicate the aver
recovery of deformation with release of load, and the ave
deformation with reapplication of load. It appears that thE
the curve during release of load, sometimes termed the ‘?‘f
elasticity in regression, was but slightly less than the initistg
of elasticity for the column, while the slope during reapP
load was on the average about {wo-thirds as great as the 10
ulus of elasticity. :

There was nothing in the stross-strain relations o¥ in ot
vations of the tests o indicate that this release and reapP
Joad, at stresses of from 3 to 75 per cent of the ultimate 8
the column, had any effecl upon the maximum load carr
column. There may .ave peen S0IRC offeci, un the deform?
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Fic. 17. SELF-RELEASE OF LOAD DURING STRAIN MEASUREMENTS
on COLUMNS

the poi .
wii}f&nt of reapplication of load, but the curves compare very well
th those for columns in which the testing proceeded continuously.

: 0'];‘?;1 Release of Load Due to Yielding of Column.—Figure 17 gives
ing of titlon on the amount by which the load decreased due to ¥ ield-
e conerete while the serew-power testing machine was stopped
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during strain measurements. While some part of the degy,
have been due to plastic flow of grease in the serews anq thr
ings of the testing machine, tests made in which the conerete
was replaced by a rigid steel block indicate that this effeet
more than 3 to 5 per cent of the total decrease. The decres

is plotted in Fig. 17 against the load at which the maq
stopped, and different symbols have been used to indieate i}
interval during which the machine was stopped. Ttisevident ¢}
load carried by the column is the factor of principal impo;
determining the amount of vielding and the resultant drop
though & slight effect of the time interval during which yielding’
may be seen. The shortest interval for which the testing m:
was stopped was 7 minutes, and the longest about 20 minutes, ,
ous tests with a similar grade of concrete have indicated that g
the decrease in load observed over & short period oceurred in th
minute after the testing machine was stopped, the rate of the de
varying roughly in inverse ratio to the square of the time in
If this eondition obtains even approximately for these tests,
difference can be expected between the amount of load release
minutes and that released in 20 minutes. ‘

The shape of the curves in Fig. 17 is much the same for all typ

test pieces, except that the curves for the plain concrete col

As a means of comparing the action o
umns of the different types, average curves for each type are sho
the lower part of Fig. 17, and, to aford numerical comparisons,’
percentage of load released at a load somewhat below the ultin
load has been computed. At a load 90 per cent of the ultimate
average percentage of load released was found to be as fo
Group 0, plain concrete, 9 per cent; Groups 1, 2, 3, and 4, 14 to 1
cent; Group 5, 13 per cent; and Group 13, 11 per cent. Spirally
forced columns, in which the concrete is in a semi-plastic
throughout much of the “spiral range”’ of loading might be expe¢

to show greater yielding than plain conerete; it is evident also that f

yielding of the spiral reinforcement had progressed further in Grot
1 to 5 than in Group 13.

Plastic flow or yielding of concrete is usually associated with %

idea of long continued loading. The yielding noted in these test
over periods of only a few minutes may be similar in character to th “
oceurring over a period of months or years, but differing in degreé:
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ow the need for a comprehensive study of all phases of

The effect of such yielding upon the strength of

- crete columns having longitudinal and spiral reinforcement is a
- tter of much concern to designing engineers.

90, Behavior of Columns near Mazimum Load.—All of the rein-
t those of Group 13 passed the maximumnm load

without fracture It was noted in Section 9 that, after a
,olumn passed the maximum load and the loading was discontinued

o permit strain obgervations, when load was reapplied it rose to &
ew maximum and again fell off. This was repeated several times on
ome columns, the gecond maximum attained usually being the high-
ost of all, and the difference between the maxima being relatively
gmall. 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 r:est was one-half minute from that when it was ten minutes. The
period of rest between the first maximum and the repeated loading
tesifs 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-
f(.amed were less. | These tests indicate that while the manner of apply-
ing the maximum load may have a measurable effect upon its magni-
Z-lrlfe]i t\he amount of the variation that may be produced is relatively

all.

7
Tt is of interest that in all but one of the spirals made of annealed
- _dTaWn wire, fracture of the spiral occurred with further loading after
th.e maximum load on the cmhed‘rmﬂ@-‘z’ﬁ-the,rolled
mild steel spirals were broken in the tests, but each of the high earbon
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o 3 broke at gage holes in the steel, and caused failure
e when the column was still taking load rapidly.

as been stated that during the ‘“spiral range’’ the column
oes large deformations andisina semi-plastic condition. This
to the erroneous idea that the conerete within the spirals at |
AXIMUI load is & disintegrated, grapular mass. To show that/
ore still had considerable gtrength and stability of its own,* the'
lreinforcement was removed from Column 32 after the comple-
of the repeated loadings indicated In Table 6. This core, which
guffered & longitudinal unit deformation of 0.0196 and a lateral

deformation of 0.0105, was still able to carry a unit load of 1040

er 5. 0. OT practically one-half of the strength of the plain col-

1. Depression of the Spiral Steel into the Concrete.—1In Fig. 13
se-strain curves are shown for lateral deformations on both con-
¢ and steel gage lines. The concrete deformations were measured
0-in. radial, or diametral, gage lines, while the steel deformations
e on 4-in. circumferential lines. (Tt is seen that the readings on the
crete were consistently greater than those on the steel, indicating a

epression of the steel into the concrete as the bearing pressures in-

v

reased, or more correctly a flow of the concrete through the spiral
forcement. ) The relative amount of the depression and its effect

n unit deformations are greater than would be found in a

r; in this case there is no question but that

gidered in a study of stress-strain relations.

: ! of the depressions Fig. 18 has

n prepared from the results of the various column tests. 1n this
ure the difference between lateral deformations of concrete and of
¢l are plotted as ordinates, and unit stresses in the steel, calculated

m the measured strains and the stress-strain curves of Figs. 1 and
Mﬁ‘a Qlotted as abscissas. Since the ordinates represent relatively

all differences between two measured quantities, the irregularity of
lation bet s ' abl(’:. It appears thajo the
one. Thee 1Ween depressmn. and _splral stx:ess is very nearly a linear
rate of des opes of the straight lines 9f Fig. 18, which repres.ent t‘I'le
vable 7 'Il?l‘essmn of the spiral steel into the concrete, are listed 1t
. The slopes are expressed as the differences between concrete

ng i i : !
s"re‘qst-eel unit deformations accompanying an ingrement of spirel
Stress of 10 000 Ib. per sq. in. B

)

For ac .
counts of similar tests sce M brsch, E. “Der Eisenbetonbay,” Fifth Edition, p- 2145 also

“Univ. of
Tl Eng. Exp, Sta. Bul, 20 and 185.
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[ The depression of the spiral into the concrete should be related?
the bearing pressure between spiral and conerete. ; For a known sp 1%
stressthe bearing pressure may be computed, assuming the pressureto

be uniformly distributed over a eylinder of concrete having a hgigl_lg» appr
equal to the diameter of the spiral wire and a diameter equal to th?.* ( conc
mean diameter of the spiral, Letting /, denote the bearing unit stress; the 1
in the spiral, d the diameter of the spiral wire and ) the diameter Ol i a 1:_)18

the spiral,

- f«,F_d
Je 2D




LURE OF PLAIN AND SPIRALLY REINFORCED CONCRETE

AL

TABLE 7
RATE OF DEPRESSION OF SpiraL STEEL INTO CONCGRETE

e

Bearing Unit
D e}:p‘:eggig; of Pr(e}ssure etween %&éﬁ':]s:?nﬁ
Spiral Bieel into Sg::ll,-elg:. B.l;{: Ib. })e:r Ba, im.
e Concrete,*T 5, il }Eb -N
x A

[
400 2 520 000

*From slope of curves of Fig. 18, repregenting difference in measured
Iateral unit deformations of concrete and of spiral,
i fCorresponding to sn increase in spiral steel stress of 10 000 b, per
sq. in,

e values of the bearing stresses fi, corresponding to an increment of
‘_‘_] stress of 10 000 Ib. per sq. in., have been computed and are given
n Table 7. (The ratio, N, of the bearing stress to the rate of depres-
lon is given in the last eolumn of the table. This ratiof which might

. tgrmed the “modulus of depression,’” evidently depends upon the
quality of the concrete, the pitch of the spirals, the diameter of the
olumn and other factors. ) It is interesting that the values of the ratio

¥ 80 nearly constant for the wide range of spiral sizes used in these

An atterapt was made to determine how much of the depression
could be calculated as elastic deformation, and how much was plastic
defol'mfltion. Although no exaet method of analysis was found, an
approximate caleulation of the elastic depression of the spiral into the
concrete showed this to be very small, and from this"\it appears that
the !'eli.a.tive movement between spiral and concrete was Very largely
:h?lﬁstlc flow of the concrete between the spiral wires,) The fact that
+ this Bow occurred, even though the pitch of the spirals was only one




52 ILLINGIS ENGINEERING EXPERIMENT STATION

inch, emphasizes the need of keeping the piteh of spirals to g
mum if the reinforcement is to be fully effective. o

Curves similar to those of Fig. 18, but based upon circumfe
rather than diametral strain measurements on the conerete, ha
been plotted; in general the points are more irregular and the g
curves have a slightly smaller slope. However, sinee the preci
measurement of the circumferential strains was much less th
those taken with the diameter gage, these readings have bee
sidered ag merely confirmatory check readings, and are omitte

99. Mazimum Loads.—As an aid to the study of stress-strai
ditions in the spirally reinforced columns near the maximum.
complete records of the average strains at a load just below the
imum and at one just beyond the maximum have been compile
givenin Table 8. The table includes vertical and lateral unit stre
and longitudinal and lateral strains; from these sufficient inform
was available to afford a good estimate of the strains and the l&
stresses existing at the maximum load. The unit strains given &
served average values for each column. In a few cases steel defor
tions have been computed from the lateral concrete deformations
using the information given in Fig. 18. The spiral stresses havel
computed from the strains by use of the average stress-strain cu
of Figs. 1 and 2. | The spiral stresses and the calculated lateral ¢

pressive stresses in the conerete at maximum load have been T
mated from the readings at theloadsjust preceding and just folloy “the p
the maximum, the possible range in the estimated values being “GORV!
held within quite narrow limits. i
The average maximum unit load and the average lateral

stress at this load for each of the six groups of columns have
plotted in Fig. 19, together with the corresponding quantities for 4 1
plain columns of Group 0. . With the exception of the points rép -follo
senting Groups 2 and 13, the points fall on a straight line, which - stret
be represented by the equation

fi=1f + 41f (Equ
where f; is the axial unit load, f» the lateral unit stress, and f2' 1% upo
compressive strength of plain concrete of the quality used. | Th3 e
same equation applied very well to the results of tests of concret_e T this
combined compression made in this same investigation and described; du
in Bulletin 185. . In those tests the lateral stress was produced by by; :::

draulic pressure and was independent of the lateral deformation of t

test piece.
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Fro. 19. Maxaimunm Uxir LoaDs AND LATERAL STRESSES FOR ALL CoLUMNS

"The relation between the lateral pressure {2, the spiral stress fs, and
lfhe percentage of spiral reinforcement p, may be found by use of the
onventional analysis of tension in thin-walled cylinders to be

f z = "%ﬁ (3)

Th‘js value of f; may be substituted in Equation (2) to give the

llow%ng expression for the relation between the unit load and the
*Stress in the spiral reinforcement:

S =1+ 2.05pf (4)

fq“litl_on (4) indicates that in the spiral range the unit Joad depends
m‘iﬁﬁhe.strength of the plain concrete, the percentage of reinforce-

" this r, f" nf,i- the stress in the spiral. It is of interest 10 know w‘heth(?r
due t: ation holds true at the time of failure, and whether fallure is
ated T;ifusa,l of the spiral to take further stress. ‘Table 9 gives esti-
Stress. St egl stresses at maximum load, together_ v.nth the slope of the
Thes strain curve, or tangent modulus of elasticity at these stresses.
e steel stresses were delermined by reference to the data of Table
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TaBLE 9

STRESS SITUATION IN SPIRAL REINFORCEMENT
AT Maxrvom Loan

Tangent

Estimated | Modulus of

Percentage Btress in Elasticity of
of Spiral Bteal at Steel at

Reingnro& Maximum Maximum

Load, Load,
lb. per aq. in.| millions of
1b. per 8q. in.

ment

faregoing
failed thrc

-gteel, nor
(a8 given
as to the

trength

.culated r

- indicatio
_percenta
ticity of

- would d

of sours:

N No OO0 | H 00N ) OWwD | W) ki | fe| econ
W OO || WO | N ~NE® | N P00 0] OS

e 23.
- out Loa
range'’

) L. load we
8 and of Figs, 1 and 2. While a certain degree of approximation 18 are in 1

volved in the estimation of the stress at maximum load, and in 888U} column
ing that the curves of Figs. 1 and 2 correctly represent the eonditio loads a
existing in the spiral, the values seem to be quite eonsistent in showiZg order t
that the spiral stresses were still increasing as the columns failed. T curves
last column of Talle 9 shows the calculated increase in unit load 0% load ar
responding to an increase in unit deformation of the spiral of 0.001 B52E ments
the time the maximum load was reached. : Since failure ocourt ' curves
while the lateral stress was still increasing, it is evident that the 7%

of increase of fi indicated by J'quation (4) does not hold true at b St e
maximum load; the increase in unit load made possible by the Jatert g o
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FAIL‘UR

the gpiral i8 counteracted by some other effect, possibly &
ion and of interlocking of particles of the material of the
¢ which had hitherto contributed t0 the strength. It
orns quite probable that failure may have been dependent upon the
ate ab which lateral pressure was supplied, 80 that some minimum
ate of increase of lateral pressuré with respect t0 deformation was
eeded 10 order 10 produce & sorresponding increase in vertical unit

g oit. of

, 10ad.} The rate at which failure oceurred, 88 given in Table 9, does not

seem to vary greatly $or the first five groups, though it seems t
preciably higher for the columns having the least reinforcement. The

asoning does not apply to the columns of Group 13, which
failed through ihe breaking of the spirals at gag€ holes while the col-
amn was still taking load rapidly and not by & gradual yielding
‘Process.

The stress-strain curves of Figs.1and2are marked to indicate the
stress existing 1 the gpirals 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 gtress-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 fs 10 be used in Equation {4) to give the ultimate

strength of the spirally reinforced cotumn- The values of the cal-
culated rate of increase in vertical load at the time of failure give some

indication that the gltimate load 18 reached when the product of the

pﬁ{centage of spiral reinforcement and the tangent modulus of elas-
tieity of_the steel reaches a definite amount. Whether this amount
would differ with other materials and different loading conditions 18,
of course, unknown.

23. Eelation between Lateral and Longitudinal Stresses through-
:::ILO’?dmg.—{I_t has been noted in previous teste* that in the “spiral
loagew of loading of 2 splrally reinf.orced column tt}e incrementsl of
are B;‘e nearly pro.porthna.l. to the increments of splrgl stress, .whlch
columnur;l Propflrtlonal .to mcremgnts of lateral untt stress 1 the
loads a'r\ld ?Sectlon 2.2 g linear relation Was shown betweel ma?umum
order 1o st a(;era.l unit s.t,resse?, fr.;:r the columns of this bul}etm. In
curves ofsl;l‘ v the relation existing ot loads below the maximum the
load are 1193- 20 have been plotted. Average values of vertical unit
ments af Ozt-ed against values of lateral unit stress [or all load 10CTE
curves b which readings were taken On each coluinn, and average

ave been drawn through the points for each group of columns.

o
Ste, Ty oot of Cancrete i o ; : — :
ul. 20, 1907; also Jour‘.i?\dmI_{eC‘E;[l%l;:egg E):gu(jl;]ch!c'tilgl{gns‘ Serics of 1907, Univ. of L Eng. Exp-
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The lateral unit stresses were computed from the average of all me3gg f th
=1 0 the rat

ured strains in the spirals of each column by the method described: ‘
Section 22. For Columns 11, 12, 13, and 22, on which no spiral str3lgE L in gther §
were measured, the lateral stresses have been caleulated from the log

eral concrete strains, allowing for the depression of the spiral into t 24, ¥
concrete, as noted in Section 21. that radi
turred as

Resides the average curves of Fig. 20, a straight line has b
drawn through the points for each group of columns. This line
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ical with the straight line of Fig. 19 and is represented by Equa-

2
@ fi={ -+ 41
oint i is the ultimate strength of the plain concrete columns,
1b. per 8q. in. At the unit load of 2130 lb. per sq. in. the column
inning to deform rapidly and the spiral reinforcement is just be-
g to become effective, so that there is appreciable deviation be-
n the experimental curve and the straight line. At the load of
ib, per Q- in. the deviation has become negligible and beyond
iload the two curves are practically coincident.
' That one equation represents 80 well the relation between unit
ad and lateral stresses for these six groups of columns having a great
iation in amount and quality of reinforcement, with the accom-
ying differences in the amount of lateral def ormation existing at a
ven load, is of interest, and seems to indicate an important law of
havior of the material, particularly since the same relation holds at
¢ maximum loads for the columns, and at the ultimate loads of the
linders tested in three-dimensional compression in Series 3A and
B, Bulletin 185. In so far as numerical values are concerned, it
hould be noted that the columns for these tests were made of con-
rete of the game quality while the tests of Bulletin 185 were made on
oncretes of different proportions, but the same kind of cement and
regates. In contrast with the value of 4.1 noted above, Talbot

Lt
bund values of the ratio &Tii to vary from 2.8 to 4.0 for concretes

2

i varying mixtures and materials. Considére, reasoning from the

rinciples of internal friction in granular materials, estimated the

b0 o be 4.8 for spirally reinforced concrete columns; later he re-
dged 'this value to 4.2. :

- Ttigimportant to note that Equation {2) was obtained from tests

-fﬂhOI:t members, four diameters in Jength.! Spirally reinforced col-
Wmns in the plastic stage are very unstable as regards lateral deflec-
e‘ﬁ:étgnd a0 increase in slenderness may be expected to reduce the
~ieciiveness of the spiral very rapidly. This may account for values
— fc’
f:

v 2

much lower than 4.1 which have been found

az‘i- T{'olume Changes of the Material.—-In Seciion 13 it was noted
'cuner;dlcal changes in the volume of the plain concrete columns oc-
as the maximum load was approached; hence it was felt desir-
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Fig. 21, VoLuMa CHANGES IN SpiraLLy ReinrForcen CONCBETE CoLtM

(it Charge W7 Viale, €,=6 +EEs ;

N8

able to make a study of the corresponding volume changes in;

spirally reinforeed columns.

The unit change in volume & is eqUB

the algebraic sum of the three principal unit deformations;

€1 + 2¢,, where & represents the axial unit deformation and €
lateral unit deformation. ~In an elastic cylinder subjected
axial unit stress f1 and lateral unit stresses fu, the unit change!

ume is
1 — 2

-

iy o SV E e S
(f1+2f2) "’ K —K

€y —

tOf;_‘
n vy

i
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:oson’s ratio, E 18 the initial modulus of elagticity, K is

us, and f, is the sum of the principal stresses, or

colume gtress.” The term ‘‘yvolume stress” is derived from the

fthat in an elastic cylinder the quantity fv is proportional to the
e in volume.

r the purpose of studying the volume changes, values of & and
ve been computed for all loads at which readings were taken and
lotted in Fig. 21. The deformations used are the average values

sach column, except that the only lateral deformations used are
ae measured with the diameter gage. Each curve represents the
rage relation between volume stress and volume change for a
umn. For each group of columns an initial tangent is also drawn;
slope of the tangent K is the average initial bulk modulus for the

up, as given in Table b.
The curves do not differ greatly from those of Fig. 16 for plain
slumns at loads below 1500 Ib. per sg. in., the tendency being toward
ightly greater change in volume than that indicated by the initial
c modulus K. The curves of Group [ follow the straight line up to
Jload of about 2000 1b. per sq. in.; thep an abrupt change occurs,
ind the volume Increases rapidly until {ailure is reached. As in the
se of the plain columns, the net change in volume of these columns
it failure is a considerable increase. The curves for the columns of
Sroup 2 differ somewhat, Columns 21 and 23 following the initial
%ngent fairly closely until near the maximum load, when an increase
in volume begins. The curve for Coolumn 22 is similar to the other
two, but shows a greater decrease in volume. The curves of Group 3
?’fnd.‘l are similar to those of Columzn 22, but show a more pronounced
dgwatlon to the right of the initial tangent in the upper part of the
’dl_agl‘ﬂm, followed by the characteristic sudden change in direction
.zig_s‘zbsewent increase in volume with further loading. “The marked
thaﬁ, ];011 of th.ese curves t9 the right of t.he ipitial tang_ent suggefsts
’ orable e material \‘mthln ‘thls range 'of loadllng is undergolng consid-
i volu!:glo}mt_ of inelastic compacting, Whllf—) t-he ﬁna} rapid increase
init, & 113_Ldlcates the fievelopment of splitting or internal discon-
) y_Wlthln the material, similar to the behavior of plain concrete

near failure. !

ent':f[}:){;f:;ves fOI‘ Gl‘Ollpf.S 5and 13 in Fig. :‘31 appear somewhat differ-
Proportion Osfe just described; howe\.rer, this is d}le in part to the large
Within the ‘? ’_ohe curves representing the action of the'se columns
Group 4 in tiplral range.” ‘The curves of Group 5 are like those of
£ 3000 11 at thfa greatest curvature 15 seen at a value of f, of 2500
- Per sq. in.; beyond this the curve becomes neatly straight,
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though the rate of change of volume is six O Seven timeg 443
the initial load. Like the preceding curves, these curve

sal in direction near the

volume with further loadi

held the maximum

continuous running of t increage
(not shown on the curve) at the end of thig loading p
curves for Group 13 are similar to those of Group 5, exceps
loads and changes in volume are much greater, and only ol
columns showed any tendency toward an increase in volum
ure. 'As previously stated, failure occurred suddenly due to
of the spiral wire." It is of interest that the

umn 133 was more than 1.5 per cent,

The curves of Fig. 21 for Columns 33, 42, 52, 131, and
breaks where the load was released for a short time and r
When the load was released the recovery in volume was gl
slope of the curve representing release of load was about

Although the curves of Fig. 21 appear somewhat unlike, if
dent that they represent the same kinds of phenomena. Thej
tion in volume at low loads r
material. {As soon as the Spir.
reduction i

is of greatest magnitude for those columns in which the “spira.

is relatively greatest. Within the spiral range the rate of redu_c"
nearly constant though six or geven times as great as the initl
shown by the tangents drawn at zero stress. For the columns
failed gradually through lack of the needed lateral support frol
spiral, the compacting was counteracted, and finally far exceed‘
an internal splitting action, which produced an increase rather £
decrease in volume as the maximum load was approached.

The similarity of the curves for Groups 5 and 13 suggests t ;
quanfitative relation might be found between e, and f, for all grou
By superimposing all of the curves it is found that, neglecting the :
tion near the maximum load where the volume is increasing, all of b ;
curves follow the same general trend shown by the eurves of Gr
While it does not, scem desirable to express this trend by plottng.
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- and deriving its empirical equation, it is well to know
elation might be found. It is rather surprising that

Eror the change in volume should be independent of the

spiral reinforcement. However, this may t.'e explained by .

4t within the gpiral range there is a definite relation be-

1d fs, 85 given by Equation (2), so that any given value of

s certain fixed values of frorfz a8 follows:

fo=htea= 1.49f, — 0.49f = 6.102 + 1

e f, always represents 2 definite stress situation in the ma-
“is reasonable tO conclude that the important factor is the
tress f, and not the amount of reinforeement that produces the
lthough it is evident that in the more lightly reinforced
n which the lateral stresses were small the compacting of the
did not occur to &s great an extent &8 it did in the other
at the same loads. This is the principal item of difference

 the various curves of Fig. 21.

Variations in Properties along Length of Column.— While the

f stress-strain relations has been confined in the foregoing sec-

principally to the average of a large number of observations in

tempt to define general relations or well-defined trends, still it is

ible to note the extent of variation of the individual observa~

from the average values used. It was characteristic of the

s measured on the four sides of any column at a given section

he values were quite consistent but that there was considerable

on between strains at the tOP, middle, and bottom of the

an.Y Column 52 may be taken as representative of the group in

ving a very noticeable difference between the measured strains at
op and bottom.

igure 22 shows the relatiou between axial unit loads and lateral

% stresses determined at sections at the toP, middle, and bottom of

“JPD-52- The procedure followed in determining the values used

as similar to that employed in Section 99. The values for the three

ons of the column are identified by different symbols, and average

lues are also shown by the dotted line, while the solid straight line

lpll'f;ents Equation (2). It is seen that the points of Fig. 22 are

fefso Y;nore- scattered than are the points shown in Fig. 20, which is

of obna' le,.smee the_ latter represent the average of_ a larg('er n-uplber

diﬁerselvat}ons. 14 is evident, hawever, that, (:iGSI)‘lte the individual

fort ences in deformations, the latter have varw.d in reasonable con-

mity with the general law expressed by Equation (2). The points
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indicate a rather consistent difference in trend for the top, middle, &
hottom sections, indicating the probability of a difference in strenj
‘and stiffness between the three sections; hence, if the approp
values of f,/ could be inserted in Equation (2) for the three sectio
the agreement between the observed values and the line represent!
the general equation would undoubtedly be still better.
As a second study of variations along the length of the colun
values of the echange in volume, ¢, at the top, middle, and bottoms
Column 52 have been computed, and are plotted in Fig. 23 agal ;
values of the volume stress, f.. { As might be expected the change?
volume varies with the measured strains, being fairly large at the 1
and middle sections, and departing only slightly from the initial t&!
gent at the bottom section. This is another indication that the co
erebe at the top of this column was weaker and less dense than that &
the bottom, since the amount of compacting occurring might be €%
pected to be an inverse function of the density. '
The studies of individual strain variations ar~ of interest in show;

ing that in spite of incidental variations in the material, the relation

_expressed by
Siof the colum

going sectic
within the

- have been !

concrete, t
any load,
panying s
gible to d
nal and L
apply fair
tests. Sy
since the}
no attem
to know
quantita
tance of
latera) st
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éxpressed by Equation (2) evidently governs the behavior of all parts
‘of the column. Volume change, 00 {he 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. 91 show the consistent
agreement in general trend that they do.

in the Spiral Range.—In the fore-
tions between stresses and strains
f the spirally reinforced columns
ession of the spiral steel into the

3 _26.CStress—stmin Relations with

going gsections three important rela
within the spiral range of action 0
have been noted ; the effect of the depr
concrete, the relation between longitudinal and lateral unit stresses at
any 1_03-(1, 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 latera] 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

‘:ll;me they are represented by rather complicated empirical equations,
to ;ttempt' \\7111 be made Lo give them here. However, it s important
now that such relations can be derived, not 80 much for their

?;‘antitativa use as for their value in indicating the relative impor-
nee of the various factors invelved. ( Thus it can be shown that the
{ longitudinal stress over

1 . . ‘
ateral strain varies directiy with the excess©
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the plain concrete strength, and inversely with the’ perg
spiral reinforcement; for a given load within the spiral rang
eral deformation was about nine times as great for the egly
Group 1 as for those of Group 5. The relation between lon
strain and stress is not governed by any simple linear functios
is evident that the strain decreases as the percentage of s
forecement increases. Other variables which enter into the st
relation are the diameter of the spiral wire, the modulus of
and bulk modulus of the material and the “modulus of dep
described in Section 21.

27. A Conception of the Action of Spirally Reinforced Col
The theory of failure of conerete under combined stresse
Bulletin 185 is evidently applicable to the spirally reinforces
pression member. During the early stages of loading the actio
reinforeed member differs little from that of the plain coner
After the limit of proportionality of stress and strain h
reached, marking the beginning of plastic deformation of t
crete, the increase in the rate of lateral deformation serves te
a very small stress in the spirals. {_'At the stage at which split
failure of plain concrete begins, the action of the spiral column
different. There is undoubtedly a tendency to splitting, but
such action would in turn produce a rapid increase in the lat
ormation and a consequent increase in the lateral compres
erted by the spirals, the splitting is restrained or retarded.j Sta
another way, considering that small elements of the material 38
begun to deform plastically, these elements must be supported
ally if they are to carry load. The lateral support is afforded
tensile strength of surrounding elastic elements and by the
pressure developed as the concrete bulges outward against the §
As lateral deformation progresses it is evident that some 8p
takes place, the support of some elastic elements thus vanishi
an inerease in plasticity following. This loss of support allows f
lateral deformation and the needed lateral restraint is secure
the spiral reinforcement. The materal at this stage may be ¢

ered as “disorganized,” the clements being in a highly plastic steH

held in equilibrium between the external loads and the lateral pre
of the spiral reinforecement. This equilibrium may be called a pl

equilibrium ; it is essentially independent of the amount of lateral ;

ormation. _
[ Tt is evident that the maximum load on a spirally reinforced I

. . . - " N
ber is reached when the increase in lateral compression produced,

- lateral tens

beginning

Tatio of lat,

the mater

. changes it
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als fails to keep up with the loss of cohesion between particles.}
seems t0 be & minimum rate of development of gpiral stress re-
gince failure of columns occurred before the spiral steel had

| its ultimate strength. The material of columns highly rein-

h a more completely disorganized or plastic condi-

than that of & lightly reinforced one,in which the sphtting effect
'd be more noticeable. This is in accord with the very gradual
g noted in columns of Group 5 ag compared to the more rapid

ses of those of Group 1.

t, i8 admitted that the foregoing gtatements are not all based on
observations; rather it 18 intended to give 2 visualization of the
able internal action causing the phenomena observed, an expla-
consistent with & conception of failurethat geemsin aceord with

er sets of experiments.

V. CoNCLUSIONS

28. Summary of Results.—1In the foregoing digcussion an effort has
» made to correlate the results of the tests with the conception of
ure of concrete in combined compression given in Bulletin 185, an
empt which has in some cases involved re-statement of well-known
meiples gimply for the gake of a new viewpoint.
: _he following summary is intended to emphasize the principal
ngs of the bulletin; the first two paragraphs refer to the action of
conerete members and the remainder to thosc containing rein-
ment.
}) The behavior of plain concrete in simple compression may be
ldere('i for three stages of loading,) each having certain special
acteristics. In the first stage the material acts like an elastic ma-
al, stresses and strains being proportional. The extent of this
age depend§ upon the quality and condition of the concrete.! The
:::“i stage is marked by appreciable deviations, particularly of the
. : itr&lnsi from th_e linear stress-strain curves of the first stafge,
. This s:aeady inerease 1n the ratio of 1:%@?3,1 to 1ongi1.:udina1 strains.
| "Dérhapsg;,a B_V;d(_mtly indicates the begnning of plastic deformafmon,
 within b yie dm_g of the b?nd at the S}lrfaces of aggregate particles,
Tateral tezsl-filatemal. fks this def‘ormatlon spread.sz._Lt t.enfis to se:ﬁ up
" beginnin gfetsl’fressgs in the p.ortlons of the material sm_u mtact.. ‘The
ratio of 1§te o e thu‘d_ stage is ma_rked by an abrupt inerease in the
the mater alla tohliungmudmal strains; as a consequence the_volume of
changes its b? hW }ch hafl been decreasing under increasing loads,
ehavior radically and increases with further loading. ~In
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these tests the third stage generally began at from 75 to 85
the maximum load. '

(2) As failure was approached in the third stage of 1,
ratio of lateral to longitudinal strain exceeded one-half, the
volume of the material showed a net, increase, and small er,
allel to the direction of loading, began to appear on the guy
condition was evidently produced by internal tension faildre 4
ting on minute surfaces, followed by extensive plastic deformad
disorganization of the material, and final failure or collapse
stable mass.

sliding along continuous inclined planes, since the bulging wag: ) ggges in 1
companied by a like axial shortening, which would be an essent - materi:
ture of a sliding: action. The fact that final fracture frequen L
lowed conical surfaces inclined at 55 to 60 deg. to the horizontal
ably has no significance as regards initial failure,
(3) The action of spirally reinforced columns at the early
of loading is essentially the same as that described for the fi
second stages of loading of plain columns, ’ During the secone
plastic deformation of the material begins and the lateral de
tions become large enough to produce a small stress inthe.
which in turn exerts a slight lateral pressure on the concreté
.The third stage, which has been denoted as the “spiral range”
tion, begins at a load corresponding to that at which the splits
plain concrete begins. Considering that certain small elements
material have begun to deform plastically, these elements m

ments is [ost through a splitting action, the requisite support is gaii Dercentage
from the spiral reinforcement. As this action increases, the con 'Steffl' TThe
becomes more of a plastic mass, carrying further load only as fas an inverse
the lateral support of the steel can be developed. When loadi creased.
applied more rapidly than lateral support ean be furnished, fai ﬁ.xes the m
begins. %0 the col
{4) An important result of the tests was the determination BOlu.mns of
fairly definite relationship between longitudinal and lateral stre tration atg
within the spiral range. The relation fi =7 + 4.1f, was found {48 (_8)\131
apply at the maximum as well as at lower loads; and to individusigs  Wasin all .
columns as well as to the average of cach group of eolumns.” The fac orete core,

r




{LURE OF pLAIN AND SPIRALLY REINFORCED CONCRETE 69
o relation also applied quite well to the tests of Bulletin 185
(o its usefulness. { Two limitations to the applicability of the rela-
st be noted, however: (a) it was derived from tests of concrete
Hrom 2 particular 1ot of aggregates and cement,; and it 1s likely
ooncrete made from other materials might furnish different
rical constants, particularly as regards the coefficient 4.1; (h)
<cts were made oD short cylinders having a height equal to four
sters, & type of gpecimen in which the effectiveness of the spiral
d be greater than in the more slender members generally used in
ice. ) ,
5)-The foregoing relation between longitudinal and lateral
ses in the spiral range evidently represents plastic equilibrium of
imaterial, and i8 independent of the lateral deformations taking
. The lateral deformations are governed by the deformations of
piral required to develop the lateral pressure demanded for this
ibrium.>
6) The reliability of all properties dependent upon the observed
1 stresses is greatly enhanced by the careful studies made of the
tress-strain relations for the spiral steel as it existed in the
mns, The results of these studiesindicate that the true properties
he steel may not have been determined in earlier investigations.
(7) In all the tests except those of Group 13 the maximum load on
lumn was passed without breaking the spiral reinforcement, or
1éaching the maximum strength of the steel. - It appears that
may be a certain minimum rate of inerease of lateral stress with
T ation of the column necessary to allow the vertical load to in-
age D_l'OpOrtionately; when this minimum rate is not maintained,
imum load is passed.  While the tests do not give a very clear
ion of this minimum rate, it is evidently lower for the more
ily reinforeed members. - The limiting rate of increase in lateral
 with respect to lateral deformation is & function of both the
ntage of spiral steel and the tangent modulus of elasticity of the
vér:: limiting value of the latter increases more rapidly than in
sod "Il‘"ﬁ'tml‘to'the percentage of spiral as the percentage 18 c.le—
- th;a mmlls imiting value of the tangenﬁzlmod_uluis gf elasticity
the colu; Ifanum steel stres.f‘s that can be utilized in gIVINE gtrength
amns of -n. The f(_)regm.ng statements do not apply to the
tion at ¢ 10‘}119 13, which { 2?,118(1 prematurely through stress-concen-
O ot e o .
was in all calie: of the. small piteh (1 n'wh) of the §p1ra1?, used, there
eté core 01?111 &‘Gonslderable depression of the spirals into the con-
, or more correctly, a flow of the concrete between the spiral
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ession was roughly proportio

e between the gpiral and the conerete, being
st percentage of spiral reinfore

having the large
f g column throughout loading gav

general behavior of the colur
tional to the
tion differed from that pree
¢ reinforcement suff

wires. The amount of the depr

bearing pressur
for the columns

{9) Volume changes 0
able information regarding the
low loads, the volume change W&
loads. In the gpiral range the ae

“Those columns having & large amount ©
|y large decrease in volume, the rate of decrease’

corresponding

ing 6 or 7 times the initial rate. This decrease was evidently:
inelastic compacting of the concrete. Ip the columns he
small amounts of reinforcement the inelastic deformation W
tively small, and at high loads the amount of increase in volu
relatively great, approaching that of the plain concrete.
crease in volume, which began well betow the maximum load,

evidently, due t0 the failure of the spiral to furnish sufficient’

restraint. '

. (10) The action of the spirally reinfor
cally from the laws of behavior of elastic solids, pa,rticula-rly ad 10
independence of load-carrying capacity and lateral deforma.t.ion.:_
ume changes, which in the spiral range Were essentially inelas
uite irregular, though all followed the same

character, were 4
trend a8 represented by an average curve.
(11) The foregoing tests have provided three related. set8 O
tudinal and lateral

gervations: (a) & retation betweel longl
(b) & gener i ression of the spiral steel in

conerete; an n volume during
ing. ) Together ¢ sufficiently general and acc
provide complete jnformation regarding 1oa,d-deforma,tion relatiod
spirally reinforced members. Of the three, the third is least T&g
and general in application, while the first is the most a,pplica.ble .
useful, It alone furnishes & rational basis for a is of

stxeng;th properties of this type of member. .
(12) Tt has long been recognized that much of the strengly

spirally reinforced columns cannot be utilized because of the lar
tendant deformations; furthermore, the foregoing load-deformé
relations for plain and spirally reinforced colummns do not appl

rectly to the commercial column with both 1011gitudinal and 8
ceinforcement.’ ted should lead

However, the information presen
hetter understanding of the behavior of and to more rational 18
design for such members. There is better KoUge

particular nced for &
edge of the deformations, &8 well as mbers: 4

ced column departe

or the variations i

the stresses, In guch me
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