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SUSTAINED LOAD STRENGTH OF ECCENTRICALLY

LOADED SHORT REINFORCED CONCRETE COLUMNS

by
I, M, Viest,* R, C, Elstner,” and E. Hognestad*

SYNOPSIS

An experimental investigation is presented, the principal
object of which was fo determine which portion of the ultimate strength
under fast (short-time) loading an eccentrically loaded reinforced con-
crete column can sustain indefinitely, Forty-five column tests are
reported; 13 tests were made with fast loading, 12 with gslow loading,
and 19 with sustained loading, In addition to the type of loading,
concrete strength and eccentricity of load were the ma jor variables
studied,

The test findings indicate that the ultimate strength under
sustained loading is only about 10 Percent below that for fast loading.
It seems satisfactory, therefore, to base safety in ultimate strength
design on the ultimate strength equations for fast static loading, which

equations are substantiated by numerous previous tests,

*Member, American Concrete Institute, Research Assistant Professor of
Theoretical and Applied Mechanics, University of Illinois, Urbana,

+Members, American Concrete Institute, Development Engineer and Manager
Structural Development Section, respectively, Portland Cement Association,
Chicago, (Formerly Research Associate and Research Associate Professgor,
respectively, Department of Theoretical and Applied Mechanics, University
of Illincis, Urbana,)




INTRODUCTION

ObJect of Investigatiog

In recent years, several theoretical and experimental studies
have provided broad and detailed information regarding the short-time
static strength of eccentrically loaded reinforced concrete columns,

An extensive experimental investigation of such columns was published

by the University of Illinois in 1951.(1) As in most other studies
involving eccentric loading, the experimental data obtained in this
Illinois work were limited to short-time tests, in which column specimens
were loaded to failure in about one hour,

A later extension of these 1951 studies was devoted to pilot
tests on effects of time on column strength, As reported in the Appendix
of this paper, the results indicate that sustained moderate overloads have
no significant effect on the ultimate column strength, This confirms
Previous findings in tests of knee frames,(g) in which a 17-month period
under sustained working loads had little effect on ultimate strength,
Similarly, i1t was found in previous tests of concentrically loaded
columns(B) that a period of 3% years under sustained working loads had
no significant effect upon ultimate strength, It is clear, therefore,
that ultimate strength theories based on short-time tests are applicable
to colums loaded to failure after a period of sustained loading somewhat
over the working load level.,

The investigation reported herein represents a further step in
studies of effects of time on the ultimate strength of eccentrically
loaded reinforced concrete columns, namely, determination of the maximum

load that such columns can sustain indefinitely, Tests were made on Lk




rectangular tied columns which were divided into two test series according
to the eccentricity of lead., One series included 24 columns with moderate
eccentricities, and the second series included 20 columns with emall
eccentricities, Within each series, the principal variables were concrete
strength and type of loading, Thirteen columns were tested with fast

loading, twelve with slow loading, and nineteen with sustained leading,

Egpation

The letter symbols used throughout the paper are defined as

follows:

a = length of column capital

Ac = total area of concrete

AS = area of tension reinforcement

Aé = area of compression reinforcement

b = width of column

¢ = distance from neutral axis to compresgsion edge

d = distance from centroid of tension reinforcement to
compression edge

d' = distance from centroid of tension to centroid of
compression reinforcement

© «= eccentricity of load with respect to mid-depth of
section

e' = eccentricity of load with respect to centroid of
tension reinforcement

Es = modulus of elasticity of reinforcing steel

£l = compressive strength of 6 by 12-in, cylinders

fs = 8tress in tension reinforcement

fy = yield point of reinforcement




ky = coefficient defining the magnitude of the internal
compressive force in concrete as defined by Fig. 7

ko = coefficient defining the position of the internal
compressive force in concrete as defined by Fig., 7T

k3 = ratio of flexural compressive strength, fg, to
cylinder strength, fé

{ = length of prismatic column shaft

P = 1load

P = ratio A fovd

T = total depth of section

yé = lateral deflection of prismatic shaft at mid-height

yc = lateral deflection at mid-height of column

yg = lateral deflection caused by rotation of column capitals

€, = compressive strain in concrete corresponding to maximum
atress

b5 ® ultimate concrete strain in flexure

Each column is designated by two numbers and two letters, e.g.,
20B2a, The first number expresses the design concrete strength in hundreds
of psi; the capital letter refers to the desired mode of failure in a short-
time test™ (B = balanced failure, C = compression failure); the second
number refers to the type of loading (1l-fast, 2-slow, 3 and 4 sustained
load); and the lower case letter is used to distinguish between compenion

8pecimens,

SPECIMENS AND TESTS

Details of Columns

Details of the test columns are shown in Fig, 1, All were of

the same size and were reinforced in an identical manner; they had a

+ A test to failure in a conventional testing machine carried out in
about one hour; the corresponding loading will be referred to herein
as "fast loading,” L




prismatic shaft 20 in, long and 5 by 5 in, in cross~gection, and a 10-in,
capital was provided at each end to accommodate the loads, The reinforce-
ment wag made up of two No, 4 bars for tension, two No, 4 bars for com-
Pression, and seven 5/16-in. ties spaced at 4 in, The concrete cover of
the longitudinal reinforcement was 1/2 in, Sufficient additional capital
reinforcement was provided to prevent failure in the capitals,

The eccentricities of load varied to some extent, Using the
equations of the 1951 investigation,(l) they were selected on the basis of
the desired mode of failure in tests with fast loading, Columns with emall
eccentricities were designed to fail by compression failures, and columns
witﬂ:moderate eccentricities by balanced failures,

The relatively small size of specimen was chosen to facllitate
building of an agsembly of ten special sustained loading frames, Because
of their size, the specimens were treated as scale models both in selec-
tion of the maximum size of aggregates and in tolerances,

Materiols

All specimens were made with Type I portland cement purchased
in one lot from a locel dealer. The aggregates were Wabash River sand
and pes gravel, The sieve analyses of the aggregates are given in Table s
The fineness modulusvof_the sand was 3.0k, and the maximum size of the
gravel was 1/2 in,

Three grades of concrete with design strengths of 2000, 3500,
and 5000 psi were used, Concrete gtrength was purposely varied somewhat
between companion groups of four specimens each, Average properties of
the mixes used are given in Table 2, The slump of all mixes was 1 to 2 in,
The strengths of control cylinders are given for each individual column

specimen in Table 3,




The longitudinal reinforcement was No, 4t intermediate grade
billet steel meeting ASTM Designation A 305-50T for deformations., The
steel was purchased in one lot, and mechanical properties were determined
by tests of four tensile coupons selected at random, The average proper-
ties based on the nominal bar area of 0,20 in. were as follows:

Yield point 43,300 psi

Ultimate strength 71,500 psi

Modulus of elasticity 27.2 million psi
The yield points for individual coupons differed from the average by less
than 2 percent,

Fabrication and Curing

All columns were cast in groups of four in four identical steel
forms., The casting was done in a horizontal position with the tension
side of the column upward., The reinforcing steel was tied into rigid
cages and placed in the forms, Then, the concrete required for all four
columns and the corresponding control cylinders was mixed in one batch,
After a three-minute mixing period, the concrete was placed in a large
pan and remixed by shovel, The concrete was then divided into four rarts,
each for casting one column and three 6 by 12-in. control cylinders,
Internal vibrators were used to rlace the concrete,

The columns and control cylinders were removed. from the forms
and placed in a moist room after one day, cured in the moist room for

six days, and were then stored in the laboratory until tested,

Testing Equipment and Methods

Load was applied to all colwms through two 1/2-in, rollers,
each placed in a triangular groove in a steel plate seated on the top

and bottom of the column with plaster of paris, Tests of the four

S




columns of one group were carried out in a fixed order,

(a) The first column was tested in a 300,000»15 capacity screw-
type testing machine, The load was applied in several increments to failure,
All measurements were taken at the beginning of the test and after each
load increment, Testing of one column took about one hour, This type

of loading is referred to herein as fast loading; it is very simllar to
1)

that used in the 1951 Illinois test series.(
(b) The second column was initially loaded to 75 percent of the
ultimate load for the first column; this load was applied in three or more
increments in the special loading frames shown in Fig, 2, Then the load
was increased approximately five percent every 24 hours until failure
occurred, All readings were taken before loading and after each increment

of load, This type of loading is called slow loading, and was carried

out primarily as a guide for gelecting the magnitude of the sustained
loads,

(c) The third and fourth columns were loaded as shown in Fig, 2
to between 80 and 95 percent of the ultimate load for fast loading, The

selected sustained losd was usually below the ultimate load for slow

loading, The load was first applied in three or more increments and was
then maintained on the column until failure toock place, or until it became
apparent that the column could sustain the load indefinitely., Measurements
were taken before loading, after each load increment, and at varying time
intervals during the period of sustained loading, The sustained load was
adjusted by tightening the loading springs whenever it deviated from the
original load level by more than five percent,

(d) The columns which did not fail under sustained loading
were removed from the special frame and retested to failure as described

for fast loading,
..7..




Control cylinders were tested in a 300,000-1b hydraulic testing
machine on the day when the corresponding column failed.,

Measursments

The measurements made included concrete strains on the compression
face of the columns, steel strains on the outside surface of the tension
steel, and deflections on the tension face of the columns,

Steel strains were measured on two gage lines and concrete
strains on three gage lines with a 6-in, Berry mechanical gage., The loca-
tions of the gage lines are shown on Fig. 1, Access to the tension rein-
forcement was provided through cored holes, For the concrete strain meas-
urements, short cast-in steel plugs were provided.

Deflections were measured by three 0.00l-in, dial indicators
mounted on a deflection bridge, Details of the deflection bridge and
the locations of dials are shown in Fig. 1. The bridge was supported by
a pin on the top of the column and by a knife-edge on the tension face
above the bottom edge of the column, Because of this arrangement of
supports, the deflection bridge did not remain entirely parallsl to the
load line, All deflection data presented in this report therefore include
a small correction for the movement of the bridge.

Records were kept of temperature and relative humidity, which
fluctuated between 65 and 84 deg, F, and between 36 and 91 per cent,
respectively, The seasonal changes in temperature and. humidity had

little effect on the column test data,,

TEST RESULTS

The principal test data are summarized in Tables 3 and 4,
Ultimate load data are given in Table 3, including the maximum loads the
columns were able to resist and the corresponding deformations, the strengths
of control cylinders, the initial eccentricities measured as the distance

%



from the tension steel to the load, the age of columns at the beginning
and conclusion of testing, and the type of loading applied to any par-
ticular column, The sustained load test data are given in Table U; they
include the magnitude of the sustained loads, deformations at various
stages of the test, and the duration of the test,

Deformations at the ultimate load were usually obtained by
extrapolation from measurements teken at loads slightly below the ultimats,
All other data included in the tﬁo tables were obtained by direct measure-
ments, Steel strains are given as averages of readings on two gage lines
located on the outside face of the tension steel, Concrete strains are
averages of readings on three gage lines located on the compression sur-
face of the columns, The deflections are given as the total lateral
deflections at column mid-height with respect to the line of load.,

Except for small variations of concrete strength, the type of
loading was the only variable within each group of four colums, such as
20Bla, 20B2a, 20B3a, 20Bha (Table 3), As a rule, column 1 was subjected

to fast loading (FA) to failure, column 2 to slow loading (SL) to failure,

and columns 3 and 4 to sustained loading (SU) to failure, or, if a column

did not fail under sustained loading, to sustained loading followed by

fast loading (SU + FA) to failure, Hxceptions to this procedure are

discussed below,

Column 20B3b, intended for a sustained load test, failed during
the initial load application, Column 20Ckb was loaded to 31,600 1b; it
wag intended to maintein this load on the column as a sustained load,
Since the column appeared to be in danger of failure, however, the load

was allowed to drop and was maintained as a sustained load at 29,000 1b,




Column 35Cla was tested with fast loading at an eccentricity of
3 in, The next column of this group, 35C2a, was initially subJjected to
slow'loading at the same eccentricity, However, at a load of approximately
50,000 1b, it became evident that the sustained load equipment would not
permit a sustained test at this load, Consequently, the load was removed
and the column was retested with fast loading at an eccentricity of 3,5 in,
The remaining colums, 35C3a and 35Cha, were then loaded with this 3.5-in,
eccentricity, Column 35C3%a was subjected to slow loading, and column
35Cha, which was intended for a sustained load test, failed during the
initlal load application,

Columns 20Chc and 35C3b were subjected to sustained. loading,
After it became evident that the columne would support the load indefi-
nitely, the load was raised ss shown in Table L, The increased loads
were kept on both columns for 219 days, which period was sufficient time

for the deformations to level out under the increased loads,

Behavior under ILoad

The behavior of the test columns under losd is illustrated by
typical load-deformation and. time-deformation curves in Figs, 3 and L,
The behavior of columns with moderate and with small eccentricities was
simllar, except for the magnitude of the tension steel strains at failure,
In all columns with moderate eccentricities the tension steel yielded
before failure, but in several columns with small eccentricities the
tension steel stresses remained in the elagtic range throughout the
test,

It is illustrated by Fig., 3 that deformations were approximately
the same for all four columns of one group until the period of sustained

loading began, From then on, the deformations were smallest for the column

0%




subjected to fast loading and largest for the columns subjected to sus-
tained loading, In all tests the deflections were approximately symmetyri-
cal about mid-height (Fig, 3b),

The ultimate loads were, as a rule, highest for columns sub-
Jected to fast loading and smallest for columns which failed under
sustained load, The load for all columns that failed under sustained
loading was as an average 89 percent of the corresponding ultimate loads
for fast loading, The slow loading produced failures at loads averaging
93.5 percent of fast loading, and the fast loading after a period of sus-
tained loading gave failure loads averaging 9l .6 percent of fast loading.,

The location of the failure zone varied from column to column,
Crushing of concrete occurred at random above, below, or at mid-height
of the columns,

Fagt loading - The yield point strain of the reinforcing bars

was 0,00159, It can be seen from Table 3 that under fast loading the
tension steel strains in columns with moderate eccentricitics exceeded
the yield point value only by a small margin, Therefore, the specimens
failed by nearly balanced. failures, The columns with small eccentrici-
ties, however, failed by compression failures while the tension steel
strains were still in the elastic range. Thus, the modes of failure of
all columns subJected to fast loading were as planned,

In general, the behavior of columns subJected to fast loading
vas the same as that observed in the 1951 Illinois series.(l) The
principal difference was in the distribution of deflections and in the
location of the failure zone, The 1951 columns deflected more above
than below mid-height, and failure consistently took place in the upper

half, as contrasted by the symmetrical deflection rattern and random

i



location of the zone of failure in the present investigation, The dif.-
ference is caused by the casting procedures used, The 1951 columns were
cast in a vertical position; the columns of this investigation in a
horizontal position, Columns cast vertically are weaker near the top

as a result of water gain, whereas columns cast horizontally are equally
strong along their full height,

Sustained loading - Nineteen columns were subjected to sus-

tained loading, Typical effects of time on strains and deflections are
illustrated in Fig, 4, For columns which did not fail under sustained.
loading, deformations increased rapidly for only about 50 days, and at
500 days the deformations had leveled out (Column 50B3a), On the other
hand, for columns which failed under sustained loading, deformation
increased rapidly to failure (35B3a). Typical effects of increasing the
magnitude of the sustained load after a long period of sustained loading
are 1llustrated by the curves for Column 25050 in Mie, L,

The steel strains at the end of the sustained load period
exceeded the yield point value for all columng except 20C3a, 20C3b, 20C3ec,
and 20Chkc (Table 4)., For columns 35C3b and 35Chb, the steel strains
exceeded the yield point value in spite of the fact that the strains at
first loading were in the elastic range and the corresponding fast loading
specimens failed by compression, This illustrates that creep can change

the mode of column failure,

Concrete Strain

The compression-face concrete strains at various stages of
loading are given in Tables 3 and 4, Effects of concrete strength and

of type of loading on the magnitude of ultimate strain are shown in
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Fig, 5. An effect of the initial strain at first loading on the magnitude
of concrete strains at various stages of sustained loading is shown in
Wi, O,

Effect of concrete strength - It can be seen in Fig, 5 that the

concrete gtrength had no significant effect on the magnitude of ultimate
concrete strain for any one type of loading. This is in agreement with
previous findings.(l)

Effect of type of loading - The ultimate strain in columns sub-

Jected to fast loading (Fig, 5a) varied from 0,0023 to 0.0040 with an
average of 0,0052, Since the plotted values represent average strains
measured over three 6-in, gage lengths, it is most probable that local
ultimate strains in the failure region were somewhat higher, This is in
general agreement with the 1951 Illinois tests(l) which gave an average
ultimate concrete strain in the failure region of 0,0038,

The ultimate strains for columns failing under sustained loading
averaged 0,0061, This is approximately twice the ultimate strains obtained
from tests with fast loading, Agein, since the plotted values represent
average strains, it is reasonable to assume that the ultimate strains in
the zone of failure were about twice the value found in the 1951 tests
for fast loading,

Ultimate strains for slow loading are not shown in Fig. 5, They
ranged between those for fast and sustained loading,

The ultimate straing for columns subjected to fast loading to
failure after a period of sustained loading were comparable to those of
columns failing under sustained load, However, if the creep strains are
subtracted from the ultimate strains, the resulting values (triangles in

Fig. 5b) are in good agreement with ultimate strains for fast loading,

w2




Thus, the increment of concrete strains caused by fast loading from zero
load to failure is roughly independent of the previous history of loading.

Effect of initial strains - Quantitative studies of the effects

of creep on concrete strains revealed a correlation between the concrete
strains at first lcading and the corresponding concrete strains at later
ages, This correlation is illustrated in Fig, 6a for strains after 10
days of sustained loading and in Fig. 6b for strains measured at the con-
clusion of the sustained load period, It can be seen from Fig, 6 that
columns subjected to high initial strains underwent larger total deforma-
tions than the columns subjected to smaller strains at the outset of the
sustained load period,

The columns represented by dots and crosses in Fig, 6b could
probably sustain the applied loads indefinitely without any appreciable
further increase of strain, It may be noted that without exception these
columns were first strained to 0.00231 or less. On the other hand,
colums which failed under sustained load (circles) were strained at
first loading to 0,00231 or move. Only one exception to this rule was
observed. Thus it appears possible that initial fast loading beyond a
compresgion-face concrete strain of 0.00231 leads to localized damage
to the concrete which spreads and caugses the column to fail if the loading
is sustained for g sufficiently long period of time,

If the suggested hypothesis is correct, then the load causing an
initial strain of 0,0023 represents the sustained load strength of a
column, It should be pointed out, however, that to the authors' knowledge
the test data shown in Fig. 6b represent the only direct experimental
indication of the existence of a critical strain as applied to the sus-

tained load strength of concrete,
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ANALYTTICAL STUDIES

Ultimate Load Equations

Fagt loading - The Illinois 1951 report(l) has shown that the

ultimate strength of eccentrically loaded reinforced concrete columns sub-
Jected to fast loading may be computed with a satisfactory accuracy on
the bagis of the following assumptions:
1, The compressive stresses in the concrete are distributed
as shiown in Fig, 7.
2, No tensile stresses exist in concrete,
3, Bernoulli's hypothesis of linear distribution of strains
is valid,
L, No general slip takes Place between concrete and reinforcing
stecl,
5. The stress-strain relation for reinforcing steel is
trapezoidal with the flat portion corresponding to the
yield point stress, For tension failures both tension
and compression steel stresses are equal to the yield
point value; for compression failures the compression
steel stress is equal to the yield point value and the
tension steel stress is in the elastic range,
For tension failures of symmetrically reinforced sections,
assumptions 1 to 5 combined with the equations of statical'equilibrium

result in the following expression for the ultimate load:
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For compression failures, the following two equations of equilibrium
and one equation of compatibility of strains may be written on the basis

of assumptions 1 to 5:

Pet! = kyksf' beld = kze) + Al 4¢ T (2a)
c 8 ¥y
= < - 2b
P = kiksf! bo + AL £ - AT (2b)
d - ¢ Z
= M et O 2
fs = Bu‘s c fy (2¢)

The ultimate load P for columns failing in compression may be evaluvated
by a simultaneous solution of Eq, 2a to ¢ for P, tension steel stress fs’
and depth of neutral axis c,

All symbols used in Eq, 1 and 2 are defined in the section on
notations, The symbols for the column dimensions and for most of the
properties of materials are those in common use, The eccentricity of the
load, e', is the maximum eccentricity at failure, including both the
initial eccentricity and the deflection of the column at failure, It
was found in the 1951 Illinois tests(l) that the ultimate load for fast
loading is reached when the maximum strain in concrete & is about
0.0038, Since the test data from this investigation were essentially
in agreement with this finding, this value was adopted herein, Parameters
ki, ko, and ks characterize the stress-strain relationship for concrete,
With the aid of Fig, 7, the following equation may be written for parameters

ky and ko when £y = 0.0038;
3620 + 0,63 kaf'!

e KT (32)

0.55 ki (3b)

i
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Thus k; and kp may be evaluvated if ks and fé are known,

The parameter kz designates the ratio of the flexural compressive
strength of concrete in the column to the corresponding cylinder strength,
In the 1951 report(l) this ratio was assumed equal to 0,85, Correlation of
test data with Eq, 1 and 2 indicates, however, that ks = 1,0 gives better
agreement with the tests reported herein than ks = 0,85, This difference
between the results of the two investigations may be expected as a result
of the differences in casting procedures mentioned before, The concrete
in the failure zone of the vertically-cast 1951 columns was weaker than
the concrete in the corresponding cylinders, There is, however, no
reason to expect a similar effect of water gain in the horizontally cast
columng of this investigation, Therefore ks = 1,0 was adopted for this

study,

Sugtained loading - A procedure for predicting the maximum

load that an eccentrically lcaded column can sustain indefinitely may
be based either on the conditions at failure under sustained loading
Or on the initial strains at first loading.

In the discussion of the test data it was indicated that the
load on columns which failed under sustained loading produced initial
concrete straing of 0,00231 or more at first lcading, Accordingly, the
critical strain Eop = 0.0023 could also be adopted as a criterion for
evaluating the ultimate sustained load. However, the experimental evidence
regarding the existence of an initial critical strain is limited to only
six failures under sustained loading of this investigation, It was
decided, therefore, to base the amalytical studies of this report on

the ultimate rather than on the critical strain.
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It is well known that the compressive strains in concrete
increase as a result of creep, In previous tests with sustained over-
loads on concentrically loaded columns(h) and cylinders,(5) compressive
straing substentially in excess of 0,0038 were observed before failure,
Similar findings are reported in this paper, It has been shown in the
gection on ultimate strains that, at failure of eccentrically loaded
columns under sustained loading, the maximum concrete strains are roughly
twice as large as those at failure under fast loading. It can be shown
that the ultimate load is not very sengitive to the magnitude of the
ultimate strain, and a value of €y = 0.0076 may therefore be adopted as
an approximate criterion for the ultimate sustained load,

The ultimate column strength under sustained loading may then be
computed on the basis of assumptions similar to those made for fast loading,

1. The distribution of compressive stresses in the concrete is
undoubtedly affected by creep to some extent, Since information regarding
such quantitative effects of creep is very limited, it is assumed for the
purpose of computing the ultimate load that the shape of the concrete
stress-block is not affected by creep. The rarameters k; and ko may
then be computed from Eq, 3 for sustained as well as for fast loading,

2., Since the difference between the ultimate loads for sustained
and fast loading is relatively small, the assumption of the absence of
tension stresses in concrete should be applicable also to sustained
loading,

3. No test data are available on the effect of high overloads
on the strain distribution across s column, Studies of the test data
from this investigation have shown, however, that ultimate sustained loads
and the corresponding steel stresses computed with the aid of Bernoulli's

hypothesis agree reasonably well with the test data.,
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4, The assumption of no general slip seems to be applicable
equally well to sustained loading as to fast loading,

5. The stress-strain relationship for steel is not affected
by time,

Since the assumptions 1 through 5 are similar to those for fast
loading, the ultimate sustained load may be computed from Eg, 1 and 2,

The principal difference between the two types of loading lies in the
values of the ultimate strain Su and the value of the parameter ks,

In accord with the preceding paragraphs, an ultimate strain €n = 0.0076
wag chosen for sustained loading. The ratio kg/kl is given by Eq, 3b as
approximately 0,55, so that the value of ks may be computed from Eq, 1
for any column which failed. by a tension failure, An average value of
ka = 0.9 was found in this manner from the test data,

For fast loading, ks = 1,0 was found to give good agreement
with the test data., Since both values of ks are based on the conventional
cylinder strength fé, the flexural compressive strength for sustained
loading may have been equal to about 0,9 times the value for fast loading,
A similar conclusion for cylinders was reached by Shank, who reported that
the ultimate sustained load strength of concrete cylinders ig equal to
0.9 fé.(5) The mode of failure can be different for sustained than for
fast loading, since the stress in the tension steel is a direct function
of L (see Eq, 20), and €, is greater for sustained loading than for
fast loading, Therefore, columng failing in compression under fast loading
can in some cases fail in tension under sustained loading,

Fast loading after sustained loading - The ultimate load of a

column subJjected to sustained. loading for a period of time and subsequently
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loaded to failure with fast loading may also be computed from Eq, 1,
2, and 3, if the ultimate strain b and. the parameter kg are properly
chosen,

It has been shown in the discussion of the test data that the
concrete strain caused by fast loading is roughly independent of the
previous history of loading, Thus the ultimate strain By for columns
subJected to fast loading after a period of sustained loading may be
computed as the sum of the creep strain and 0,0038, For the purposes of
this study, the creep strain actually observed in tests was used in evalu-
ating the ultimate strain eu.

A value of kg = 1,0 was found to give good computed values of
the ultimate load, thus indicating that the flexural compressive strength
for fast loading is not affected by preceding creep deformations,

Slow loading - The magnitude of the ultimate load for a column

subJected to slow loading depends on the length of the time intervals
between load increments, Its upper and lower limits are given by fast
and sustained loading,

Ultimate Deflections

Equations 1 and 2 contain the eccentricity of load at failure,
e', which includes both the original eccentricity and the ultimate deflec-
tion, Thus, the deflection at failure is needed for computing the ultimate
load of an eccentrically loaded column,

For a prismatic column loaded with equal eccentricities at both
ends, the relationship between the deflection at mid-height and the ulti-

mate strain €, may be expressed approximately as follows:

€ 2
e e

where [ is the free length of the column and ¢ the depth of the neutral axis,
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The columns of this investigation had & prismatic shaft with
capitale at both ends, Thue, in addition to the deflection of the shaft
(Eq, 4a), the total column deflection includes the contribution of the
capitals, which may be approximated by the following expression:

€ €
u

" l
yc = i s [8. ap “OTGO-?B 0.05 (,'"b)

where a is the length of the column capital, The first term in Fq, 4b was
derived assuming infinite rigidity of the capitals, The second term is
empirical and accounts for cracking of the capitals, The total deflection
of the column at mid-height may be computed by adding Eq, 4a and Lb,

Since { = 20 in, and & = 10 in,, the ultimate mid-height deflections

of the columns of this investigation with regpect to the line of load

may be computed from:

Sy 0.38
I = g b

+ 0.05). (c in inches) (ke)

Comparison between Computed Values and Test Data

Ultimate loads, deflections, and steel stress were computed from
Eq. 1 to 4 for all columns subJjected to fast loading, to sustained loading,
and to fast loading following a period of sustained loading, These com-
puted values are listed in Table 5, together with the corresponding test
data and the ratios of measured to calculated values,

The arithmetic average of the ratios of measured to computed
ultimate loads for all columns listed in Table 5 is 1,008 and the
standard deviation is 0,075, The correlation is equally good for all

three types of loading,
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Two quantities are listed in Table 5 for deflections at mid-
height: the deflections of the prismatic shaft and those of the column,
For the prismatic shaft, test values are given only’for those columns
for which complete measurements were taken at the instant of failure,
gince errors in extrapolation were Judged prohibitively large. The
agreement between the computed and test values for deflectionsg is not
as good as for ultimate loads, but the computed values are gufficiently
accurate for calculating the eccentricity of load at failure,

The stresses in the tension steel at failure are glven in the
last column, The test values were computed from average bar strains
obtained by correcting the straing measured on the surface of the bar;
the average strains were then multiplied by the modulus of elasticity
determined from tests of coupons., The calculated stresses are in

reasonably good agreement with the test values,

Application in Ultimate Strength Degign

The principal object of this investigation was to determine
which portion of the ultimate strength under fast loading an eccentrically
loaded column can sustain indefinitely. This is of considerable funda-
mental Importance in ultimate strength design. If the ultimate strength
under sustained lcading were considerably lower than the strength under
fagt loading, then it would not be entirely satisfactory to base safety
on fast-load strength., Most of the thousands of tests to failure avail-
able for reinforced concrete members were, of course, made with fast
loading,

Since the yleld strength of mild steel reinforcement is

negligibly affected by time, there is little reason for concern regarding
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the sustained-load strength of columns with large eccentricities, In
this case, ultimate strength is controlled by yielding of the reinforce-
ment, and changes in the internal moment arm resulting from creep even -
at high loads is unlikely to cause any decrease of importance in the
ultimate load, The columns discussed herein were therefore designed
for balanced énd compression failures only,

Test data given in Table 4 for six columns that failed under
sustained loading indicate a sustained-load strength equal to an average
of 89 percent of the strength of companion columns tested under fast
loading., Similarly, 13 columns sustained without failure loads equal
to an average of 88 percent of the fast-load strength of companion
colums, For these latter 13 columns, the ultimate strength as compared
to fagt loading was little affected when they were loaded fast to failure
after the period of sustained loading, This extends the previous findings(g’B)
that sustained working loads do not appreciably affect ultimate strength,

The significance of sustained loading to ultimate strength
design may also be studied in terms of ultimate strength equations sugges-
ted for practical application, such as those presented by C. S, Whitney:(6)

For compression failures
hig bt fé

-+ (5)
§$ + 1 %gg # 100

For tension failures with symmetrical reinforcement

-

i e d: QAé fy e :

0.85 fé

which 1s Eq, 1 with kp/k; = 1/2 and ks = 0,85, It is very important to

note that Eq, 5 and 6 were derived from vertically cast columns, Thus,
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the small horizontally cast columns of this investigation should, for
fast loading, be somewhat stronger than predicted by these equations.

Table 6 glves sustained loads, measured ultimate loads, and
ultimate loads computed by Whitney's Eqs, 5 -and 6, ‘The initially applied
eccentricity plus the measured mid-height deflection at failure were
used as e in the computations, The table shows that the average
ratio of sustained load to the Whitney ultimate load was 0.99 for the
8ix columns that feiled under sustained loading, and 0,98 for the 13
columns that carried the sustained loads without failure, The average
ratio of measured ultimste strength to the Whitney ultimate was 1,07
for the 13 fast-load columns, and 1,0k for all M4 columns tested.

Fig. 8 gives the ratio of sustained load to the Whitney ulti-
mate load as a function of the duration of sustained leading, It should
be noted that the open circles represent sustained loadings that were
maintained without failure,

The test data reported herein indicate, therefore, that an
eccentrically loaded column can usually be expected to sustain indefinitely
about 90 percent of its fast-load ultimate strength,

In ultimate strength design of columns an overload factor of
about two may be expected to be used. If a high sustained overload should
occur, this overload factor would reduce to about 1,8 so that ample safety
would still be provided, Furthermore, in structures where high sustained
overloads may be of future concern, this should be provided Ffor simply

by choosing a sufficiently high design loading, not by infringing knowingly

upon the margin of safety,
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By this reasoning, it seems entirely satisfactory to base
ultimate strength design on fast-load ultimate strength equations

substantiated by numerous tests to failure.

SUMMARY

Forty-four eccentrically loaded reinforced concrete columns were
tested to determine how large a Percentage of the ultimate loads obtained
with fast loading can be sustained indefinitely, In order to determine
this ratio between the strength for sustained and for fast loading, 13
columns were subJjected to fast loading, 12 colums to slow loading, and
19 columns to sustained loading, The sustained loads were equal to 82-95
Percent of the ultimate load for fast loading, Among the 19 columns
subjected to sustained loading 6 failed under load, and the behavior of
the remaining 13 columns indicated that the sustained load could be
carried indefinitely,

The concrete strength, the initial eccentricity, and the manner
of loading were the primary variables, The duration of the sustained load
test varied from column to column, The failures caugsed by sustained load
occurred in the period of l% hours to 151 days. For the columns which did
not fail under sustained load, the shortest period of loading was 217 days
and the longest period was 933 days,

On the average, the columns of this Investigation were able to
carry a sustained load of about 90 percent of the ultimate load for fast
loading, regardless of concrete strength and eccentricity, The smallest
failure load under sustained loading was equal to 82.6 Percent, and the
highest load sustained without failure was 94,0 percent of the ultimate

load of companion specimens tested to failure with fast loading,




The results of tests with fast loading were in good agreement
with earlier findings, The results of tests with susteined loading led
to an extension of the Illinois 1951 analysis for eccentrically loaded
columns.(l) This extension permits prediction of the ultimate sustained
load of an eccentrically loaded reinforced concrete column and the ulti-
mate load for columns subjected to fast loading after a period of sus-
tained loading,

By comparison with C, S, Whitney's practical ultimate strength
equations, it seems satisfactory to base safety in ultimate strength
design on the ultimate gtrength equations of fast (short-time) loading,

which loading has been used in most tests of reinforced concrete members,
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Table 1--SIEVE ANALYSES

Percentage Retained on Sieve No,

Sggrcipte wosym-—epe S =0 B0 o LN,
Sand. o O 306 1507 3301 6509 91-1 9802 500)"’
Gra'vel O 55 67 91{‘08 99 18 = 2 = = =

Table 2--CONCRETE MIXES

Design Average 28-day

Mix Ratio¥ v/c
f Strength, f!
o (by wt.) | (by wt.) e
2000 Lol 56, 0.91 2280
3500 Lo 0.63 4150
5000 1:2,9:4.8 ORED 4870

*Saturated surface dry basis,
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Table 3--ULTIMATE LOAD TEST DATA

Initial At Failure

Concrete .. Age at Toad Deflec- Steel Con-  Type
Co;gmn Strength* %;gi?; x Loading Failure kips tion  Strain crete  of
s fé, psi - e days days T it wx lO6 Straén Loading™*
© Uy dligl c
x 10
Columns with Moderate Hccentricities

20Bla 2290 B 29 29 206 - O lgt 2160 2780 FA
28, 2550 Sao0 30 30 29,0 0227 2030 3210 SL
o8 2350 5459 %5 540 250 0P5 2850 6300 SU+FA
ha 2660 5.38 3l 5l 2k,3 0,39 3130 7500 SU+FA
20B1b 2120 5.56 3] 31 221 0.l8s 1940 2760 FA
2b 2530 5,56 37 5 el 0,555 3870 7450 SL

5b 2300 550 83 83 22,0 0,260 2350 L4000 FA
kb 1860 5 .56 83 541 22.0 0,345 2700 4500 SU+FA
35Bla hoko 4 o5 29 29 k9.3 0,206 2150 3340 FA
2a 4410 L ,25 b1 43 kh,5 0,240 2180 hoTto SL

3  L6l1o 4,25 47 i 5.7 ©,385  Looo . 6250 sU

ha,  L6ko h.25 48 199 3.4 0,534 3100 6500 SU
35B1lb 4760 4,00 258 258 4L8.0 0.180 1620 289 FA
2b L7770 4,00 260 26k 4B 0,170 1520 - 2550 SL

3b k710 4,00 27k 27k 43,1 SU
) 4760 4,00 271 936 h7.,3 0,246 2080 4200 SU+FA
50Bla 5370 4,00 28 28 59,0 0.232 1990 3550 FA
2a 5670 k.00 29 37 585 - 0,20k 2700 5000 SL
3a 5420 L 00 %o 592 57,0 0,302 2800 5350 SU+FA
La 5680 I, 00 L1 589 51.0 O Mo 5070 6780 SU+FA
50B1b 4360 k.25 L6 L6 50,0 0,150 1610 2540 FA
2b 4540 25 48 48 hr.e 0,188 2000 3090 SL
3b 4740 4,25 52 490 49.5 0.356 3140 5380 SU+FA

kb 5%20 4,25 52 124 41,3 0,346 3800 5760 SU

Columns with Small Rccentricities

20Cla 2980 3,00 28 28 BT 0150 720 3450 FA
2a 3130 3,00 51 35 55:0 0,250 1300 5600 SL

3a 3470 3,00 4o 98 Bend - 0,500 1100 6300 SU
La 2900 3.00 3l 602 55.0 0,402 1960 8720 SU+FA
20C1b 1560 510 33 33 B0 - 0L18% 1060 3610 FA
2b 1810 3.50 3l 39 31,5 SL

3b 1820 3.50 L3 48 32,4 0,321 1540 5420 sU
4b 1770 3.50 43 479 2,0  0.560 2850 SU+FA
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Table 3 (concluded)

Tnitial At Failure
Concrete Load Deflec- Steel Con- Type
Cé&gmn Sz?enZth* Eii:?tyx Ioadlgge ggllure kips tion Strain crete of. .
: fé’ pet ORI Idays days Voo ke w10 itigin Loading
Colwmg with Small Hccentricities (continued)
20Clc 2hko 3,00 30 30 50,0 O,Lkd 730 2910 FA
2¢ 2500 3,00 38 Ly BhL2. . ©h50L © 1060 4540 SL
36 2380 3.00 50 oL8 5Ee2 0,262 1350 5040  SU+FA
he 2810 3,00 82 1052 wg - 0,278 1600 6600  SU+FA
35C1a 3940 3.00 28 28 76,0 - @55 850 3450 FA
2a, 4460 SR00) oD 599 ora0  @,1c00r 1810 3110 SL+FA
38, Lako 3,50 5l 50 5Bl 0,150 150 2900 SL
hig, 4230 3.50 561 561, 50,9 0,150 1260 2980 FA
35C1b 4280 350 78 78 gli0 - 0,201 - 1250 2850 FA
2b 4670 550 80 85 ho, bk 0.256 2290 5050 SL
3 L4330 3.50 90 ok k7.h 0,368 2ko0 7250 SULPA
4p 4120 5,50 87 545 57.0 0348 2U50 6970  SU+FA

*Control cylinders were tested the day the corresponding column failed,

xDistance from the tension steel to the line of load,

L fast loading; SL = slow loading; SU = sustained loading; SU+FA = fast loading

following sustained loading,

530 =
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APPENDIX - PILOT TEST3 OF COLUMNS WITH SUSTAINED
ECCENTRIC MODERATE OVERLOADS

The tests of four eccentrically and one concentrically loaded
tied columns reported in this appendix were undertaken to study two ma jor
phenomena: (a) the behavior of such columns under sustained moderate
overloads, and. (b) the effect of a period of sustained loading on the
ultimate strength,

Within the specific limitations of these tests, the following
conclusions may be made:

(1) During the period of sustained loading the strains in the
tension steel changed very little, while the strains in the compression
gteel and on the compression face of the concrete as well as the lateral
deflection increased congiderably.

(2) Evidence of a variation in concrete strength over the column
height was observed,

(3) The strain distribution across the column cross-section
remained fairly linéar during the creep deformations,

(4) The creep deformations came practically to rest after about
one year,

(5) No signs of distress appeared during the period of sustained
loading,

(6) During unloading after a period of sustained loading, cracks
appeared on the "compression" face of the columns. These cracks closed
again during reloading and appeared to be as harmless as the cracks normally

found near tension reinforcement,

g




(7) In the tests to failure, the columns which had been subJject
to a period of sustained loading were at least equally strong as the
corresponding companion columng sgtored without load,

(8) The strength of a tied column with unsymmetrical reinforcement
tested to failure with flat ends was in general agreement with the

equation for concentrically loaded columns,

ObJect and Scope

The obJject of the pilot tests reported herein was to investigate
the effect of sustained moderate overloads on the behavior and strength
of eccentrically lcaded columns, Hence, two maJor phenomena were involved:
(a) the behavior of columns subject to sustained loads, and (b) the effect
of a period of sustained loading on the ultimate strength as measured in
a subsequent fast-load test to failure, Two columng designated B9c and
BlOc, were subJected to sustained loads 62,5 and 65 percent, respectively,
of the short-time strength computed on the basis of the 28-day cylinder
gtrength, The sustained loads were maintained for about 500 days, After
this period, the loads were removed and both columns tested to failure with
fast loading, Two companion colums, designated B9d and Bl0d, were stored
the same 500 days without load and were tested to failure with fast loading
the same day as the corresponding sustained load columns,

The tests were an extension of the 1951 Illinois investigation of
eccentrically loaded, reinforced concrete columns tested to failure with
fast loading.(l) Accordingly, columns B9c and B9d corresponded to columns
BYa and B9d of the 1951 tests, and columns BlOc and B1l0d corresponded to

columns BlOa and B1Ob, All four columns were 10 in, gquare, 75 in, long,
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reinforced with eight 5/8-in, bars, made with a 3000-psi concrete, and
loaded at eccentricities from the center line of the column to the load
line of 7.5 and 12,5 in., respectively, ¥

In addition, one column designated Blc, reinforced with four
5/8-in, and two 1/4-in, bars was loaded to failure in a short-time
test with "flat ends” in order to study the effect of end conditions

on concentrically loaded columns,

Matorials, Febrication, and Test Methods

(1)

The same materials as reported for the 1951 tests were used,
The 5/8-in, reinforcing bars had a yield point of 43,600 psi, The concrete
gtrengths at 28 days and at test to failure are given in Table 7 as an
average of about nine 6- by 12-in, cylinders,

The reinforcement was prepared and the columns were cast in
rairs in steel forms in the same manner as described in the 1951 report.(l)
One electric SR-4 gage of type A-1ll with l-in, gage length was mounted on
each 5/8~in. longitudinal bar prior to casting, In addition, plugs for a
6-in, mechanical Berry gage were prepared in the columns subJjected to sus-
tained loads. All columns were cured wet for 7 days, and were then stored
in the laboratory,

The columns B9c and BlOc were subjected to sustained loads at an
age of 28 days by means of tie-rods and springs as shown in Fig, 9. The
following quantities were observed as a function of time: (1) strains
on the concrete surface, (2) strains in the tension and compression steel,
(3) lateral deflections in the plane of eccentricity and (&) deflections

of the loading springs,

*¥For other details see Fig, I and Fig. 5 in reference (1),
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The loading springs were tightened at intervals so as to maintain
the sustained load within + 3 percent, As the springs were calibrated
prior to the test, all measured quantities were corrected to the exact
sustained load by linear interpolation of the corresponding quantities for
the last increment of loading before the sustained lcad was reached, The
springs returned to their original length after completion of the test., The
strains in the reinforcement measured by electric gages were corrected
for changes in the zero-point of the SR-4 indicator used as well as for the
effect of the local removal of bar deformations indicated in Fig, 3b of
reference (1).

Columns B9A and BlOd were stored without any load, Strains in
the reinforcement due to shrinkage were observed as a function of time,

A few hours before the final test to failure, the sustained
loads were removed, and all columns were loaded to failure through
knife-edges in a 3,000,000-1b hydraulic testing machine as in the 1951

Roae VL)

Behavior of Columns under Sustained Loads

At the age of 28 days, columns B9c and BlOc were subJected to
sustained loads 62,5 and 65 percent, respectively, of the theoretical
ultimate loads at that age (Table 7)." At these loads, the stresses
in the tension reinforcement of both columns were about 30,000 psi,

The various measured dsterminations are presented in Fig. 10 as
a function of time, It is seen that the strains in the tension steel changed
very little, while the strains in the compression reinforcement and on the

compresgsion face of the concrete as well as lateral deflections increased

* The loads were computed from Eq. 1 with k;/k» = 0.55, ks = 0.85 and i
as given in Table 7 for 28 days; the deflection at failure was
agsunmed as 0,50 in,
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considerably. These movements came practically to rest after about one
year,

It was noted in the 1951 tests that a differential in strength
existed over the column height due to the vertical casting position,

A similar phenomenon was observed in the present tests as shown in
Fig. 1lla and b, indicating larger strains in the concrete near the top
of the columns and relatively larger deflections in the upper half,

The distributions of gtrains across the column sections are
given in Fig, llc and d, A fairly linear distribution of strains was
found at all times, The relatively low strains in the compresgion steel
are probably due to the fact that the strains in the reinforcement were
measured near mid-depth of the columns, while the concrete strains are
given as the average of several gage lines at the top, center, and bottom
of the prismatic shaft,

No signs of distress were observed throughout the period of

sustained loading.,

Tegts to Failure

Columns B9c and BlOc were unloaded a few hours before the
tests to failure, At loads about one-third of the sustained load, cracks
appeared on the "compression" faces of both columns at about the same
L-in, spacing as that which appeared on the tension face during lcading,
This crack formation was by no means serious, During reloading in the
testing machine, the cracks closed up at low loads.

During the final test to failure, both the columns stored with
sustained loads and those stored unloaded appeared to the eye to behave
in a manner very similar to that of the corresponding columns B9 and BlO

in the 1951 tests, )
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The test and theoretical values of ultimate loads are given in
Table 7. The theoretical values were compubted frem Eq, 1 with the
concrete strength at the time cof test to failure, the measured eccen-
tricity at failure (Fig. 12a and b), and with kp/k; = 0,55 and k3 = 0.85;
this method of calculating the ultimate load 1g identical with that of the
1951 report, The test results for columns BlOc and BlOd were very nearly
the same as the computed values, The results for columns B9c and B9d seem
to indicate that the period of sustained loading may have strengthened
column B9c; however, the difference in the computed and measured ultimate
strengths is within the range of scatter to be expected in this type of
tests,

The lateral deflections of columns B9 and B1O during the test to
failure are given in Fig, 12a and b, All columns failed initially by
yielding of the temsion steel, and the maximum load was reached when the
concrete failed in compression, For columns B9, buckling of the compression
steel took place at a deflection of about 1,0 in,, while the tests of
columns BlO were discontinued before buckling took place,

Strains measured during the tests to failure are presented in
Fig. 12c and 4, For columns B9d and B10d, which were stored without
load, the initial strains were caused by shrinkage. During the unloading
and reloading of columns B9c and BlOc, which had been stored with sus-
tained loads, hysteresis-loops appeared, These loops were not yparallel to
the initial loading curves because of the tension cracking of the concrete
on the "compression" face during unloading and the closing of these cracks
during reloading, Thus, during reloading, columns B9c and BlOc were more
flexible than the corresponding companion specimens, When loaded beyond
the sustained load level, however, these columns deformed in a manner very

similar to that of the companion specimens,
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golumn with Flat Fnds

It was found in the 1951 tests(l) that tied columns loaded
concentrically through knife edges were 10 to 15 per cent weaker than

computed. from the formula

s BB R W A f& (7)

This was explained as being due to the fact that it is practically
imposgible to obtain a true concentric loading through knife edges.

In the tests reported herein, one column, Blc, was loaded to
failure with flat ends, This column had an unsymmetrical reinforcement
consisting of four 5/8-in, bars on one side, two 1/4-in, bars on the other
gide, Nevertheless, the column appeared to have been concentrically
loaded as the ultimate load was 6 percent over that predicted by Eq. 7
(Table 7).
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