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COMPRESSIVE STRENGTH OF CONCRETE IN FLEXURE AS

DETERMINED FROM TESTS OF REINFORCED BEAMS*

by Willis A. Slater** and Inge ILyse***

The Joint Committee on Concrete and Reinforced Concrete
first recommended inV1909 a maximum working stress for concrete
in compression of 52,5% of the strength ofAcpmmrete determined
on 8}by lé-in. control cylinders 28 dgys Qld. Thg recommended
working stress in the steel was 16 000 lb.vper sqein. These
stresses were based on_the use of the s?raight line formula for
the desigp of»reipfprced concrete.beams,'>The recommendation ap-
pears to provide a.factqr Qf safety of approximately 3 for com-
pressive stresses and 2.5 for tensile stresses. Test beams pro-
portioned to meet these conditions have alweys felled in tension
in the_?einforcement_with;a factpr qf‘safgty_between‘z,s apd 3,
However, tests §n beams with sufficient reinforcement to devel op
compression failure of the concrete have shown factors of safety
conSiderably ;arger. This fact was first b;ought‘qut by Dr.
Fritz Pmperger in "Beton und Edisen™ in 1905;‘ Later the "German
Committee for Reinforced Concrete™ initiated a more extensive
invgstigation_on'the“same_subject; The tests sponsored by the
Commit tee ﬁere~carried out under the direction of C. Bach and
Otto Graf and a report was published in Heft 19 of "Deutscher
Ausschuss fdr Eisenbetonﬁ in 1912. The results of Emperger's as.

well as of Bach's and Graf's studies have been plotted in Fig. 1.

* Abstract of paper published in Journal of the American Concrete

Institute,
** pDirector of Fritz Engineering Laboratory, Lehigh University.

***Assistant Engineer, Portland Cement Association, Chicago.
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The control specimens used in these tests Were 30 cm. (1198 in.)
cubes. In order to compare the results on the bases of ordinary
6 by 12-in, cylinders the ratios of fhe computed beam strength
to the qylinder strength are shown at the right hand side of the
diagram. For convenience this ratio isttérmed the beam~cylinder
strength-ratip.

A simiLar‘study of results from different sources in the
United States was published in a paper by Slater and Zipprodt in
the Proceedings of the American Concrete Institute in 1920, The
essential_results f:am'these results are shown in Fig. 2.

Fig. 1 and 2 show that for all these tests the strength of
the concrete compu ted by the straight line farmula was consider-
ably greater than the_strength of ;he chcrete_as shown by tests
of cubes or Cylinde;s. The tests also indicate that the beam-
cylinder ;trength_ratio increased as the strength of the concrete
decreased. The v&:iation of this'rgtio With'the strength of the
concrete was léss mgrked for the tests reported by Bach and Graf
than for the others,

These working s tresses recommended in 1909 were quite gen-
erally used until in 1921 and 1924 reports of the Joint Committee
on Standard Specifications for Concrete and Reinforced Concrete
raised the maximum Workigg stress for concrete in flexure to 40%
orythe.cylinder'strength.' This working stress, however, has not
been universally accepted.

4 In orderAto study this subaect more fully en investigation
was made gt the Fritz Engineering Laboratory of Lehigh University,

Bethlehem, Pa. from Jamary to Mar ch 1930, This investigatibn in-
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cludedvtwo seriss ofitests, one in,which With beams of equal di-
mensions‘the py;inder strepgth_of the conc:eté'ranged from about
1400 to_5800vlb, per'sq.in;, apd another seriesAip wh;ch fo:~two
different strengths of conchete (2800 and 460@ 1b, per ségin.)
the_depth.to the cepter of gravity of the reinfo:cement varied
from 4 to l@winghes._ A total of 36 beams was made. All beams were
8ﬁin. W;de an@ 11 ft. long: The percentage of reinforcement varied
from 2.1 to 5;é_insuring against failure in tension of the longi-
tu@ina; rgipfqrcement, “wep yeinforqement was used to guard against
diagonal pen§iqp fgi;u;g_in the_web. ‘For_beams having an,effective
depth of 10 ip., or more, ve;tica; sti::ups were used,mwhile for
beams of 8 in. or less inclined bars were used as web reinforcement.
The design of yhelbeams is shown in Fig. 3.'_Rail_steel reinforpg-
@ent was used Which had a yield point of approx;mgtely 65 000 1o,
per sq.ip, and an ultimate strength of ldé 000 1b. per sq.in.
Three beams of each kind were made for egch group. The_control
specimens consisted of é by 1l2-in. cylinders and three were made
with each beam.

| The aggregate combination used in the concrete mixes con-
sisted of 40% sand ‘and 60% gravel. The gravel was graded so as
to conpain 40%_between No._4 and B/Bfin. sieves.and éq% betwean
3/8-in, and 3/4-in. sieves. ‘The different concrete mixes were
degigned for a consistency corresponding‘to a slump QfHB to 6
in, This consistency was obtained_by_maintaining the amount of
water cqnstént at 40 gal. per cubic yard of concrete for the
dif ferent Water-cement ratios used.

The 28 days strength results of the 6 by 12-in., control
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cylinders are éhown in Fig. 4. In Fig. 5 the 26-day cylinder
strengths have been plotted against the cement content per cubic
yard of concrete. It will be seen from this figure that the
strength of the c@ncrete increased proportionally to the increase
in cement content.

A fair degree of uniformity of the concrete as measured
by the strength of the contrql cylinders was secured throughout
the ssries. ?hg maximum variation from the average ;n any group
Qf beams was ;2.9% apd phe average of the maximum variations for
all the groups was 6.4%. |

The reinforcement was Welded_into a rigid gnit by meens of
electric arc welding before placing in the qums,} This proved
very effective in maintaining the correct position of the rein-
forcement during the placing of concrete in the beams. Fig. &
shows the fabricated reinfprcement for beams of dif ferent @epths.

The control leinders as well as the beams were genera lly
left ;n ﬁhe forms for 48 hours_after making., The fomms were then
removed and the specimens placed in a moist room of 100% humidity
and a tgmperature of epproximately 70°F until a 28-day age was
reached. The specimens were then removed from the moist room
aqq‘tested_to_failure. The contrc; cyiinders were tested in
campression in the ordinary manner. Deformation measurements

were taken on at least one cylinder from each beam in order to

determing the modulus of elasticity of the concrete. The beams
were supported in the testing machine at 9 in. from each end,

meking a span of 9 ft. 6 in. between centers of supports. The
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load was applied at points 21 in. on either side of the center
of the beam, This‘arraagement_of loads produced a constant mo-
ment in the central 42-in. portion of the concrete beam., Fig. 7
shows the arrangement during the testing of one of the beams.

Deformation measurements were taken on the concrete near
the top of the beam and at the elevation of center of gravity of
the reinforcement, and in some cases near the neutral axis of
the beam. The center deflection was measured on all the beams.

_All beams except ﬁwo~failed in compression of the concrete
petween the leading points. Generally the.failure was very c lose
to the center. Beams of low strength concrete gave a gradual fail-
ure While beams ef higher'strength_concrete bque suddenly without
previeus Wa;ning._ Two beamslfai;ed in ddagonal tension at a load
nearly'equal to,that ofvthe companion.speeimens fai;ing’in com-
pression.~ Tpe un;formity‘in sp;ength resu;fs obtaiaed.frem the
tests of three beanms in each group was found to be very good.

The greatest of the maximum_var;ations for any group was 13%, and
the average of the maximum variations for all groups was 8.2%.

In Fig. 8 the beam-cylinder strength ratios have been
plotted agalnst the strengths of the control cylinders. Three
different velues of # were used in the computatiohs of the
ratios, (;) the values specified by the American Concrete Iastitute,
(2) the values speeified in the Joint Committee report of 1924,

(3) the values determined from the deformation measurements on con-

trol cylinders and on coupons fram the reinforcement steel used in

-the tests. The upper curves of Fig. 8 represent the values of the

beam-cylinder strength ratio when the ordinary straight line form-



ula is used for conputing the stresses. It is noted that'the
beam-cylinder strength ;atios are considerably above 1.0 for
all_the_groups included. The retios vary from & low.value of
about~l.40_for sonsrete hsving a_strength of‘5800 lb, per»sg.in.
to as high as 2.2 for doncrete having & strength of 1400 1b. per
sq.in, The lower curve_invFig. 8 represents the beam-cylinder
strength ratios when & parabolic formula is used for camputing
the comp;essive stress.._In_this curve the beam-cylinder strength
ratios.vary f?om abeut'l.s_for conc:ete having a strength of ;490
ib. per sg.in;'tn»l.o for eoncrete having a strength of 5800 1lb.
per sq.in.

The variations in the assumed values of n had a small eff-
ect on phe bemn-cylinder strength retio for computations made by
fhe straight ;;ne formuls anq‘a smaller effect for c amputations
made by the parabolic formula, .

The beamrcylinder strength ratios for beams with dlfferent
depths end two different strengths of concrete (2800 and 4000 1b.
per sqaln.} have been'plotted in Fig. 9. The beams with conerete
of 2800 lb.Aper sq.in. indicaﬁed a_slight ipcrease inlthe ratio
with the increase in the depth of the beams. However, the in-
crease was very sma 11l and pot entirely consistent. The beams
having concrete of‘4OQO lb, per sq.in. showed the same beam-
cylinder strength ratio for all the different depths of beams
used. This seems to justify the conclusion that the effect of
the variation ;n the depth on the beam-cylinder strength ratio
was negligib}e. ‘

In Fig. 10 the stresses determined from the strains ob-

served at the level of the center of gravity of the reinforce-
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ment are shown as ordinates, and the stresses“cqmputed by the
straight line formpla, usingAg_asispeqified by the American
Concrete Institute, are shownvas apspissas. Therplotted points
répyeseqt_the‘résults from this series of tests and the solid

straighit lineg are the graphs of the equations given in the figure.

The se equétioné represent'closely the relation between observed and

éomputed stresses in an‘exﬁensive series of tests carried out by
the United Sfates Geological Sgrvey under the direction of Richard
L. Humphrey abqut 25 years ago. On the whole the observed‘stre5ses
agree very well with the qpmputed stresses in the steel, rather
more closgly, in fact, than‘in the tests byvthe Geological Survey.
- Fig. 11 shows_fbe relation between the so—@élled observed
compressive stresses invthe beamg_gnd the stresses qomputed by
means of the stygight‘line formula, The values.of_g_used in
these computations were according to the.sp§Cificationtfpp the
Americen Qpncretg Institutgfs building code. For the strains
observed at the extreme fiber of the beam at different loads, cor-
responding stressesvwgre takﬁn_from the stregsfstrain curve far
the control cylinders. These are the so-called observed stresses
for”thg_beamsi_ @he dotted ;ine gives the condition fpr'equal ¢ om-
ppted and observed stresses. It is noted that for stresses up to
th§ strgngth of the cylipders there is a close.agreement_between
thg stgrved»anﬁ the computed_stresses. Thé”indiqation is that in
a beam at the maximum load the computed compressive §trésses‘a:e
in.agreemgnt w}th the sﬁresses for cor:espondihg strains'in the cy-
linders up to a height above the neutral axis at which the stress

is approximately equal to the cylinder strength. TFor points above




this height the stresses in the beam are not known, but compu-
tations indicated fhat they must be somewhat greater than the
cylinder strength in order to\produce equilibrium between the
internal and external moments.
The average deflection for the different groups of beams
of five different strengths of conoretevin Which the s;ze of_the
beams remained constant is shown in Fig. 12. TFor qompﬂrisoh; de-
flections computed fram a formula proposed»by Prof. G. A. Maney
have also been shown. The agreemept between the computed and the
observed deflections is very gpod and indicates that_an intimate
relation exists between the measured deformations of a reinforced
concrete beam and the defleétions. It will also be noted fram
Fig. 12 that the total observed deflecti;héfnear the'maximum load
were practically equal for all the beams included in this series.
In order for this to be true the deformations in the comrete
must also have been nearly the same at maximum losd for all groups.
This was found to be approximately the éase, ) 3 ‘
The test results also indicated that for desigg computations
of stresses in phe reinﬁbrcemept of qpn@rete beams the_falue'of J
might well be taken as a constant regardless of the values of p and
N
These tests indicate that the maximum cqmpression stresses
in the beams were approximately equal to thev§tresses computed by
the straight line_fonnula, until a load was reached at which the‘
maximum stress was equal to_the‘strength of thevcontrol cylinder.
In addition they show that at failure of the beam.the stresses
computed by the straight 1ine formula were from 40 to 120§

greater than the strength of the control cylinders,
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