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SHEAR TESTS OF REINFORCED CONCRETE BEAMS

By Willis A. Slater, Arthur R. Lord, and Roy R. Zipprodt

ABSTRACT

This paper gives results of tests carried out on reinforced concrete beams
in the establishment of a basis for design of concrete ships during the World
War.

Most of the beams were of I-shaped cross section. The web thickness varied

from 2 to 12 inches, the depth from 18 inches to 10 feet, and the span from
9 feet 6 inches to 20 feet.

The web reinforcement generally consisted of loose stirrups placed vertically,

or inclined at 45°. In a few beams expanded metal, and in a few others hori-

zontal bars in the web, were used as reinforcement.

Cracks generally began to appear in the beams at shearing stresses of 100 to

300 lbs. /in.2
. Previous to the formation of cracks there was generally very little

stress in the web reinforcement.

The tensile stress in the web and the shearing strength of the beam were
generally independent of the compressive strength of the concrete of the beam
and directly dependent upon the amount of web reinforcement.

As measured by ultimate shearing strength, vertical and inclined stirrups

were about equally effective, pound for pound of steel, in reinforcing the web
to resist shear. The inclined stirrups were more effective than the vertical

stirrups in preventing deflection and in resisting the widening of cracks. The
statements of this paragraph refer to beams having only vertical or only in-

clined stirrups. Where both kinds of stirrups were present in the same beam
the inclined stirrups took nearly twice as great stress as the vertical stirrups

until the yield point was reached. After the yield point was reached the stress

in the vertical stirrups became nearly equal to that in the inclined reinforce-

ment, and the maximum load carried was about the same as that for a beam
having the same total amount of web reinforcement, but all of one type, either

vertical or inclined.

The shearing strengths found were generally much higher than have been

obtained in previous investigations. This probably is due mainly to the use of

larger quantities of web reinforcement, combined with sufficient anchorage of

stirrups and longitudinal bars to permit the stirrups to be effective.
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I. INTRODUCTION

This paper gives results of tests on reinforced concrete beams

(series 1, 4, and 10) made by the concrete ship section of the Emer-
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gency Fleet Corporation and the United States Bureau of Standards.

The investigation consisted principally of two series of tests, one of

which was carried out at the Pittsburgh Laboratory of the Bureau of

Standards, and the other at the John Fritz Civil Engineering Labora-

tory at Lehigh University, Bethlehem, Pa. The depth of the beams
varied from 18 inches to 10 feet, and the span from 9 feet 6 inches

to 20 feet. All the beams in the Pittsburgh tests (series 1) were

I beams; that is, were I-shaped in vertical cross section. Most of

those made at Lehigh University (series 4) were also I-shaped, but

a few beams of rectangular cross section were made. The two beams
of series 10 were hollow.

In order to determine with sufficient certainty whether beams of

rectangular cross section and long, slender beams would show web
stresses and shearing strengths nearly the same as those for the

beams tested it would be necessary to test such beams in considerable

number. However, this question becomes unimportant practically,

because rectangular or slender beams generally will fail by tension

or compression in a longitudinal direction, with web stresses so low

as to present no unusual problems of web reinforcement.

To resist the heavy concentrations of load the thickness of the

webs of the I beams was made equal to that of the flanges for short

distances near the supports and at the center of the span. For lack

of a more exact term these thickened portions of the web are referred

to as pilasters. Information on the nominal forms, sizes, and rein-

forcement of the beams is given in Tables 2 and 3 and Figures 5 to 9,

inclusive.

An analysis of web stresses has been developed by Mr. Slater

which leads to the same equation between tension in the stirrups

and shear in the web as the one which usually forms the basis for

the design of web reinforcement. However, the steps in the analysis

seem to be more nearly susceptible of rigid demonstration than

those ordinarily used in deriving the same formula. The relation

between stresses in vertical and those in diagonal reinforcement are

also brought out, as well as the relation between me tensile and

compressive stresses. It is not supposed that the analysis can hold

any more rigidly than the assumptions on which it is based, but it

is believed that the experimental verifications of the results of the

analysis are as good as may be expected in this type of structure.

It is believed that this analysis will form a basis which will assist

the reader in classifying the test results, and several references to

it are made in the discussion of the data.
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II. ANALYSIS

1. GENERAL

Imagine the web of a beam to be replaced by a double system of

closely spaced web members represented by DG and GH, as illus-

trated in Figure 1, and the longitudinal tension and compression

zones to be replaced by the horizontal members BC and AD, respec-

tively. Imagine all web members to be connected to the longitudinal

members at G, H, etc., or to the stiff posts, AB, and CD, by hinged

joints, but to be entirely free from any kind of articulation with

each other at intersections. This structure is no longer a beam,

(a) (t>_)

Fig. 1.

—

Truss beam with diagonal members

since by the introduction of the independent elements into the web
the direction of the stresses is fixed by the direction of the members

and is not determined by the combination of shearing and normal

stresses. It is, however, sufficiently like some of the beams which

have been tested in this investigation to present an analogy which

will be useful in visualizing the action which takes place in these

beams.

W
With the two forces, 1 -~-> applied to the half beam as shown m

Figure 1, it is obvious that the following condition will exist:

i Wherever in this paper the word "force" is used it designates the total force, in the direction indicated,

applied to or resisted by the part of the section under consideration. Wherever the word "stress" is used

it designates the intensity per unit area of the internal force. For example, the compressive force on any

section of a beam under flexure and without direct stress would be the total force on that part of the section

of the beam which lies between the neutral axis and the "extreme fiber" in compression. In the

same case the term "stress" would designate the intensity per unit area of the compressive force

at the point in the cross section which is under consideration. For axial loads the word "force"

designates the total force applied to or resisted by the entire cross section of the member. This usage is

consistent with the recommendations of Committee E-l of the American Society for Testing Materials.

See Proc. A. S. T. M., 24 (1924), Pt. I, p. 937.
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(1) A force Fc causing compression will be applied to AD at D
}

and a force Ft causing tension will be applied to BC at C.

M
(2) Fc =Ft= -^ where M is the applied moment, d is the distance

from the compression surface to the center of tension, and ; is the

ratio to d of the distance between the center of tension and the

center of compression.

(3) AD will shorten and BC will lengthen.

(4) The diagonal web members will assist in resisting the shorten-

ing of AD and the lengthening of BC.

The rate of change in Ft or Fc along the length of the beam is

-n— Then -5— jd will be the rate of change of moment, -j— •

But

Therefore

and

-5— = V, the shear (1)

dF., dM T7 ,
.^=^=F (2)

dF=~dx (3)

If dx be assumed to take the finite value s (small enough to per-

mit of considering the total shear V to be constant over the distance

s) dF wiL\ take a finite value

AF=| (4)

where s is taken as the horizontal spacing of web members and AF
is the change in total horizontal stress between two web members;
that is, in the distance s. The total stresses carried by the members
connected at any point, such as G of Figure 1, will then be as shown
in Figure 2 and the equations of equilibrium will be

¥t +AF-Fdc cos 6-Ft-Fdt cos a = (5)

and

Fdt sin a - Fdc sin d = (6)

From (6)

F*o = FdtT Q̂ (7)

From (5) and (6) since

sin

AF
?̂d

Vs
-jj

=Fdt cos a +FdG cos $ (8)

= Fdt
(
COSa+ gl_a) (9)
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It will be seen from equations (5) and (8) that the increment of

stress AF is equal to the sum of the horizontal components of the

diagonal tension and the diagonal compression. If the tension web
member is vertical it will have no horizontal component and the

diagonal compression must be the greater since AF will not be dimin-

ished thereby. This illustrates why, as shown by equation (19),

page 396, in a beam with vertical stirrups the diagonal compression

may be expected to be twice as great as in a beam with stirrups inclined

at 45°.

Similarly equation (6) shows that if the tension web member is

vertical, as in a beam with -vertical stirrups, sin a becomes unity and

the total tension in the web member is equal to the vertical compo-

nent of the force in the diagonal compression member.

"

z
-*—*= f-

—

M0^^=^===^===H -*-Ft +AF

-5

Fig. 2.

—

Stresses at junction of web reinforcement with

longitudinal reinforcement

2. SOLUTION FOR DIAGONAL TENSION

If equation (9) may be assumed to apply to a beam in which the

concrete takes the diagonal compression and metal web members
take the diagonal tension after the concrete has cracked it may be

reduced to terms of shearing unit stress, v, and tensile unit stress

/

v .

Since

V=vbjd and Fdt = Avfv

-&*(«*+&) (10)

Letting 2 a be the distance between diagonal tension members at

right angles to their direction,

a -, J±y -Ay
and -t—=i— sin a = r sm a

sin a bs ba

in which r is the ratio of the sectional area, A Y (or volume), of the

reinforcement to the sectional area, ba (or volume), of the web which

it reinforces. Then

2 For exactness a should be taken as the distance center to center of adjacent spaces between such mem-

bers For simplicity it is taken as stated.
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v = rfJ cos a sin a+f^-|) (H)

/•= ?
Jy r ( . sin a\ . , .

(
cosa+t^j sma (12)

The test data give some indications as to the propriety of applying

this kind of an equation to the relation between shear and ten-

sion, and also give indications regarding the value of the angle

between the diagonal compression and the horizontal.

It will be seen by reference to Figures 38 and 39 for vertical and

inclined web bars, respectively, that the relation between the shear-

ing stress, the tensile stress, and the ratio r appeared to be the same
for beams with vertical web bars as for beams with web bars inclined

at 45°. This being the case, the same value of v should be obtained

from equation (11) when a is 45° as when a is 90°, and from this

condition the angle 8 of diagonal compression may be determined

for these two cases. Substituting a = 45 and 90°, successively, in

equation (11) and equating the results,

i; = ry/cos45 sin45 +
S^ (13)

from which

and

0.5 +r^ =r^ (14)
tan 6 tan 6

tan 0=1; that is, = 45° (15)

The indication, therefore, is that with the diagonal tension members
making angles of either 45 or 90° with the horizontal the direction of

the resultant compression was approximately 45° with the horizontal.

No data were obtained which throw light on the probable direction

of the diagonal compression for angles of the diagonal tension mem-
bers between 45 and 90° with the horizontal, but curves are given

in Figure 3 showing the relation between v, rfv , and a for three

quite widely different assumptions as to the direction of the diagonal

compression, namely:

(1) That = 45° for all values of a.

(2) That 6= 90°— a; that is, the diagonal compression and the

diagonal tension are always at right angles with each other, as in a

homogeneous beam

(3) That = 673^°— ^-; that is, that the maximum diagonal com-

pression lies midway between positions given under (1) and (2)
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The indication from that figure is that for angles from 45 to 90°

assumption No. 1 is the only reasonable one, and that for angles a

less than 45° it makes little practical difference which assumption is

used. When 6 is made 45° equations (10) and (11) become

V= -jf- (cos a sin a) (16)

rfv (cos a sin a + sin2 a) (17)

At the neutral axis of a homogeneous beam the stress in diagonal

tension at 45° with the direction of the axis of the beam is equal

24 1

1

22
9 =angle between diagonalcom-

- pression and axis ofbeam.
oc* angle between web reinforcing

- bars and bngifudinafaxis of
beam.

\ 7-

2D

18

lb /
7^

A\
-

J^ 16

•Sf 14 A*

^ OS

0.6

04

az

_

y£&= 45°

/ -

/ .

~A

180

\

140^

IZO ^

100 ^

80 £

60 t

40$%

20 t

^
10 ZO 30 40 50 60 70 80 90

Values of Angle ex. f3ef/veen Web 3ars andLongifudirMl

/}x/s ofBeam, Degrees

Fig. 3.

—

Relation between diagonal tensile stress, shear-

ing stress, and direction of web stresses

to the shearing stress. If the web thickness is b the total diagonal

tensile stress within a short distance a (a being equal to s sin 45°) is

vba. In equation (16) the total diagonal tension within the distance

s is represented by the term A vfv . Putting a equal to 45° and s

equal to . ,-
, it is found from this equation that A vfv within the

distance a is vba, the same as for a homogeneous beam. While this

does not demonstrate the applicability^ of equations (16.) and (17)

to a reinforced concrete beam where the web members are placed at

a considerable distance apart, it shows that, in a structure similar

in many respects to a reinforced concrete beam and susceptible of

exact analysis, the diagonal tensile stresses developed are the same

as those in a homogeneous beam and gives a feeling of confidence
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in the use of this equation for the stress in a concrete beam. The
confidence may be the greater because of the fact that the reinforced

concrete beam is a structure intermediate, in form, between the

homogeneous beam and the trusses assumed for analysis.

In the reinforced concrete beam the concrete will take most of the

diagonal tension before the concrete is cracked, and the tests indicate

that it may have taken a portion of it even after cracks appeared. In

such a beam the concrete must furnish the diagonal compression

member.
That the diagonal compression probably took the same direction

for a= 45° as for a = 90° is further indicated by the fact that the

direction of the tension cracks was about the same for these cases.

See Figures 23 and 52 for vertical stirrups (a = 90°) and Figures

5.5-
l 1

i
1 r ' r—

Note To obtain sectional'area ofweb reinforcement

per unitof ienofn ofbeam mutf/p/ytyd/hatesby jr
To obfa/h vo/ume of'web reinforcementperan/'f

v

^ offeneft? ofbeam mutfipfy ord/nates by^ I

tO ZO 30 40 SO 60 70 dO 90
Angle cc between ct/bgonof fens/on and axis of'beo.v?, degrees

Fig. 4.

—

Relation between diagonal compressive stress

and shearing stress

20(a) and 53 for inclined stirrups (a = 45°). This adds justification

for extending the anlysis to beams with vertical as well as to those

with inclined tension members in the web.

In Figure 4 curves are shown which give proportionate values for

the sectional area ( — } and the volume (
—- -—

) per unit length
\ s J \ s sm aJ

r &

of beam, of tension reinforcement required in the web for various

values of the angle, a, of inclination between the web member and the

longitudinal axis of the beam. These curves assume the same width,

b, of the web, the same depth of beam, d, the same shearing stress,

v, at the neutral axis, and the same tensile stress, fv, in the web rein-

forcement for all cases. Only the angle, a, is assumed to vary.

A
The values of the sectional area, —-, per unit of length were taken

directly from equation (16). The volumes were obtained by multi-

A d
plying the areas, —-, by the assumed length, -.

, of the web mem-



396 Technologic Papers of the Bureau of Standards [Voi.so

bers. The curve for areas indicates a comparatively small variation

in the sectional area of web reinforcement required for different angles

of inclination of the web members. Owing, however, to the varia-

tion in length of web member with variation in the inclination, a

much greater total quantity of reinforcement is required in the web
when the web members are nearly horizontal than when they have

an inclination of from 45 to 90°. The tests reported in this paper

give data supporting the conclusion that the quantity of reinforce-

ment required when the inclination is 45° is the same as that required

to give the same strength when vertical stirrups are used. The
increased volumes required for angles less than 45° seem reasonable.

The curve indicates that the least volume of web reinforcement would

be required when the web members make an angle of about 67°

with the axis of the beam. No test data were obtained for angles

a other than 45 and 90°.

3. SOLUTION FOR DIAGONAL COMPRESSION

By the same methods as those employed for determining the diag-

onal tension a solution may be made for the relation between the

shear and the diagonal compression. Putting the total diagonal

compression, Fdc , within the distance s equal tofcbs sin 6 in equation

(7) , where fc is the compressive stress in the direction of Fdc , and
solving for

/

c it is found that

r v
Jo

. „ .
,
sin2 (18)

sm0 cos + 7
tan a

If, as is indicated in the previous discussion, is always 45°

- 2v
f°
=

l
1 (19)

tan a

According to this equation the diagonal compressive stress is depend-

ent upon the direction of the web reinforcement, but is independent

of its amount. Equation (19) and Figure 4 indicate that the diagonal

compression is twice as great for beams with vertical stirrups as for

beams with stirrups inclined at 45° with the horizontal. Since in

beams having no reinforcement for diagonal compression all the

diagonal compression is resisted by the concrete of the web, it is

reasonable to expect that its intensity should be nearly independent

of the amount of tension reinforcement in the web. It is to be noted

that all of these indications from the analysis are in conformity with

the conclusions based upon study of the test data as pointed out in

Sections XIV, page 434, and XVIII, page 446.
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III. SCOPE OF TESTS

This investigation included the beams of series 1, series 4, and two

beams of series 10 of the tests carried out in the structural laboratory

investigations of concrete ships. Series 1 comprised 13 beams with

a depth of 4 feet 4 inches and a span of 16 feet, and 1 beam with a

depth of 10 feet and a span of 20 feet. Series 4 comprised 156 beams
having a span of 9 feet 6 inches. The depth was 36 inches for 147 of

these beams and 18 inches for the others. Two hollow beams of

series 10 were tested for shearing strength after leakage tests on them
had been completed.

Series 1, conducted at the Pittsburgh laboratory of the Bureau of

Standards, was very hastily planned and was intended only as an

emergency check of the design of web reinforcement as made for the

3,500-ton concrete ship EF 2, represented by the Polias, built at the

Fougner concrete-ship yard in Brooklyn, N. Y., and the Atlantus,

built at the Government shipyard at Brunswick, Ga. This series

contained beams with (1) two-way diagonal reinforcement, (2) ver-

tical web reinforcement only, and (3) vertical and horizontal web
reinforcement combined in the form of independent bars not welded

and also in the form of welded units.

Series 4, as originally laid out for the concrete-ship investigation

had as its main purpose a thorough investigation of (1) the effect of

the amount of web reinforcement, and (2) the effect of its direction.

The work covered a period of 16 months, from January, 1918, to,

May, 1919. After the signing of the armistice in November, 1918,

and especially after January 1, 1919, when the investigation passed to

the Bureau of Standards, in order to increase the value of the investi-

gation for ordinary construction and design, series 4 was extended to

investigate the effect of the variation in (1) the strength of the

concrete, (2) the thickness of the web, (3) the spacing of the stirrups,

(4) the method of anchoring the stirrups, (5) strength of the frame of

the beam (made up of the upper and lower flanges and the pilasters)

,

and (6) depth of the beam.
The program was not exhaustive, but some information was

obtained on the effect of each of these variables.

Table 1 shows groupings of the beams on the bases of type of web
reinforcement, web thickness, and richness and average strength of

concrete. It shows the total number of beams of each group. The
upper half of the table shows the grouping on the basis of web thick-

ness and the lower half on the basis of richness of concrete. The
beams shown in the upper half are repeated in the lower half of the

table.

Table 2 is a key by means of which information on the form of

section for any beam, type, amount, and anchorage of reinforcement,

and data of tests may be found easily in Tables 5 to 10 and Figures

5 to 9.
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The first column gives in alphabetical order the number by which
the beams are identified throughout the report. The initial numeral
(1, 4, or 10) in the beam number indicates the series to which the
beam belongs. The numeral suffixes 1 to 32 indicate web thickness or
mix of concrete, as explained in a note in Table 3. For the letters in

the beam numbers no systematic arrangement is possible. The second

Table 1.

—

Groupings of beams according to type of web reinforcement, web
thickness, and richness of concrete

Ranq<z of
web thicknesses,

inches

0.00

No
web re-

inforce

ment

4AG1.2

4469,21

Type of Web Reinforcement (Se.eFiG.7)

Vertical only
(Type A)

4E5,Z5;4F5
465, 25

horizon-

tal only
(Type 6)

Vertical

and
horizontal

(TypeC)

Dlaqona (

tension

only
(Type 0)

Diagonal

tension

compression

(Type E)

4X5

\6rtica!,

[iaq- ten- Expanded

metal

(TyoesG.H.IJ

1.95 to 2.30 4F4;4G4 4K4

Z.40 to 3.45 4J1.2

4J 11.21,31

4E1,2,1V2.Z1.Z2.31

4F1,Z,11.1Z,Z1.ZZ,31

4G1,Z.11,tZ.21,22,31

4H1,Z.11.1Z.Z1.ZZ,31

4BAZ1.ZZ;4BB21,2Z

4BC21.Z2; 4BDZ1-.ZZ

4YE1;4YF1;4YG1;4YZ.1

451;4T1

4A1.2;4B!,2

4C1.2;4D1,Z

4K1;4L1

4M1,Z;4N1

4P1;4Rj

4U1.2

4W1.2.21

4X1,2.8,11

4XZ1.ZZ.31

4X3Z;4fl.2

4Y21;4AH1.2

1G1

4Z1
4AA1.Z

4AB1.2

4AC1.Z

4AK2

4CA1.2

4CB1.2

4CC1.Z

4CP1.Z

4CE1,2

4X41
4XB1
4XC1
4XP1
4XE1
4XF1
4XG1

3.90 to 4.45 1F1;1[1;1K1;1L1
4E3, 4G3 4X3 1B1;1C1;(E1

1H1;4AK1

4.50 to 5.05 4-J3 1M1;4D3 IA1; 1Dt

5.65 to 6.05 4J6.Z6 4E6, 7,26; 406.26,27 4X6

6.10 to 8.55
4J8.Z8

4YJ8

4E9,Z8,Z9;4fZ6;468

4G23,29;4YE3,4YFS-,4Y<58
10C1;10D1 4\9

11.80 to 12.10
4B£Z1;4GA1,21

4GB1
Total number of beams ~3 15 10 172

Series

Wahr-

cement\ lb per
ratio

Strength, No wab
reinforce

menf
(Type A) (Type B) (TypeC) (TypeD) (TypeE; (TypeF) fTypesG.rU)

1:2 1F1;1I1;1K1;1L1
1A1;18i;!01Dl

«1:1H1

|:2 5400
4J1,Z,3.6.6

4461,2,9

4YJ8

4E1.Z.3.5.6.7.9

4F1.Z.4.5

4G1,Z,3.4.5,6.8;4H1,2

4GA1;4GB1;4YE1,8

4Y71.8;4Y51,8
4YZ1

451;4T1

441,Z,3;431

4BZ,3;4C1

4C23;4P1,2

4D3j4K1;

4L3;4M1,2

4mZ,4W\ 4Z1-.4AM

4m-M&4A/\Z;4A8
,6,8.9

4Y1,2;44H1

4AHZ

All^S. 4462;4AC1

4ACZ;4AK1

4AKZ

4CA1.2

4CB1.2

4CC1.2

4C01.Z

4CE1.2

4MWXB!
4XC1;4XP1

4m-,4m
4X.6!

103

4E11,1Z;4F11,fZ;46l1

4612;4H11,fZ
4X11

1:5 0.90

4E2T,ZZ,Z5,Z6.Za.Z9

4F2J,2Z.28;4GZ1,2Z,25

3800 KJ^Z6^8 4GZ6,Z7,Z8,29;4HZf
- 4HZ2; 4BAZ1.7Z

4BBZ1,2Z;4BC2LZ2
45D21.22;4BZ21;45AZ|

4W2I
4X21,22

4YZ1

1.05 2100 4J31
4E31;4F31
4G31J4H31

4X31,32

1OC1;10n1

~Nore~
The volume of aqqreqate -

is the,, sum of the volumes

of fhe fine and coarse aqqvt-

qates and is not the volume

of the mixed aqqreqate..

Generally the volume of

the coarse aqqreqate was -

about twice the volume
of the fine aqqreqate.

35

1-9

TT2

Total number of beams

* All beams of Series 1 were of 1:2 mortar except deam 1X1 which was of 1-Z qravel concrete.

column in Table 2 gives a reference number by which the beam may be
found easily in Tables 7 to 10. For example, to locate beam 4E22 in

Table 7 it is found from Table 2 that the reference number is 16.

In Table 7 the reference numbers are arranged consecutively, per-

mitting this beam to be located easily.

The third, fourth, fifth, sixth, and seventh columns in Table 2 give

letters which refer to sketches in Figures 5 to 9. These sketches show
the cross section and type of reinforcement of the beams.

73 26 20 15 10
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Table 2.

—

Key to description of test specimens

[Letters refer to types shown in figs. 5 to 9]
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Table 3 shows schematically the design data of the beams of series 4,

and Tables 7, 8, 9, and 10 give the measured dimensions, the amount
of reinforcement, and the principal test results. The dimensions and
test results for beams of series 1 and 10 are given in Table 6. Wher-
ever more than one beam of a kind was tested the results given are the

averages for beams of the same kind.

\k
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Fig Method of anchoring stirrups

The letters in Table 2 under column caption "stirrup anchorage" correspond to sketches in

Figure 9 and refer primarily to the form of hook used. However, with the exception of B and C
the sketches show also the arrangement of the stirrups. In some cases Table 2 cites sketch B or

Cfor the form of hook in beams with 6 and 8H inch webs. In such cases the position of stirrups

is given by sketch E for 6-inch webs and by sketch F for 8^-inch webs. Wherever the web
thickness is not given in the sketch the anchorage and arrangement of the stirrups apply to

beams of more than one nominal web thickness.

IV. MATERIALS
1. CEMENT

Lehigh Portland cement was used throughout series 1 and 4.

Acknowledgment is due the Lehigh Portland Cement Co. for the

unusual precautions taken by them with certain shipments to secure

uniformity in the cement by spreading out the entire lot of cement on

a floor and mixing it thoroughly before bagging it for shipment, and

for furnishing to the Bureau of Standards, without cost, the final

shipment of 173 barrels of cement. The cement was stored in the

laboratory.
2. SAND

The sand used in beams lAl to lLl (all the beams of series 1

except 1X1), inclusive, was Allegheny Kiver sand taken from stor-

age bins in the winter after dredging had been discontinued and no

other material was available. It had been protected from freezing

by covering with straw, and some of the broken straw remained
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even after the sand had been screened. This sand was mainly

siliceous and of good quality, but finer than is desirable, and it con-

tained an admixture of soft coal in objectionable quantities.

For beam 1X1 a much coarser sand from the Ohio Kiver was
obtained, which also was mixed with some soft coal particles. These

sands were the best available at that time under war conditions.

The first shipment of sand for the beams of series 4, tested at

Lehigh University, Bethlehem, Pa., came from the DelawareRiver

near Philadelphia. It was fairly coarse, reasonably clean, and com-

posed of round grains, mainly siliceous in character. Other ship-

ments were of washed sand from the Portland, Pa., pits. There is a

high clay content in these pits, and even after washing this sand con-

tained from 3 to 6 per cent of clay. It was of about the same fine-

ness as the Ohio River sand used in Pittsburgh, but it was entirely

free from coal. Notwithstanding the clay, it was good sand for

concrete work and is generally employed for this purpose in Bethlehem.

The last shipment of washed sand was from the same source. It

was much coarser, and many of the grains were flat and elongated.

It had less clay than the previous shipments, but some shale, which

was more objectionable.
3. GRAVEL

No gravel was used in any of the beams tested at Pittsburgh

(series 1), except in beam 1X1. The gravel used in beam 1X1 was
from the Ohio River, and, like the sand used in series 1, it contained

considerable soft coal. It was used as received, except that it was
screened to remove all pieces over one-half inch in size. This gave

an aggregate of the size which it was anticipated would be required for

concrete-ship construction.

The first carload of gravel for the beams of series 4 came from the

Delaware River near Philadelphia. As received it was dirty, con-

taining both silt and organic matter. Since a colorimetric test gave

indication of the presence of humus, the gravel was washed. The
resulting aggregate was satisfactory in all respects.

The remaining five carloads of gravel for series 4 came from pits

at Portland, Pa., and, like the sand from that source, contained

much clay. The clay content ran from 7 to 10 per cent, and this

clay clung to the particles very persistently. All the gravel for

series 4 was screened, the part passing through a one-eighth inch

sieve and also that passing over the one-half inch sieve being re-

jected. The balance was divided into two lots, one from one-eighth

to one-fourth inch in size, termed "fine gravel," and the other from

one-fourth to one-half inch in size, termed " coarse gravel."

The screening process reduced the clay content to about 3 per cent

in the fine gravel and to about 1 per cent in the coarse gravel. A
portion of this gravel was washed, but tests indicated that the effect

of this washing on the strength of the concrete was very small.
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4. CONCRETE

All of the beams of series 1, made and tested at Pittsburgh, except

beam 1X1, were made of 1 : 2 cement mortar, hand mixed. The
concrete in beam 1X1 used 1 part cement, 2 parts sand, and 1%
parts gravel, machine mixed. Owing to the necessity for speed in

carrying out the tests, no precautions were taken to secure refine-

ment of operation in making the concrete. The amount of water

necessary to give a concrete which would fill in properly around the

reinforcement was judged by eye. The beams were stored in the

laboratory where they were made and tested. During a consider-

able portion of the time low temperature prevailed, even passing

below the freezing point at times. On account of these unfavorable

conditions, the strength of the concrete varied ; considerably, The
average was about 3,500 lbs. /in. 2

.

In the beams of series 4, made and tested at Lehigh University,

Bethlehem, Pa., an accurate record of the weights of all materials

entering into the concrete was kept. The aggregate was made up
in predetermined proportions of sand, fine gravel, and coarse gravel.

The concrete was mixed in a " Wonder" mixer having a capacity of

4 cubic feet, loaned by the Waterloo Cement Machinery Co., of

Waterloo, Iowa. Careful placing was necessary to secure filling

around the reinforcing bars. This was accomplished by pounding

the forms with hammers, but some patching after removal from forms

was necessary.

The consistency of the concrete varied widely, as judged by the

eye, even when the amount of water, cement, sand, fine gravel and

coarse gravel, and the time of mixing were made identical. The
consistency was by no means a measure of the strength of the

cylinders. The consistency sought was such that when the con-

crete was dumped from the mixer, falling about 2 Y^ feet, the 3-cubic-

foot batch formed a mass about 3 feet in diameter and about 8 to

9 inches high at the center. This consistency was obtained with,

perhaps, 60 per cent of the beams. The dimensions of the mass

varied, perhaps, from a diameter of 2.5 feet and a depth of 3 inches

to a diameter of 5 feet and a depth of 16 inches. The consistencies

generally used were well within the requirements for "practical"

construction.

The approximate average strengths of the concrete of the various

mixes are given in Table 1. These strengths were determined from

8 by 16 inch control cylinders taken during the pouring of the beams.

Within 20 hours after being cast the beams were lifted by crane

without damage to the concrete. Twenty-four hours after casting

they were covered with burlap and moistened once a day until

about eight days before the test date, when they were allowed to

dry while the concrete was being cut to expose the steel and the gauge

holes were being drilled.
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5. REINFORCING STEEL

In series 1 the reinforcing steel came from two sources and was
of two grades, the structural grade being used for the flange rods

and the hard grade (plain or corrugated) for all web bars. The
steel of structural grade showed under tensile test a yield point of

about 37,000 lbs. /in. 2
, while the hard-grade bars showed a yield

point of about 60,000 lbs. /in.
2 for the one-half inch and 58,000 lbs. /in.2

for the three-fourths inch size.

The steel for the beams of series 4 was obtained from the Bethle-

hem Steel Corporation and the Gerber Engineering Co., of Bethlehem.

Most of the bars were rolled from the discarded portion of ingots

intended for the manufacture of shrapnel. The properties of this

steel made it excellent for this investigation. The yield point was
somewhat higher than that usually found for hard-grade bars, per-

mitting the beam to carry high loads before failure by tension

occurred. Notwithstanding the high yield point, no difficulty was
experienced in bending the bars to the required shape. Although

purchased under specifications, there was an admixture of bars

having a much lower yield point in some of the purchases. Some
bars having a low-yield point were inadvertently used in a few of

the later beams before its presence was detected, and it is not known
just what beams it was used in. The interpretation of the test

results for the larger loads is therefore difficult for these beams.

The diamond mesh expanded metal used as web reinforcement for

beams 4XA1 to 4XG1 was furnished by the Consolidated Expanded
Metal Co., of Braddock, Pa. It was of the type shown in Figure 5

of Technologic Paper No. 233 of the Bureau of Standards. It is

probable that its yield-point stress was about 60,000 lbs. /in.2 , as

reported on page 311 of that paper. The yield point was not de-

termined upon the reinforcement used in these beams, but upon
the samples furnished by this company at a later date, for the in-

vestigation reported in Technologic Paper No. 233.

The yield-point stress of the shrapnel steel bars varied with the

size of the bar with some degree of regularity from about 55,000

lbs. /in. 2 for 134 inches to about 70,000 lbs. /in. 2 for three-eighths inch

bars.

The modulus of elasticity of the steel varied from 30,000,000 to

33,000,000 lbs. /in.
2

. The former value was used in computing the

stress from the strains measured in the beams.

The form of stirrups is indicated in Figure 9. The manner of

bending the longitudinal bars is indicated in Figure 8. Figures 11

and 12 show the reinforcement for beams of different types. Figure

11 (a) shows the reinforcement for a 52-inch beam of 16-foot span.

Figures 12 (d) and 12 (e) show the reinforcement for 18-inch beams
of 9 feet 6 inches span. All the other beams shown were 36 inches

deep and 9 feet 6 inches in span.
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V. TESTING

The beams of series 1 (52 inches in depth) were tested in the

10,000,000-pound hydraulic testing machine at the Pittsburgh labora-

tory of the Bureau of Standards. The speed of the head of the test-

ing machine is not known, but the load was applied slowly in all

cases. On account of the length of time required to make observa-

tions of strains, deflections, and openings of cracks a day was gen-

erally required in the testing of each beam. The positions of the

loads and reactions are shown in Figure 5. The supports of the

beams were on pivoted bearings. At one end the bearing was free

to roll longitudinally in order to eliminate horizontal thrust at the

reactions. Only one load was applied. This was at the center of

the span, over a 12-inch length of the upper flange giving a distribu-

tion of load sufficient to reduce the probability of failure due to crush-

ing at the point of application of the load.

The 36-inch beams of series 4 were tested in an 800,000-pound

Richie testing machine at Lehigh University. The speed of the head
used in the tests was 0.05 inch per minute. Each beam was sup-

ported on rocker bearings on a 9-foot 6-inch span and loaded through

a spherical bearing block at the center of the span covering an 8-inch

length of the upper flange.

The 18-inch beams of series 4, group 4BA, were tested in a 300,000-

pound Olsen testing machine at Lehigh University with a speed of

testing head of 0.05 inch per minute.

Strains were measured with a strain gauge of the Berry type.

This instrument had a ratio between the length of the long arm and
the short arm of the pivoted leg of 5 to 1. The gauge length over

which strains were measured was 4 inches in most cases. For com-
pression measurements the gauge holes were drilled in brass or steel

plugs which had previously been set in the concrete.

In the earlier beams of each type strains were observed on a large

number of gauge lines distributed over the web of the beam. It

was soon found that the points of maximum stress could be covered

by from 11 to 15 gauge lines, and this was the number generally

used. Measurements of tension and compression in the flanges and
in the web were included. The strain measurements in the flanges

were taken at the center of the span in the outside bars of the lower

layer of tension reinforcement and in the upper layer of compression

reinforcement. The measurements in the web were taken at approxi-

mately the one-quarter points of the span and at about mid height

of the beam. The deflection was measured to the nearest 0.01 inch

at the center of the span at the level of the lower flange, and in a

few cases at several points, by means of a fine wire drawn tightly

along the side of the beam from support to support and passing

over a scale and mirror attached at the center of the beam. (See

fig. 72.) By reading on the scale, on a line between the wire and its

image in the mirror, parallax was avoided.
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An initial load of 5,000 pounds for the 36-inch, 52-inch, and 120-

inch beams, and of 2,500 pounds for the 18-inch beams, was applied

and the beam was allowed to stand several hours for the plaster

bearing to harden before the test was continued. Initial readings

with the strain gauge was taken after this load had been in place

several hours. The initial deflection was also recorded. Load was
then applied in such amounts as to give increments of shearing

stress of 100 lbs. /in.2 and strain and deflection readings were taken

at each increment. The first appearance of cracks was noted, and
thereafter the widths of cracks were measured at numerous places

after each increment of load. For this purpose a celluloid scale

graduated to hundredths of an inch and a lens magnifying about
4.5 diameters were used. At a shearing stress of 400 lbs. /in.2 solid

lines following the cracks were painted on one or both faces of the

beam. The loading was continued in this manner, with readings

at loads corresponding to shearing stresses of 100, 200, 300, 400, 600,

800, 1,100, 1,400, 1,700, 2,000, etc., lbs./in. 2 until the maximum load

was passed, when a final set of readings was taken. Cracks were
painted by dashed lines at a shearing stress of 800 lbs./in. 2 and by
dotted lines at the end of the test. The above procedure was de-

veloped as the tests progressed, and in a few of the earlier 52-inch

beams the size of the load increments and the procedure in marking
the cracks varied from that outlined. Interesting and significant

phenomena of the tests were carefully recorded, and the crack for-

mation and appearance at failure were both sketched and photo-

graphed.

VI. COMPUTATION OF SHEARING STRESSES

Although it is generally recognized that wherever there is a ver-

tical shearing stress there is a horizontal shearing stress of equal

*c
l. zc7intensity, the shearing stress which exists

in a beam is probably most often thought

of as vertical shear rather than as hori-

zontal shear. This probably is because of

the fact that the external forces which set

up the shear act in a vertical direction. The
conception of the shearing stress as vertical

shear may lead many persons to feel that

the heavy- flanges at the top and bottom of the

beam resist a considerable part of the shear-

ing stress set up by the flexure of the beam.
However, consideration of the fact that the

shearing stress is zero at the top and at

the bottom of a homogeneous beam makes it

clear that the concentration of material in the flanges could have little

effect in resisting the shear. This is more clearly brought out by consid-

ering horizontal shear instead of vertical shear. Let Figure 1 represent

Fig. 10.

—

Element of beam
showing applied stresses
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a differential length ds in a beam having a depth d, and let the hori-

zontal forces be the flexural tension and compression acting at the

sections shown. The sum of the horizontal forces on either face is

zero, since all the external forces are parallel to these faces. It is

apparent that the total horizontal shear to be resisted at the neutral

axis is

F.-Zft-za-Z2i-Z21^-f-iS^ (20)

However, since the section is of differential length

Mr-M^dM^V? (21)

Therefore

and

Fh =§ (22)

(23)

where

Vh = the total horizontal shearing force at neutral axis,

Vv = total shearing force on a vertical section,

v= shearing stress, either vertical or horizontal,

MT =moment on section at right of element,

Mi = moment on section at left of element,

b' = thickness of the web at the neutral axis.

When the total load carried by the beam in flexure in the manner
indicated is known, it is apparent that no increase in the thickness

of the flanges will affect the value of the shearing stress except as it

affects the position of the center of gravity of the compressive or

tensile forces, and thus affects the value of the moment arm jd.

However, another action comes in, which makes the frame act some-

what as a structure independently of the rest of the beam, and the

value for shear given by equation (23) is somewhat in error. This

action is best illustrated by considering the beams like 4AG21 (fig.

13), in which there are no webs. The flanges themselves bend and
carry the vertical load directly to the end pilasters and down into

the supports. With beams which have concrete webs any bending

of the flanges independently of the bending of the structure as a

whole would introduce some of the same effect. That this effect

was present in these beams was shown by the development of vertical

cracks on the upper side of the upper flange near the support and on

the lower side of it at the edge of the center pilaster. Both of these

are positions where, if the structure acted as a unit, compression

should be expected. For this case the divergence from propor-

tionality between strain and distance from neutral axis (and therefore
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Fig. 11.

—

Assembled reinforcement for beams of various types
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Fig. 12.

—

Assembled reinforcement for beams of various types
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Fig. 13.—Failure of beams 4AG9 and 4AG21
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Fig. 14.

—

Failure of beam Jf.E5 with vertical bars, and no concrete, in web

Fig. 15.

—

Failure of beam 4AD1 with inclined bars, and no concrete, in web
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Fig. 18.

—

Failure of beams 4J6 and 4YJ8 with 6 and 8.5 inch ivebs and
no web reinforcement

*3#

»4t

Fig. 19.

—

Failure by horizontal shear of beam 4B2 having vertical and
horizontal web reinforcement
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Fig. 20.

—

Diagonal tension failures of beams with 3-inch ivebs

(a) Beam 4U2 with only inclined tension bars in web; (6) beam 4AK2 with inclined tension

and inclined compression bars in web; (c) beam 4XB1 with expanded metal web reinforce-

ment, south side; (d) beam 4XB1, north side showing cracks following strands of expanded

metal
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Fig. 21.

—

Diagonal tension failure of beam 4E9 having 8.5-inch web and
vertical bars

Corner of beam split off by slipping and straightening of horizontal bars

' 4YB1
N£

I

ft A

6

* <

Fig. 22.

—

Failure of beam 4YE1 by vertical shear combined with diagonal

compression
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Fig. 23.

—

Failure of beam 4YF1 by horizontal shear combined with diagonal

tension
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Fig. 24.—Beam 1X1

(a) "^'est side after 40 applications of load, of 640,000 pounds (727 lbs./in. 2 shearing stress) shows

crack points and gauge lines used in Figures 26, 29, 30, and 32; (b) west side after inver-

sion and loading to failure. Shows crack points used in Figure 26
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Fig. 25.—Beam 1X1

(a) East side after 40 applications of load of 640,000 pounds. Shows crack points and gauge lines

used in Figures 27, 28, and 31; (b) East side after inversion and loading to failure. Shows
crack points used in Figure 27.
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from the common theory of beam action) must be considerable and
the moment which is resisted by flexure on such a section is not known
exactly. The values referred to in this paper as " uncorrected

"

shearing stresses are computed from the total shearing force V

by the common formula v= yt^j' For the study of the test data,

however, it is important that a closer approximation to the true

shearing stress be reached. The method of making this approxima-

tion is given in Section VII, page 412.

Table 4.

—

Span, depth, and moment arm, jd, for beams of series 1, 4, arid 10

Span

Depth

Ratio
of half
span to
depth d

Number
of com-
pression
bars in
top

flange

Web
thickness

Flange
widthSeries

Over
all

To c. g.

of longi-

tudinal
tension

reinforce-

ment

Moment
arm, jd

Inches
180
240
114
114
114

114
114
114
114
114

114
114
114
114

114

Inches
52

120
18

18

36

36
36
36
36
36

36
36
36
36
48

Inches
48
116.5
15

15

32

32
32
32
32
32

32
32
32
32
45

2.0
1.03
3.8
3.8
1.78

1.78
1.78
1.78
1.78
1.78

1.78
1.78
1.78
1.78
1.27

17
20
4
4
1

8
8
8

- 8
8

10

10

2
12
12

Inches
3.4 to 5. 05

3.9
3
12

3

2
3
4
12

6
8.5
8.5
8.5
8.2

Inches
24
28
12
12
12

12

12
12
12

12

15
17.5
17.5
17.5
20

Inches
46

1 113.5
4 14.95
4 14.8
4 28.9

4 29.5
4 29.5
4 29.5
4 29.5
4 „ 28.7!

4 29.5
4 30.0
4 28.4
4 29.6
10 42.3

The values of jd calculated for the beams of series 1 and 4 are

shown in Table 4. In computing these values the center of tension

was assumed to be at the center of gravity of the cross-sectional

area of the reinforcement. The actual shape of the section of the

beam was used in determining the position of the center of gravity

of the longitudinal compressive stresses, the cross-sectional area

of the compression reinforcement was considered to be 11 times

as effective as an equal area of concrete, and the longitudinal com-
pressive strain 3 was assumed to be proportional to distance from
the neutral axis. It will be seen that the variation in jd for the

36-inch beams was slight, and the value of 29.5 inches was used for

calculation of the shearing stresses in all beams of 36-inch depth.

For the 18-inch beams the value of jd used was 15 inches. For the

52-inch beams (series 1) jd was taken as 46 inches, and for the 10-foot

beam 1X1 jd was taken as 113.5 inches.

3 Wherever in this paper the word "strain" is used it denotes the change of length per unit of length.

See report of Committee E-l, Proceedings American Society for Testing Materials, 24 (1924), Pt.I,p.937.
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In all tables the values of shearing stress on the " gross sections"

are obtained by dividing the total shearing force by the product of

the web thickness and moment arm jd. In obtaining the value

given in Table 8 under "Net vertical section" the web thickness

used was the total web thickness minus the diameter of the vertical

stirrups. Correspondingly, for the net horizontal section the web
thickness used in the computation was the total web thickness minus
the diameter of the horizontal web reinforcing rods.

VII. CORRECTIONS FOR STIFFNESS OF FRAMES

It is apparent that the flanges can not carry load as beams inde-

pendently of the rest of the structure without developing large

deflections, and for a given deflection it seems reasonable to assume

that for a beam having a flange width, b, and a web thickness, b
f

,

the additional load due to the stiffness of the frames was equal to

the load carried hj a beam having no web and having a flange width

equal to b — b' . On this basis a determination has been made of

corrections for the shearing stresses.

Generally, however, beams without webs were not available in

which the total flange width was equal to the added flange widths

for the beams having concrete webs. Consequently it has been

necessary to assume that the load carried by a beam without a web
would be proportional to the width of the flanges. This should be

approximately true, since the number of bars in the flanges was

proportional to the width of the flange. A comparison of beams

4AG1 and 2 (having 12-inch flanges) with 4AG9 (having 17.5-inch

flanges) shows that the assumption of this relation is approximately

correct. The corrections determined independently from these beams

are found to agree closely. The method of determining the correc-

tions is here given in detail.

For any given deflection,

W *"*'
(24)WAQ bAG

from which

w= {h-v)wka
(25)

Oag

where
TFAG = load carried by beam with no concrete in web (beams

4AG1, 2, 9, and 21),

W = load carried by frame action of flanges and pilasters of

a beam with concrete in. the web,

b = flange width of beams with concrete in web,

b' = web thickness of beam,

bAG = flange width of beam with no concrete in web.
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The load W as defined above might be used as a correction to be

applied to the load carried by any beam with concrete in the web,

but it is more convenient in application to state this correction as a

shearing stress instead of a total load.

The shearing stress v', which should be used as an adjustment to

correct the shearing stress calculated for any beam having the web
thickness b' and the flange thickness b, is

v' =
W b-V WA

2b'jd 2b'jd
(26)

In Figure 16 the deflections for the beams without concrete in

the web (beams 4AG1, 2, 9, and 21) are plotted as abscissas and the

WOOOx

0b5en'ed Deffect/onh inches:

Fig. 16.

—

Load-deflection curves for beams without concrete in the web

total loads as ordinates. Figure 17 shows shearing stress corrections

arrived at in this way for beams of the various web thicknesses used
in these tests.

Before arriving at the above method of correcting for the frames
several attempts were made to determine on a more exact analytical

basis what correction should be made for the additional strength
due to the flanges. Beams 4AGl, 2, 9, and 21 were made for the
purpose of assisting in this analysis. In addition, with the hope
of obtaining a measure of the horizontal shear at various heights
in the web and flanges, strain readings were taken at more than 150
places on one beam having a web, but the sensitiveness of the in-
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struments apparently was not sufficient to determine the differences

in stress at different depths. The development of diagonal tension

cracks high in the web also made trouble in this study. Analysis
of the deflection measurements taken on several beams gave a fair

idea of the shape of the elastic curve for the flanges of the beams
with concrete in the web and for those without (see figs. 72 and 73

400

O JO ^O
Def/ecf/on in /nc/ies.

Fig. 17.

—

Shear corrections for various web thicknesses

The corrections shown in this figure were subtracted from the

shearing stresses computed by formula 23 and the corrected shearing

stresses are given in Tables 6, 8, and 10 and in Figures 38, 39, 44, and
45(a). The corrected shearing stresses are believed to represent ap-

proximately the forces per square inch of web section transferred from

the tension flange to the compression flange

and Sec. XXIV, p. 467) and gave indications regarding the amount
of the correction, but the analysis was not conclusive because of

doubt as to the correctness of certain assumptions which are ' in-

volved. Other studies of the data were made, but none seemed
to furnish a more reliable method of determining the correction for

the frames than the method stated in the preceding paragraphs.
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VIII. PHENOMENA OF TESTS

In the course of a test the first effect on the beam noticeable to

the eye was generally the formation of cracks in the web. In the

beams without stiffeners the cracks usually were inclined at about
45° and started near the center of the web, lengthening rapidly

until they extended to the top and bottom flanges. In some of the

52-inch beams of series 1 which had stiffeners 29 inches center to

center the first cracks to appear took the direction, approximately,

of the diagonal of the panel formed by adjacent stiffeners and the

upper and lower flanges. Cracks which formed later, however, gen-

erally took a direction of about 45° with the horizontal and passed

through the stiffeners which were within their range. This is illus-

trated in beam 1F1 (fig. 53). The large diagonal crack, A, which

passes diagonally across the middle panel of the right half of the beam,

was the first crack to appear in that beam. The other cracks,

which make an angle of about 45° with the horizontal and which

pass through the stiffeners, appeared later in the test. Generally

the 45° cracks which appeared later were the ones to open widest

in the failure of the beam. In beam 1F1 the steeper crack, A,

opened widest in the failure of the beam. It seems that the presence

of the stiffener affected the direction of the stress, and therefore that

of the crack. In some instances the first crack to appear was nearly

vertical, and in this case initial stresses due to shrinkage of the con-

crete on hardening probably determined the direction of the first

crack.

After the formation of the first diagonal crack the order of appear-

ance of other cracks varied somewhat in different beams.

Vertical cracks in the top of the top flange near the edge of the

end pilaster generally appeared considerably before the maximum
load was reached. This indicates that there was a secondary action

of the flanges and pilasters as of a frame, which would be expected

to relieve the web of carrying all the load as a shearing stress. The
amount of this relief is considered in Section VII, page 412, under the

heading " Corrections for stiffness of frames." Diagonal cracks in

the flanges also appeared at high loads.

The formation at high loads of cracks following the contour of

the hooks of the lower longitudinal bars indicated a tendency of those

bars to straighten under the tensile stresses developed in them. Such
cracks are well shown at the left end of beam 4YJ8 (fig. 18), and they

are discussed more fully in Section XXII, page 457.

At the maximum load, or slightly earlier, longitudinal cracks were

frequently found on the top of the top flange extending from the edge

of the loading block toward the end of the beam. Generally these

cracks were from 8 to 12 inches long, but sometimes they were as much
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as 30 inches long. In some instances cracks crossed the top flange

diagonally, indicating a twisting action of the beam. No photo-

graphs are available which show these cracks.

IX. CHARACTERISTICS OF TYPES OF FAILURES

1. GENERAL

In Table 7, under the caption " Manner of failure/' symbols are

given which represent the opinion of the test observer as to the

nature of the failures. In many cases indications of more than one

type of failure were present, and some judgment was exercised in

deciding the primary cause of failure. In still other cases the appear-

ance of the failure may not truly indicate its character. The relation

between shear and diagonal compression is so intimate that a pure

shear failure in the concrete of the web of a beam would not be

possible. Bearing this in mind, it will be recognized that in all

failures indicated as due to either vertical or horizontal shear the

important consideration may have been a diagonal compression.

2. VERTICAL SHEAR (V. S.)

See Figure 24. Failure occurred by crushing and spalling in a

vertical plane or zone in the face of the web directly opposite a vertical

web bar. This may be the result of a large number of adjacent local

diagonal compression failures in the portion of the web where the

thickness of concrete was reduced by the presence of a rod. In the

case of beam 1X1 the failure involved the complete collapse of a

vertical strip of the web between two adjacent vertical web bars.

3. HORIZONTAL SHEAR (H. S.)

Horizontal shear failure is illustrated by Figure 19, which shows

beam 4B2 after failure. Failure occurred by crushing and spalling

along a horizontal plane at the level of horizontal web reinforcing

bar. The crushing was apparently due to the reduction, by the

presence of the horizontal bar, of the section of the concrete web
which resisted the horizontal shearing stresses.

4. DIAGONAL TENSION (D. T.)

Failure was caused by overstrain of the web reinforcement or by
diagonal cracks in the web if no web reinforcement was present.

(See figs. 18 and 20.) In general, the observed strain in the web re-

inforcement was at or close to the yield point at the readings next

before the failure. Generally one or two of the diagonal tension

cracks in the web increased greatly in size and passed through the

flanges. The diagonal tension failure in the flanges was secondary

and generally occurred after the load on the beam had declined con-

siderably below the maximum.
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5. LONGITUDINAL TENSION (L. T.)]

Failure was due to exceeding the yield-point stress in the longi-

tudinal reinforcement at the bottom of the beam in the center.

6. DIAGONAL COMPRESSION (D. C.)

See Figure 22. Failure was due to the crushing of the web con-

crete in a plane nearly normal to the direction of the diagonal ten-

sion cracks. These failures generally started at the holes cut in the

web to permit the taking of extensometer readings on the web rein-

forcement.

7. COMBINED VERTICAL SHEAR AND DIAGONAL TENSION (V. T.)

This type of failure occurred only in the beams having web bars

extending in three directions—vertically, at 45° for tension, and at

45° for compression. In this failure the stress in the inclined tension

bars of the web passed the yield point considerably before the stress

in the vertical web bars reached the yield point. The concrete

crushed, in much the same manner as is described under "Vertical

shear" failure.

8. SLIPPING OF WEB REINFORCEMENT (SLIP)

The failure of beam 4AK2, shown in Figure 20 (b), is believed to

have been due to slipping of the web reinforcement. In two beams
having three-fourths inch diagonal stirrups and in all four beams
having 1-inch diagonal stirrups there was evidence that led the

observer to report a slipping of the web bars at the point where they

entered the upper flange. The outward evidence was a crushing

on a horizontal line at the juncture of the web and the center pilaster

and near the top of the pilaster. In general, high tensions were

found in the web reinforcement in this corner of the web. The
point of highest stress on any stirrup was much nearer the top of

the beams for the stirrups close to the central pilaster than for those

at the quarter point of the beam, where the maximum stirrup stresses

were generally found.

In beams with three-fourths inch vertical stirrups and 3-inch webs

the failure is noted as diagonal tension in some instances, although

the stress in the web reinforcement was .less than the yield-point

stress. It is possible that these failures also may have been due to

slipping of the web bars, although they were not so reported at the

time of test. In beams having 6-inch or 8.5-inch webs the three-

fourths inch vertical stirrups were stressed to the yield point in all

cases and true diagonal tension failures occurred.

9. CRUSHING OF PILASTER (C. P.)

In two hollow beams designed for leakage tests and later tested in

shear the center pilasters were not of sufficient section to stand the

71966°—26f 3
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direct compression. The final failures occurred by diagonal crushing

in the pilaster. No figure is available which illustrates this failure.

X. TESTS OF BEAM 1X1 (10 feet deep)

1. GENERAL

The design and test of beam 1X1 were both so different from those

of the other beams reported here that the beam and its test are

described and discussed in considerable detail.

Beam 1X1 was 20 feet long and 10 feet deep. The web was 3.9

inches thick. The web reinforcement consisted of three-fourths inch

round bars placed vertically 4% inches center to center and three-

fourths inch round bars placed horizontally 6 inches center to center.

The vertical and horizontal bars were electrically welded at all inter-

sections. The concrete consisted of 1 part cement, % parts sand,

and 13^ parts gravel. All of the gravel passed a one-half inch

screen. The ratio by volume of the water to the cement was
about 0.62. The strength of the 6 by 12 inch concrete control

cylinders was 4,620 lbs. /in. 2 at the time of the test of the beam. The
modulus of elasticity determined from the control cylinders was
4,840,000 lbs./in. 2

The purpose in this test was to verify on a larger scale than was
used in the other beams of series 1 the shearing resistance of the

shells of concrete ships. The vertical ribs (stiffeners) correspond to

the closely spaced frames of the concrete ships. They were much
smaller than the ship frames, but were intended to be large enough

to resist buckling under compressive stresses. They were 3 inches

thick and projected 6 inches from the surface of the web on opposite

sides of the beam.

Beam IX 1 was made at the Pittsburgh branch of the Bureau of

Standards on April 8, 1918. The test began on May 27 in the

10,000,000-pound testing machine and was completed on May 31,

1918. The beam was supported at the ends and was loaded by
means of a single concentrated load at the center. The usual pro-

vision of roller bearings at one support and at the center load was
employed in order to avoid arching of the load to the supporting

girder.

A load of 640,000 pounds (giving a computed maximum shearing

stress of 727 lbs./in. 2
) was applied, removed, and reapplied 40 times

in order to ascertain whether a marked increase of crack widths

and stresses in the web reinforcement would occur under such con-

ditions. After 40 applications of the load of 640,000 pounds the

beam was inverted in the testing machine and load was applied in

the inverted position to determine whether the previous test had

affected the ability of the beam to resist stresses when it was loaded

in the reverse direction. Strain-gauge readings of deformations were
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taken on about 105 gauge lines. These gauge lines were distributed

over the web reinforcement and longitudinal reinforcement as shown
in Figure 24 (a) and (5) , and over the central pilaster, as shown in

Figure 32. The latter gauge lines were used to investigate the

load distribution in the central pilaster.

2. SCHEDULE OF TESTS

The testing schedule was as follows

:

May 27, 7.30 a. m. Zero readings taken.

May 27, 10.45 a. m. Load of 160,000 pounds applied.

May 27, 11.19 a. m. Load of 320,000 pounds applied.

May 27, 1.37 p. m. Load of 480,000 pounds applied.

May 27, 2.32 p. m. Load of 640,000 pounds applied.

May 27, 3.58 p. m. Load released to 10,000 pounds for night.

May 28, 8.53 a. m. Load of 640,000 pounds applied five additional times,

with release to 200,000 pounds between applications. Six applications in all.

Readings taken.

Note.—After each application of 640,000 pounds the load was released to 200,000 pounds, except as

noted.

May 28, 9.33 a. m. Sixth to eleventh application of load of 640,000 pounds.

May 28, 10.12 a. m. Twelfth to fifteenth application of load of 640,000

pounds.

May 28, 10.41 a. m. Load released to 10,000 pounds and readings taken.

May 28, 11.10 a. m. Sixteenth to twentieth application of load of 640,000

pounds.

May 28, 11.54 a. m. Twenty-first to twenty-fifth application of load of

640,000 pounds.

May 28, 1.15 p. m. Twenty-sixth to thirtieth application of load of 640,000

pounds.

May 28, 1.44 p. m. Thirty-first to thirty-fifth application of load of 640,000

pounds.

May 28, 2.12 p. m. Thirty-sixth to fortieth application of load of 640,000.

pounds.

May 28, 3.15 p. m. Load released to 10,000 pounds and readings taken.

May 28, 4.30 p. m. Load entirely released preparatory to removing beam
from machine.

May 29. Beam taken from machine and replaced in inverted position.

May 29, 2.35 p. m. Load of 10,000 pounds applied and new zero readings

taken.

May 31, 8.16 a. m. Load of 160,000 pounds applied.

May 31, 8.45 a. m. Load of 320,000 pounds applied.

May 31, 9.38 a. m. Load of 480,000 pounds applied.

May 31, 10.16 a. m. Load of 640,000 pounds applied.

May 31, 11.36 a. m. Load of 800,000 pounds applied.

May 31, 1.05 p. m. Load of 960,000 pounds applied.

May 31, 1.37 p. m. Load of 1,120,000 pounds applied.

May 31, 2.08 p. m. Load of 1,208,000 pounds applied.

May 31, 2.30 p. m. Beam failed at load of 1,363,000 pounds, which dropped
off to 220,000 pounds after failure.
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3. EXPLANATION OF FIGURES 26 TO 31

The crack widths measured at the points indicated by letters in

Figures 24 and 25 on both sides of beam IX 1 are shown in Figures 26

and 27. Each graph is given a letter corresponding to the letter by
which the crack is marked in the photograph. The same letter is

placed on the vertical line which passes through the origin of the graph

for the crack under consideration. In both figures there are three

series of graphs. The lowest graph shows the progressive increase in

width of crack as the load was increased progressively up to 640,000

pounds. The next higher graph shows the increase (or decrease in

some cases) of crack width during the progress of 40 repetitions

/
/
/

-+\o/in.\— 0.1 0.2 0.3 0.4

Center deflection, in.Width of cracks to scafe shown

Fig. 26.

—

Crack widths measured on west side of beam 1X1 at points marked

by letters in Figure #4 (a) and (b); zero of crack width at line marked with

same letter as crack

(41 applications) of the 640,000-pound load and one repetition of the

10,000-pound load. The third (upper) series of graphs are for the

cracks which occurred on the same side of the beam after the beam

was inverted. For these graphs the load was applied progressively

until failure of the beam occurred. For the two lower series of graphs

of Figures 26 and 27 the letters designating the location of cracks are

found in Figures 24(a) and 25(a), respectively.

In Figures 30 and 31 the stresses in the vertical and horizontal bars

of the web are shown in a manner similar to that used in Figures 26

and 27 for the crack widths. The locations of the gauge lines, indi-

cated by numbers on the graphs, are shown by corresponding numbers
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in Figures 24 and 25. Only representative gauge lines from Figures

24 and 25 are used in Figures 30 and 31.

In Figures 28 and 29 the stresses in the vertical and horizontal web
bars at the load of 640,000 pounds are shown for the purpose of com-
parison of stresses at different places. The distances of the gauge

lines from the top of the beam are shown accurately to scale. The
abscissas represent the stresses observed and the approximate posi-

tions of the gauge lines to the scales shown. To avoid confusion in

plotting the stresses the horizontal positions of gauge lines are shown
to the nearest 10 inches from the vertical center line of the beam, and

I4000CQ
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Widfh ofcracks to 5ca/e s/iowr? -A.0lin\—

Fig. 27.

—

Crack widths measured on east side of beam 1X1 at -points marked
by letters in Figure 25 (a) and (b)

the ordinates passing through their center lines are used as the zero

axis of stresses. Stresses are plotted horizontally for both vertical

and horizontal gauge lines.

4. CRACKS

First crack apppeared at 280,000-pound load, on both faces of

beam at north end and in a diagonal direction across the second panel
from the center pilaster. Under 40 repetitions of the 640,000-pound
load the cracks observed under the first loading extended slightly

and only a very few new cracks appeared.

In Figures 26 and 27 the widths of the cracks for various loads and
for repetitions of the same load are shown. It will be seen that for
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the first few repetitions of the load of 640,000 pounds there was
generally a slight tendency toward an increase of the crack width.

After about 10 repetitions of the load the crack widths decreased

slightly, and after the load had been reduced to 10,000 pounds the

cracks closed to a width of about 0.003 inch. A number of new
cracks developed during the repetitions of the 640,000-pound load,

and it is probable that their formation is the cause of the decrease

shown in Figure 26 in the width of cracks which were measured
during the repeated loading.

With the beam inverted the first crack on the north end of the beam
appeared at a load of 230,000 pounds and that on the south end at a

load of 260,000 pounds. Cracks increased in size as the load in-

creased, and were about the same in number as those in the original

test and were approximately at right angles' with them. This is

well shown by the photograph (fig. 25 (b) ) . The largest cracks at high

loads were in the outer panels at each end of the beam and extended

down into the corner at the support point. These were larger and

farther apart than those at the point of final failure.

5. FAILURE

For awhile it appeared that failure would take place at the cracks

mentioned above. Flaking of the concrete at these places was

observed under a load of about 1,320,000 pounds. At 1,330,000

pounds spalling was observed at gauge line 15 (see fig. 24(6)), and this

spailing increased rapidly, precipitating a sudden failure at a load of

1,363,000 pounds, accompanied by a complete shattering of the web
at the center of the center panel on the south end from top to bottom,

the failure extending diagonally through the flange toward the load

and support points. Failure was accompanied by a very loud report,

and the load dropped off at once to 220,000 pounds. Broken con-

crete from the beam was thrown several feet away. It was subse-

quently found that all the concrete between the two center vertical

rods in the panel where failure occurred was so badly crushed as to

be easily removable for the entire depth from top to bottom flange,

and the flanges themselves were held together by little except the

bare steel.

At failure the stresses in the web steel were still far below the

yield point, and the failure was due to crushing and shearing of the

concrete. In this beam the stiffener rods (see p. 416) were well

anchored and the stiffeners acted effectively to localize the failure

to a single panel.

6. STRESSES IN HORIZONTAL BARS

The stresses in the horizontal gauge lines for the reinforcement

of the web and the top and bottom flanges at the load of 640,000

pounds are given in Figure 28. It will be seen that the stresses in
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the horizontal web bars were nearly equal throughout the depth.

It is evident that a plane section before bending did not remain

plane after bending. Only the bars in the top flange were in com-
pression. The sum of the tensile stresses in the horizontal bars

appears from the diagram in Figure 28 to be greater than the sum of

the compressive stresses in the top flange bars, but assuming the

strain in the concrete of the top flange at the level of the top layer

6d-> 67 68

Fig. 28.

—

Stresses in horizontal bars of beam 1X1 for gauge lines shown in

Figure 25

of bars to be equal to that measured in the top reinforcing bars, the

total horizontal compressive force would be equal to the total hori-

zontal tensile force (neglecting any tension in the concrete) if the

neutral axis were about 125 inches below the compression surface.

The sum of the moments of the observed tensile stresses in all the

horizontal reinforcement about the centroid of the compressive
stresses (taken as 5 inches below the compression surface) was 97
per cent of the applied moment under the 640,000-pound load.
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7. STRESSES IN VERTICAL BARS

The tensile stresses at various positions in the vertical web rein-

forcement are shown in Figure 29 for the first application of the

640,000-pound load and for the inverted beam under the same load.

Before inverting the beam it had been loaded 40 times with 640,000

pounds, yet the stresses were generally slightly smaller than under

the first loading. It is possible that the failure of cracks to close

completely after removal of the load held the reinforcing bars under
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—

Stresses in vertical web bars of beam 1X1 for gauge lines shown

in Figure 24

some initial strain at the beginning of the test with the beam

inverted. This initial strain would not be included in the* strain

observed under the later test and may be sufficient to account for

the decrease in stresses below those observed under the first applica-

tion of load. Whether unmeasured initial stresses were present or

not, at least there is no evidence that the resistance of the beam to

web stresses when loaded in the inverted position was any less

because of its having been loaded and generally cracked while in

the original position.
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8. EFFECT OF REPETITION OF LOAD ON STRESSES

At a number of gauge lines the stresses were observed several times

during the repetitions of the load of 640,000 pounds. These stresses

are plotted in Figures 30 and 31 for all the loads at which strain-

gauge readings were taken. The graphs of stress in the web rein-

forcement are very similar to the graphs of crack widths in Figures

26 and 27. They show, on the whole, that there was very little

increase of stress due to the repetition of load, and that the behavior

of the beam under load after it was inverted was essentially the

same as in the original test in the erect position.

Tensile presses in verfica/ iYc£> bars fo jca/e shown \~^\!0000'&/:nz Maximum tensile stress

Fig. 30.

—

Stresses in vertical web bars for certain gauge lines on west side of

beam shown in Figure 24-

9. DISTRIBUTION OF COMPRESSION IN PILASTER AND SHEAR IN
WEB

On the face of the center pilaster strains in the concrete were

observed in vertical gauge lines for the purpose of ascertaining how
the load was distributed into- the web of the beam. The results of

these measurements are given in Figure 32 for a load of 640,000

pounds. At 15 inches below the top of the beam, gauge lines 201,

202, and 203, it appears that the stress was not uniformly distributed

over the section of the pilaster. In gauge line 201 close to the web

the stress was about 1,600 lbs. /in. 2 (using the modulus of elasticity

of 4,840,000 lbs./in. 2
), while at the gauge lines 202 and 203 it was

only about 450 lbs./in.2 At 20 inches below the top of the beam;

that is, in gauge lines 101, 102, and 103, the stress seems to have

been nearlv uniform over the section at about 500 lbs./in.2
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From gauge line 101 (20 inches below the top of the beam) down-

ward Figure 32 indicates a general tendency toward a decrease in

compressive stress, though the variation is quite irregular. At gauge

line 207, about 37 inches below the top of the beam, the pilaster

appears to have been in tension. Gauge line 29 on a vertical web
bar was very close to gauge line 207 (see fig. 24 (a), sec. A-A), and it

will be seen in Figure 29 that gauge line 29 was in tension, whereas

compression existed immediately above and immediately below it.

The fact that web cracks extended close to the row of gauge lines

1400000

Fig. 31.

—

Stresses in horizontal bars of beam 1X1 for certain gauge

shown in Figure 25

marked " Group 1 " in Figure 32 may help to explain these erratic

readings.

The average stress of 500 lbs. /in.2 at a depth of 20 inches below

the top of the beam accounts for a total load of 294,000 pounds, or

less than half the load on the beam. If with a total load of 640,000

pounds on the beam the load carried by the pilaster at a depth of

20 inches was only 295,000 pounds, then 345,000 pounds must have

been transferred to the webs as shear in the depth of 20 inches.

There were no diagonal cracks in the flanges, and therefore it is not

likely that the shearing stress in them was greater than 200 lbs. /in.2

Under these conditions the average shearing stress in the web above
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the section referred to would have to be about 2,500 lbs. /in.2 While

it would not be impossible for the web to carry a shearing stress of

this magnitude, it seems improbable that it did so at this load

because (1) under the maximum load of 1,363,000 pounds on the

beam the shearing stress would be over 5,000 lbs. /in.2 at a depth of

20 inches below the top of the beam, and (2) the decrease in shearing

stress below that section would have to be so rapid, in order that

the average should not be greater than the remaining load divided

by the shearing area available (375 lbs. /in.2), that near the bottom
of the beam the shearing stress would probably be less than 100

lbs. /in. 2 Figure 24 (a) and (b) shows that the diagonal cracks existed

Groups 1,2,3

mm.
Group/ Group2 Group3

Section thru
beam (Seenote).

Strain in cenfrcrf p/7asfer
( Tension fa right; compression ioief/.J

Note.— Cross secfion boking south atnorth
face ofcenterpitaster Peformat/ons
measured on Z-in. ana" JO- in vertica/
gage i/hes on northwest face of pitasfer
af first app/icaf/on of 640000-ify. bad
Shearing stress 727 id.per sg. //7.

Fig. 32.

—

Vertical strain measured in central pilaster

of beam 1X1

close to the center pilaster throughout the depth of the beam, so

the shearing stress must have been over 100 lbs. /in. 2 throughout
the depth. The cracks near the bottom were, however, much farther

apart than those near the top, so it seems that the measurements
of compressive strains in the pilaster gave a correct idea of the

maimer of distribution of shearing stresses, though the intensity at

any point in the depth is subject to question. The strains shown
in Figure 32 were found in only one-quarter of the pilaster. It is

possible that the average over an entire section of the pilaster, if

known, would be consistent with the possibilities of the web for

resisting shearing stresses.
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XL EFFECT OF STRENGTH OF CONCRETE ON TENSILE
STRESSES IN WEB REINFORCEMENT AND ON ULTI-
MATE STRENGTH OF BEAMS

In order to determine the effect of variation in the quality of the

concrete on the tensile stresses developed in the web reinforcement

and on the behavior of the beams in other respects seven groups of

beams were made, in each of which the only variable introduced

was the richness of the concrete. Groups representing four per-

centages of vertical web reinforcement and three percentages of

diagonal web reinforcement were included. All the beams had a

nominal web thickness of 3 inches and a total depth of 36 inches.

From Table 3 the laboratory numbers of the beams included in

these groups may be found.

200 400 6.10 800 200 400 600 80O J0O0 1200 /400

UncorrectedShearingSfresj Ikperjg. in.

Fig. 33.

—

Relation between shearing stress and tension in

web reinforcement for concretes of varying strengths

For the five groups of beams having varying percentages of vertical

and of inclined web reinforcement Figure 33 shows the relation

between the shearing and the tensile stresses for the various mixes

used. The legend shows the mix. The strength of the concrete

as determined by tests of 8 by 16 inch control cylinders is given in

Table 1. The actual web thickness is given in Table 7.

Each of the curves in Figure 33 indicates that for any given shear

the tensile stress is substantially the same, regardless of the com-
pressive strength of the concrete. In many cases the beams with

the strongest concrete showed the highest tensile stress at any given

shearing stress. Those with the next strongest concrete frequently
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showed the lowest tensile stresses at any given shearing stress. This

indicates that the variations in the tensile stress at a given shear

were due to accidental causes, and not to variation in the strength

of the concrete.

Figures 38, 39, 40, and 41, which contain the data of all the beams

of these groups and which show by distinct characters the various

mixes of concrete, indicate that it is not necessary to introduce into

the equation between tensile stress and shearing stress a term which

takes account of variations in strength of the concrete.

Although, as brought out in the preceding paragraphs, the tensile

stresses were independent of the compressive strength of the con-

crete, the ultimate strength of the beam m&y be dependent upon the

strength of the concrete. For the beams with vertical bars, shown
in Figure 33, the highest shearing stresses shown are 700 lbs. /in.2

for the 1 to 9 mix, 950 lbs./in. 2 for the 1 to 5 mix, 1,300 lbs. /in. 2 for

the 1 to 3 mix, and 1,550 lbs./in. 2 for the 1 to 2 mix. With the leaner

mixes failure, apparently by crushing of the web concrete, took

place before the web reinforcement was stressed to the yield point.

In Table 7 the cause of failure for the beams with lean concrete is

given as vertical shear. As indicated in Section IX, page 416, how-
ever, a vertical shear failure is very intimately related to a diagonal

compression failure. For the 1 to 2 mix the failure was by tension

in the web reinforcement. Likewise for beams with inclined bars

the points representing the weaker concretes drop out of the diagram

at shearing stresses lower than those which correspond to the yield-

point stress in the web reinforcement. These tests indicate clearly

that with efficient distribution and anchorage of longitudinal rein-

forcement and of web reinforcement failure may occur due to the

weakness of the concrete of the web in compression. As the amount
of web reinforcement is increased above a certain limit a correspond-

ing increase in the strength of the concrete must be secured in order

to avoid diagonal compression failure. Analysis indicates (Sec. II,

equation (19), p. 396) that the limit for the amount of tension web
reinforcement which is allowable is reached when the shearing stress

is equal to the compressive strength of the concrete for beams with
inclined (45°) web reinforcement, or when it is equal to one-half the

compressive strength of the concrete for beams with vertical web
reinforcement. The test results are in accord with the analysis in

that the beams with diagonal web reinforcement carried larger

shearing stresses without producing diagonal compression failure

than did beams with vertical web reinforcement. With the beams
having large amounts of vertical web reinforcement, diagonal com-
pression failure occurred when the shearing stress was less than half

the compressive strength of the concrete.
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XIL WEB STIFFENERS

In series 1 all the beams except 1 Cl had stiffeners of concrete cast

as a part of the web. These stiffeners were employed to simulate
the effect of frames in the concrete ships in order to determine
whether the frames performed any function in resisting the shearing

stresses. Four of the beams had stiffeners on one side only, and
nine had stiffeners on both sides. The size and spacing of the

stiffeners are designated in Table 2 under the caption " Longitudinal

section and side elevation." The letters in this column refer to

Figure 5. The form of cross section between stiffeners is shown in

Figure 6, A and B.

Beams lKl and 1L1 had two three-fourths inch round bars in each

stifTener. Beam 1X1 had four one-half inch -round bars, and all

other beams of series 1 had four three-fourths inch round bars in

each stiffener. In beam 1X1 the stifTener rods were hooked around
the longitudinal bars in the top and in the bottom of the beam.
In all other beams they had no anchorage except by bond.

A study of the test results indicated that the stiffeners had some
effect in causing the cracks to take a direction somewhat more
nearly vertical than was the case with beam lCl, which differed

from the others in that it had no stiffeners. In the case of beam 1X1
the failure was by vertical shear and was confined entirely to the

space between two stiffeners. (See fig. 25 (h) .) The stiffeners probably

played an important part in localizing the failure. They seemed also

to have the effect of restricting slightly the size of cracks. The
effect on the maximum load carried was not distinct, but there seemed

to be a slight addition of strength due to the presence of the stiffeners.

XIII. VARIATION IN WEB THICKNESS

Equation (17), Section II, is found to reduce to the form

v = rfv (27)

for beams with either vertical or 45° web reinforcement; that is

for a = 90° or 45°. It will be seen that with a given size of bar and a

given spacing of stirrups the thinner the web the greater will be the

shearing stress, as given by this equation, for any given tensile stress.

"When the web thickness becomes zero the ratio, r, becomes infinite,

and nominally the shearing stress would become infinite also. From
this it might appear that a beam having steel, but no concrete, in the

web would, according to the equation, carry an infinite load. That

this interpretation of the equation is incorrect will be apparent if an

attempt be made to compute the total load from equation (27) for a

zero web thickness. The total load is W=- 2vbjd. In this expression

b is zero, v is infinite, and the product is indeterminate. Therefore

this equation can not be used to determine the total load for such a
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case. The equation may, however, be put into a form which is better

suited to studying the effect of varying web thickness.

Multiplying both sides of the equation (27) by V gives

Vv = ¥rfx (28)

from which

since
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Fig. 34.

—

Shearing force, —, per unit of length for beams

with one-half-inch inclined bars

The form of this equation would indicate that the entire load is car-

ried due to the development of tensile stress in the web reinforce-

ment. The web thickness o' does not appear in this equation, and

it would seem that the load should be independent of web thickness.

This should be expected from the analysis, since all the tensile stresses

were assumed to be carried by the web reinforcement.
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In Figure 34 web thicknesses are plotted as abscissas, and values

V
of -^ for tensile stresses in the web reinforcement of 20,000, 40,000,

50,000, and 60,000 lbs. /in. 2 are plotted as ordinates. If, as is indi-

cated by equation (29), the concrete were not at all effective in resist-

V
ing the diagonal tension, the strengths, vv of the beams would be

represented by a horizontal line intersecting the curves of Figure 34

8000x

\>%3Q00

4 6 8
Web Thickness in Inches.

Fig. 35.

—

Shearing force, ^-
7

, -per unit of length for beams
jd

with one-half-inch vertical stirrups

at points where b' = 0. If the concrete were effective at a shearing

unit stress of a fixed amount, -r* would be represented by an inclined

straight line passing through the same intersections. An effort was

made to fit an inclined straight line to these points, but any straight

line which fitted these data would not fit the data in Figures 38 and

39. The parabola having the equation

-?=605' + 25& ,2+-/v (30)
3d a J
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fits the data of both sets of figures fairly well and with about equal

precision. This equation also fits the data of the beams with ver-

tical web reinforcement as shown in Figures 35, 36, and 37.

2 4 6 6
Web Thickness in Inches

10

Fig. 36.

—

Shearing force, —
,, 'per unit of length for beams

with five-eighths-inch vertical stirrups

The point at which V equals zero represents the strength which a

beam of zero web thickness should have if the analysis applied to

such a case. Since one of the assumptions underlying the analysis

is that there is a double system of web members, one resisting ten-

9000

X&fOOO

4 6 8
Web Thickness in Inches.

10 IZ

Fig. 37.

—

Shearing force, —,, per unit of length for beams
3d

with three-fourths-inch vertical stirrups

sion and the other resisting compression, it is clear that if the com-
pression system is absent the analysis can not be expected to apply.

In spite of the absence of the compression system the beams with

71966°—26f i
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one-half inch tension diagonals but with no concrete in the web
carried a considerable load, as is shown in Figure 34. By resisting

the horizontal shear the end pilasters to some extent take the place

of the diagonal compression members.

If equation (30) be reduced to terms of shearing unit stress oy

dividing through by the web thickness b' it becomes

v = 60 + 25&' + r/v (31)

As brought out in the previous discussion, the last term in this ex-

pression represents the part played by the web reinforcement in

adding to the strength of the beam. The remainder of the second

term must, therefore, represent the part played by the concrete of

the web in adding to the strength of the beam. Obviously, the con-

crete will not be more effective than would the same concrete in a

beam having no web reinforcement, and this portion of the strength

can not be expected to increase indefinitely with increase in the web
thickness.

This study will help to remove any impression that the thinness of

the webs used in the majority of the beams may have been responsi-

ble for the high shearing unit stresses developed. The results show,

on the contrary, that the effectiveness of the concrete increased with

increasing web thickness. With the very thin webs the reinforce-

ment occupied a considerable portion of the thickness of the web and

probably destroyed to some extent the effectiveness of the concrete

which was present. This is brought out by the fact that for the

beams having horizontal rods in the web failure was generally by
horizontal shear. With an increasing web thickness this destructive

effect would be somewhat smaller proportionally, and after the point

is reached beyond which the web thickness is large in proportion to

the width occupied by the web reinforcement the effectiveness of the

concrete probably would not increase with further increase in web
thickness.

XIV. RELATION BETWEEN SHEAR IN WEB AND TENSILE
STRESS IN WEB REINFORCEMENT

In Figures 38 and 39 the ordinates are calculated as stated in

Section VI, page 409, and corrected for stiffness of frames by the

method given in Section VII, page 412. The abscissas are ratios

( r= 7—:

) of web reinforcement to web concrete. See analysis in
\ bs sm aJ

J

Section II, page 392. The shearing stresses are those for loads which

gave observed tensile stresses in the web reinforcement of 20,000,

40,000, 50,000, and 60,000 lbs./in. 2
, respectively. Similarly, Figures

40 and 41 show uncorrected shearing stresses.
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Figure 38 includes the data of all 36-inch beams having vertical

stirrups except those having also horizontal or inclined bars as web
reinforcement, and except those having no concrete web. In addi-

tion to the corrected shearing stresses for the 36-inch beams, Figure

38 contains the uncorrected shearing stresses for the 18-inch beam
4BE21 and for a group of beams 15.7 inches deep tested at the mate-
rials testing laboratory of the Royal Technical High School at Stutt-

gart, Germany. 4 Since beam 4BE21 was rectangular in cross sec-
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Corrected shearing stress in vertically reinforced beams for various

tensile stresses and ratios of web reinforcement

tion, no correction for frame strength was necessary. The beams
from the Stuttgart laboratory were T-shaped and of such slenderness

that a correction for frame strength does not seem necessary.

Figure 39 includes the data of all 36-inch beams having inclined

tension reinforcement in the web, except those having also vertical

stirrups and those having no concrete web. The beams with ex-

4 C. Bach and O. Graf, "Versuche mit Eisenbeton-Balken zur Ermittlung der Widerstandsfahigkeit
verschiedener Bewehrung Gegen Schubkrafte," Deutscher Ausschuss fur Eisenbeton, Heft 10.
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panded metal web reinforcement are included, as are also those with
loose bars in the web inclined at 45° in the compression direction.

The corrections for stiffness of frame were based upon test results

of beams with no webs (strictly speaking, frames). As there were
no such frames for any except the 36-inch beams, there was no means
of applying corrections to the beams of 120, 52, 48, and 18 inch

depths. These beams were, therefore, omitted from Figures 38 and
39 (except beam 4BE21, which was rectangular and needed no
correction), but they are included in Figures 40 and 41, as well as

the uncorrected shearing stresses for the beams included in Figures

38 and 39.

NOTK- For 6 and 8.5-in. web5
(indicatedby numerals)flanges

were 15 and 17.5-in. respectively.

Points without numerals <

for beams witb IZ-in. flanges

and 2, 3 or4-in. tvebs.
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Ratio of Web Reinforcement=r
Fig. 39.

—

Corrected shearing stress in diagonally reinforced beams for various

tensile stresses and ratios of web reinforcement

For beams having web reinforcement it has been brought out in a

previous discussion that the effectiveness of the concrete in the web
of the beam in resisting shear increases as the web thickness increases.

The equation which fits the data of the beams with varying web
thicknesses (see equation (32) and fig. 34) shows so great an increase

in effectiveness of the concrete with increasing web thickness that

it is unreasonable to expect this relation to continue indefinitely.

The equation
v= (0.005 + r)/v . (32)

fits the data of Figures 38 and 39 almost as well as equation (31),
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but it does not fit Figures 34, 35
;
36, and 37 because the web thickness

does not enter into this equation in the same degree as it enters into

equation (31). Equation (32) assumes that the effectiveness of the

concrete of the web increases as the tensile stress in the web rein-

forcement increases, but that it is independent of the web thickness.

Equation (31) states that the effectiveness of the concrete is propor-

tional to the web thickness, but that it is independent of the tensile

stress in the web reinforcement. Equation (32) fits the data reason-

ably well and is more conservative in its interpretation of the strength

of beams having web thicknesses greater than those represented in

these tests. Also for even the highest stresses it does not attribute

greater effectiveness to the concrete of the webs than was found to

exist in these tests. For these reasons an equation of this form

seems more logical for use in estimating the shearing strength of a

beam than equation (31), which was introduced to harmonize with

other data of the tests, the data which show the effect of web thickness.

Since in Figures 38 and 39 the shearing stresses plotted as ordinates

have been corrected for the strength of the frame, those shearing

stresses may be taken as the stresses to be developed in rectangular

beams when the tensile stresses in the web reinforcement are as

given in those figures. The fact that the points for the rectangular

beams (having 12-inch webs) fall well above the average for all the

points tends to confirm the reasoning which indicates that the data

of Figures 38 and 39 apply to rectangular beams. Attention is

called, however, to the fact that the tensile stresses in the web rein-

forcement of beam 4BE21, which is a rectangular beam 18 inches

deep and having a web thickness of 12 inches, were greater than

those given by equation (32). The data for this beam have been

plotted in Figure 49. The test results are discussed in Section XX,
page 451.

On the whole, equation (32) appears to represent fairly well the

relation between the shearing stress and the tensile stresses developed

in closely spaced stirrups placed at either 45 or 90° with the axis of

the beam. The manner in which this relation is affected by the

spacing of the stirrups is discussed in Section XIX, page 450, but
was not fully determined.

In Figures 40 and 41 the uncorrected shearing stresses have been
plotted as ordinates; that is, the shearing unit stresses in these

figures represent the total shearing strengths of the beams at the

corresponding tensile stresses regardless of whether the strength

comes from the web alone or is added to by the shearing stresses in

the heavy frames. Graphs of equation (32) are shown in Figures

40 and 41 in order to facilitate a comparison with the corrected

shearing stresses of Figures 38 and 39. While for beams having
flanges so large as to constitute a frame some shearing strength is
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available above that afforded by the relative^ thin webs, there

seems to be too much uncertainty in the evaluation of the additional

strength to warrant the proposal of a method of using it.

The shearing strengths of beams with inclined web reinforcement

are seen in Figures 38, 39, 40, and 41 to have been slightly greater

than those of beams with vertical web reinforcement. The differ-

ence is too small, however, to warrant the proposal of different

methods for computing the shearing strengths for the two cases.
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Uncorrected shearirtg stress in vertically reinforced beams for various

tensile stresses and ratios of web reinforcement

XV. HORIZONTAL WEB REINFORCEMENT

Horizontal bars were used in the webs of a number of beams.

The numbers of these beams are shown in Tables 1, 3, and 7. All

the beams were 36 inches deep and had 12-inch flanges, with eight

1J4-inch bars in the top and eight in the bottom flange. Concrete

of a 1 : 2 mix was used in all of them.
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These beams were included in the investigation, not because it

was expected that horizontal bars in the web would strengthen the
beam, but because the shell of the concrete ship was designed with
horizonal bars in it and it became important to determine the effect

of such bars on the behavior of a beam.
From the strain-gauge measurements it was found that the tensile

stress in the vertical stirrups was less for the beams which had hori-

zontal web reinforcement than for those which had none. The
decrease in the stress in the stirrups was approximately 15 per cent
for each 1 per cent of horizontal web reinforcement. The reason

Tension Peinfortement

Tension andCanpression Reind
/3 Mix

I--2 Mix

NOTE: for 6 ond 8.5-/n. webs (indicated by name/vis) -

f/anges were /5and 17.3-iri. respectii/ety. Points

without numera/s are for beams with /2-/h fbng~es

and Z, 3, or 4-in webs

.01 .01 .01

ftgt/o of !A/eb Re/nforcement -r
Fig. 41.

—

Uncorrected shearing stress in diagonally reinforced beams for various

tensile stresses and ratios of web reinforcement

for this effect of the horizontal reinforcement is not clear. The
advantage of it was lost, however, due to the fact that the concrete
web was so reduced in section that there was a tendency for failure to

occur in the plane of the horizontal reinforcement. Although the
failure probably was due primarily to the development of high
diagonal tension and diagonal compression at this plane, these diago-
nal stresses accompanied high horizontal shearing stresses. Marked
horizontal detrusion of the parts above and below the plane of failure

occurred. Figure 19, a photograph of beam 4B2, shows a pronounced
failure by horizontal shear.
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In Table 8 the total loads carried by beams having horizontal web
reinforcement are shown, and in Table 7 the cause of failure. In

general, it may be said that the strength of the beam decreased as the

diameter of the horizontal bars increased. All beams with 3-inch

webs and horizontal web bars failed by horizontal shear. Of the

beams having 4-inch webs, only two having horizontal web bars did

not fail by horizontal shear. The average load for these two beams
was almost the same as that for the similar beams having no hori-

zontal web reinforcement. All of those which failed by horizontal

shear failed under less load than that carried by a similar beam without

horizontal web reinforcement.

On the whole, little can be said in favor of using horizontal bars in

the web of a beam. Sometimes, however, horizontal bars will be

IOOOOO 200000 O IOOOOO

Loadon Beam, /£>.

Fig. 42.

—

Ratio of stress in vertical to that in diagonal tension reinforce-

ment at different loads for beams with three-way reinforcement

present and the data will give a basis for determining the lower limits

of web thickness which must be used.

XVI. COMBINED VERTICAL AND INCLINED WEB REIN-
FORCEMENT

A group of beams was made and tested in which vertical bars, bars

inclined at 45° in the direction of the diagonal tension and at 45° in

the direction of diagonal compression, were present all in the same
beam. The numbers of the beams are given in Tables 1 and 3.

It is pointed out (in Sec. XXIV, p. 468) that for a given stress in

the web reinforcement the deflection of the beams with vertical web
bars was greater than that of the beams with inclined bars. This
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would lead to the expectation that the equation (32), which applies

about equally well to beams with vertical web bars and to those with

inclined web bars, would not apply to those with both vertical and

inclined web bars. Since it was found from the beams with two-way
inclined bars that the tensile stress in the web bars was independent

of the presence of compression reinforcement in the web, it is assumed

that the same would be true when vertical bars were present also, and
the relation between the tensile stresses in the diagonal tension and
the vertical bars has been studied without considering the diagonal

compression bars.

It was found that for a given load the tensile stress in the vertical

bars was in all cases less than that in the inclined tension bars of the

same beam. The ratio of these stresses is shown in Figure 42 for all

loads for all the beams having both sets of bars. In Figure 43 the

average ratios for the five groups are plotted as ordinates and the sum

.<5
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inforcement

+ Ratio of \/erficaf reinforcement 0.0/86

fv

fd
=.77-,9rJ

+ ^>>
+

.01 .02 .03
Ratio, r, of 7dfafReinforcement

.04

Fig. 43.
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Average ratios of stress in vertical to stress

in diagonal tension reinforcement

of the ratios of inclined and vertical web reinforcement as abscissas.

From these data an average ratio of tensile stress, fv , in the vertical

bars to the tensile stress,fd , in the inclined bars of the same beam has

been expressed in the form of the equation

^ = 0.77-9r (33)

in which r is the sum of the ratios of vertical and of diagonal web
reinforcement. As will be seen from the diagram, this equation

applies only to the beams having equal amounts of vertical and

diagonal reinforcement. Equation (32) may be taken as stating that

in a beam with tension reinforcement in the web in one direction only

the shearing resistance v comes from two sources, (1) the concrete

represented by the term 0.005 fx , and (2) the web reinforcement

represented by the term rfv . For a beam with both vertical and

inclined reinforcement the same equation might be used if the stresses
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in the two sets of reinforcement were the same, since equation (32)

was found to apply reasonably well to both vertical and inclined

reinforcement. Since the stresses in the two systems of reinforce-

ment are different, an equation analogous to (32) may be derived by
using the stresses separately for the two systems. That is,

v= 0.005fd + rYfY + rdfd (34)

For beams with equal amounts of vertical and diagonal web rein-

r
forcement ry = rd = ^y and from equation (33)

/v =(0.77-9r)/d
Therefore

v= (o.005+£(1.77-9r))/d (35)

or

v = (o.005 + rd + rv(0.77- 18rd)Vd (35a)

The graphs of equation (35a) for tensile stresses of 20,000, 40,000,

50,000, and 60,000 lbs. /in. 2 are shown in Figure 44, also the points

representing the shearing and tensile stresses in the beams with both

vertical and inclined reinforcement. The agreement between the

graphs and the location of the points is fair, but not much better

than the agreement of the points with the graphs of equation (32),

in which r is used as the sum of the ratios of the vertical and inclined

reinforcement.

Figure 45 has been prepared to afford a comparison of the corrected

shearing stress at maximum load for the beams having either vertical

or inclined tension reinforcement in the web with the shearing stress

for the beams having both systems of reinforcement. This figure

shows that a beam having either vertical or inclined tension rein-

forcement carried, in general, the same maximum shearing stress as a

beam having the same total percentage of both vertical and inclined

tension reinforcement. The probable reason for this equality in

strength is that after the inclined stirrups were stressed to their

yield point the stress in the vertical stirrups increased rapidly, and

before the maximum load was reached the two systems had about

the same intensity of stress. If this was the case equation (32)

should apply to these beams as well as to those with either vertical

or diagonal reinforcement, by using r as the sum of the ratios of

vertical and diagonal reinforcement.

It is seen that the shearing strength of a beam with a given ratio

of web reinforcement, though divided between vertical and diagonal,

was in general the same as that of a beam having the same ratio of

either vertical or diagonal web reinforcement.
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Corrected shearing stress in beams with three-way reinforcement for

various tensile stresses and ratios of web reinforcement
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XVII. EXPANDED METAL WEB REINFORCEMENT

Seven beams, 4XA1 to 4XG1, inclusive, used diamond mesh
expanded metal as web reinforcement. All of these beams were 36
inches deep, the webs were nominally 3 inches thick, and the flanges

were 12 inches wide. Eight 1^-inch round bars formed the hori-

zontal reinforcement in the top flange and eight in the bottom flange.

The expanded metal was placed in the beam with the major axis

of the diamond extending vertically. The strands of the metal made
an angle with the vertical of about 20 to 22°. The axes of the

diamonds were about 3 and 8 inches.

In beam 4XF1 no anchorage of the expanded metal to the l 1^-

inch bars in the top and bottom flanges was provided. (See fig. 9

CL).) In all other beams the metal was hooked around the top and
the bottom bars. (See fig. 9 (K).) For all beams the web reinforce-

ment was spliced at the center of the span by lapping one diamond of

one sheet over one diamond of the other in the direction of the 3-inch

axis. (See fig. 7 (G), (H), and (/).) With this lap three bridges

(the portions within which the two strands of a sheet intersect) of

each strand of either sheet were interlocked with three bridges of

the other sheet. This arrangement gave a lap of about 9 inches

measured along the strand. Beam 4XD1 had a similar one-diamond

lap at each one-fourth point of the span. (See fig. 7 (H).) In

beam 4XE1 there was a horizontal lap splice at mid depth of the

beam. (See fig. 7 (/).) This lap extended in the direction of the

8-inch axis, but was only 5 inches in length and included one bridge

and less than one diamond of each sheet. In beams 4XA1, 4XB1,
4XC1, and 4XG1 the reinforcing metal was spliced by lapping only

at the center of the span, where a poor joint should not affect the

strength of the beam. These beams are spoken of in the discussion

as being without splices in the web reinforcement. A single sheet of

expanded metal was not sufficient generally to give the necessary

web reinforcement. Beam 4XA1 had a single sheet and beam
4XG1 had four parallel sheets in each half span of the beam. All

the other beams had two parallel sheets throughout (four at laps).

Assuming the weight of steel as 0.284 lb. /in.3
, the volume of steel

w
in 1 square foot of web will be -ft^kj cubic inch, where w is the weight

in pounds of expanded metal per square foot of web, and the volume

ID ID
ratio of web reinforcement is n oo4y \a/lK'

=
40 qh'

' wnere ^' *s ^ne

web thickness in inches. Only half the strands are inclined in the

proper direction to take tension. The strain-gauge readings showed

clearly that those strands took tension and that those inclined in the



%ppr'oai°
rd

'] Tests of Reinforced Concrete Beams 445

compression direction took compression, The ratio of diagonal ten-

sion reinforcement may then be expressed as

_1 w _ w ,

fi
v

f ~~2 40.96' 81.86'
K }

The ratios of web reinforcement given in Table 7 were computed

according to equation (36).

The data of the beams using expanded metal web reinforcement

are included in Figures 39 and 40. The indication is that for beams

having no splices of the web reinforcement the relation between the

shearing stress and the tensile stress in the web reinforcement may be

expressed by equation (32), in which r is the ratio of tension rein-

forcement. The beams having splices developed lower shearing

stress at a given tensile stress than did the other beams. Since

only half of the metal is available as tension reinforcement, and

since diagonal compression reinforcement is not generally necessary,

it seems that the use of expanded metal for web reinforcement would

not, in general, be an economical use of material.

A comparison of the observed compressive stresses hi the expanded

metal web reinforcement of beams 4XC1, 4XA1, and 4XG1 with the

stresses in the diagonal compression reinforcement of beams 4CA1-2,
4CB1-2, and 4CC1-2 in the order given shows that the expanded

metal received only about half as great compressive stress as did

bars placed at 45° with the horizontal. This is shown in Figure 48.

For beams compared with each other the ratio of compression rein-

forcement was about equal, and it seems that the difference in slope was
responsible for the difference in stress. The greater dependence of

the compressive than the tensile stresses upon the slope of the web
members is probably due to the fact that in compression the concrete

web is intact and capable of taking compression in the most effective

direction. In tension this is not true, owing to the cracking of the

concrete web.

Beams 4XD1 and 4XE1 were tested for the purpose of determining

whether the laps described on page 444 and Figure 7 was sufficient for

an effective splice. Measurements of the movement of one sheet

relative to the other were taken with the strain gauge by locating

one gauge hole upon one sheet and the other gauge hole upon the

other sheet. Immediately adjacent to this was a gauge line with

both holes upon the same sheet. Change in length of the latter gauge

line indicated strain in the metal, while change in length of the

former gauge line included strain in the metal and slip of one sheet

past the other. The difference in the movement of the two gauge
lines would, therefore, be the slip. No slip greater than 0.001 inch

was indicated at any load below the maximum. At the maximum
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load a slip of about 0.01 inch was indicated for beam 4XD1 and of

about 0.02 inch for 4XE1. It is possible that this slip was the cause

of failure, but there is at least an equal chance that weakening of the

laps by filling up the section with four thicknesses of expanded metal

prevented getting good workmanship at this place. Whatever may
have been the cause of failure, the stress in the metal was approxi-

mately 40,000 lbs. /in.2 before any slip greater than 0.001 inch

occurred.

Tests to determine effectiveness of laps, reported in Technologic

Paper No. 233 5 of the Bureau of Standards, page 329, more direct

than those reported here. There the indication was that a lap of

about 1.5 diamonds was necessary in order to produce an effective

splice of the expanded metal.

The maximum load carried by the beams reinforced with expanded
metal appeared to bear little relation to the total amount of web
reinforcement present. Beam 4XC1, having the least web reinforce-

ment, carried the greatest load. This beam had only one thickness

of expanded metal in the web. Beam 4XG1 had four thicknesses of

metal, and its maximum load was very small in view of the large

amount of reinforcement present. It is likely that the interference

of the multiple thickness web reinforcement with the proper placing

of the concrete is responsible for the weakening of these beams.

XVIII. DIAGONAL COMPRESSION

To determine the effect of variation in the strength of the concrete

and in the type and amount of web reinforcement on the compressive

stresses developed in a diagonal direction in the web, the ratio of

the shearing stress to the diagonal compressive strains was studied.

In this study beams with vertical web reinforcement and beams with

inclined web reinforcement in only the tension direction were used.

Only the data of the beam with 3-inch webs were included.

The product of a modulus of elasticity, such as that found from

the cylinder tests, and the compressive strains found for the higher

loads, gives compressive stresses which apparently are much higher

than any which could possibly have been resisted by concrete of the

strength used. This was taken as an indication that when cracks

crossed the compression gauge line at a small angle with the direction

of the gauge line or loosened one of the plugs as illustrated in gauge

line 12, Figure 21, some slipping of the surfaces on each other took

place which was measured as a shortening of the gauge length.

A study of the effect of varying the richness of the concrete in-

dicated that for a given shearing stress the strains in compression

were generally greater with lean mixtures than with rich mixtures.

5 Tests of Heavily Reinforced Concrete Slab Beams; Effect of Direction of Reinforcement on Strength

and Deformation.
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Some of this variation may be seen in the variation of the slopes of

the curves in Figure 46. However, the presence of diagonal tension

cracks in the web would be expected to affect the distribution of

compressive stresses in the web in an irregular manner. That it

did so is indicated by inspection of Figure 47, in which the com-

pressive strains in the webs of a considerable number of beams have
been shown. The loads on all of the beams represented were such

as to cause a computed shearing stress (uncorrected) of 600 lbs. /in.2

in the webs. Each point plotted represents the average of all the

0.0002.0004 .0001.0004 .0001.0004 .0001.0004.0006.0008.0010Ml1)0141)016
Diaqonal Compress/re Sfra/n

Fig. 46.

—

Effect of variation in strength of concrete and in

of web reinforcement on diagonal compression in web

diagonal compressions measured in the beam to which it refers.

Usually the number of gauge lines was four. They were generally

arranged as shown for gauge lines 9, 10, 11, and 12, beams 4J6 and
4YJ8, Figure 18. The compressive strengths of the concrete repre-

sented in Figure 47 are the averages for the respective mixes for all

of the tests, and do not necessarily represent exactly the strengths

for the beams referred to.

There were some indications that the compressive strains were

somewhat smaller with beams which had large quantities of tension
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reinforcement in the web than for those which had little or none.

However, the effect of the amount of reinforcement was so slight and
the behavior of the beams with varying amounts of web reinforcement

was so irregular (see fig. 47) as regards the amount of compressive

strain that the variation in the percentage of reinforcement was
neglected and all values of the ratio of the shearing stress to the

strain in compression were averaged. It was found from the average

of 15 beams reinforced diagonally that the values of the ratio of

shearing stress to compressive strain in the web was 1,294,000

lbs. /in.2 In 28 beams reinforced vertically an average of 667,000

lbs. /in.
2 was found.

Putting e = strain, /v = stress in diagonal compression in beams
with vertical stirrups, and /d = stress in diagonal compression in

beams with diagonal stirrups, and writing these relations as equations,

v
-=1,294,000 lbs./in.2 for diagonally reinforced beams (37)

and

- = 667,000 lbs./in.2 for vertically reinforced beams
c

.0020

(38)

3000 4WO 5000 6000

CompressiveStrength ofConcrete

Fig. 47.

—

Relation between compressive strain and compressive strength

for uncorrected shearing stress of 600 lbs./in. 2

Dividing both terms of both equations by the modulus of elasticity

of the concrete (Ec ) and solving for Ece the equivalent of the con-

crete stresses fv and/d ?

/. Eo

1,294,000
v for beams with inclined web reinforcement (39)

fr=
&

v for beams with vertical web reinforcement (40)
667,000

Dividing equation (40) by equation (39)

s= gg >7 AnA —1.94 when the shearing stress is the same for two
jd 667,000 °

types of beams (41)
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For the beams which failed in diagonal compression equations (39)

and (40) will generally give diagonal compressive stresses higher than

any which it seems could have existed. This indicates, as has been

stated before, that seme deformation must have occurred, such as

a slipping of the surface at cracks which was not a compressive

strain. If it be assumed that the amount of slipping included in the

measurements is proportional to the amount of strain in the gauge

line, the relation shown in equation (41) may be taken to indicate

that, on the whole, the diagonal compressive stress developed in

vertically reinforced beams was approximately twice as great as that

for diagonally reinforced beams. This is in conformity with the re-

sults of the analysis given in Section II, page 396, which indicates

that the diagonal compression is twice as great for the beams rein-

forced vertically as for those reinforced diagonally at 45° with the

axis of the beam. It is also in conformity with the observed fact

400000

.0002 .0004 .0006 .0008 .00/0 .0002 .0004 .0006 .0002 .0004 .0005 .0006 .0010 JOOH]

Strain doe fo d/agonaf compress/on

Fig. 48.

—

Compressive strain in webs of typical beams with and without

diagonal compression reinforcement

that many of the beams with large quantities of vertical reinforce-

ment failed wholly or partially by diagonal compression, while this

was not true for any of the beams containing only inclined web
reinforcement.

In Figure 48 the compressive strains in beams of a number of

different types are shown for the purpose of comparison. In beams
4Y1, 2, 4X1, 2, 8, and 4W1, 2 there was no compression reinforce-

ment in the web and the strains were measured on the concrete.

All other beams had compression reinforcement in the webs and the

strains were measured in the reinforcement. The beams having
no compression reinforcement in the web showed about the same
amount of compressive strain as did those with diagonal compression
bars in the presence of diagonal tension or both diagonal tension

and vertical web bars. The beams with expanded metal web rein-

forcement showed only about half as great diagonal compressive

71966°—26f 5
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strain as did the other beams. The strands made an angle of about
69° while the bars made an angle of 45° with the horizontal. It is

probably the difference in angle that caused the difference in strain.

(See also Sec. XVII, p. 444.)

There is no indication that the diagonal compression reinforce-

ment served a useful purpose in any of the beams.

XIX. VARIATION IN SPACING OF STIRRUPS

In the beams deeper than 18 inches it was not feasible to make the

spacing of the stirrups greater than about one-eighth of the depth from
the compression surface to the tension reinforcement. With the

spacing kept below this proportion of the depth it is believed that

variation in spacing will have little effect on the behavior of the

beam. Under existing regulations for design the spacing may amount

10000 ZD0OO 10000 20000 10000 20000 10000 20000 10000 20000 30000 40000 50000 600C0 10000 30000

:

Tensife stress in web reinforceraenf, lb per sq. in.

Fig. 49.

—

Comparison of observed stresses in 18-inch beams with computed

to as much as 0.5 to 0.75 of the depth of the beam. In order to ob-

tain information on the effect of variation in spacing, several beams
of 18-inch depth were made in which the spacing varied from 3%
to 18 inches. The ratio of web reinforcement was nearly constant,

and the size of the bars was increased as the spacing increased.

The test results are given in Figures 49 and 50. The method given

in Section VII, page 412, of correcting the shearing stresses for the

effect of frame stiffness does not apply to these beams, and the

shearing stresses shown are uncorrected. Figure 49 shows that for

the beams having 3^-inch spacing of stirrups the tensile stresses

in the web reinforcement conformed fairly well with the stresses

given by formula (32), v= (0.005 +r)/v . As the spacing increased

the tensile stresses at a given shearing stress decreased, and as a

result the divergence from the stresses computed by formula (32)
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increased. Beam 4BE21 had a web thickness of 12 inches and is dis-

cussed in Section XX, page 454. In Figure 50 the observed tensile

stresses in the stirrups corresponding to shearing stresses of 200, 400,

600, and 800 lbs. /in. 2 are shown, also the shearing stresses at maxi-

mum load. The tensile stress decreased quite regularly with an

increase in the spacing of the stirrups. Apparently this indicates a

lack in effectiveness of the stirrups with the larger spacing. This

conclusion is borne out by the increase in the average crack width

with the increase in spacing of stirrups. On the other hand, in spite

of the ineffectiveness of the stirrups with large spacing the maximum
shearing resistance fell off only slightly as the spacing increased, up
to a spacing of 14.4 inches.

B.^doo

Shearing stress 200 lb. persq.m.-)
-J —K I h ' l - t

£ Q 10 IZ 14 Id 18

Spacing ofstirrups, in.

Fig. 50.

—

Effect of variation in spacing of stirrups on tensile

stresses developed

On account of the loss of effectiveness of the stirrups with increase

of spacing, it seems that vertical stirrups having a spacing greater

than half the depth, d, of the beam should not be used. In cases of

high working stresses in shear it will be desirable to use a still smaller

spacing.

XX. VARIATION IN DEPTH OF BEAMS

The information furnished by these tests on the effect of variation

of depth of beam on shearing strength is meager. In Table 4 are

given the depths and spans, and the ratio of the distance between
load and reaction (the half span) to the depth, d, of the beams.

The analysis (Sec. II, p. 390) assumes that the web of the beam is

divided up into distinct diagonal elements, and therefore that the

load and reaction are applied only to the elements which are attached

to the horizontal members at the load points and reaction points,
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respectively. Actually the beams tested were not so divided, and
it is only at positions far enough away from the point of application
of a load (or a reaction) for the stresses to become distributed some-
what uniformly over elements adjacent to each other, and for loads
applied after the web was generally cracked into diagonal compression
elements, that the analysis can be expected to give stresses compar-
able with those found in the tests. In some of the beams having a
depth of 52 inches and a span of 16 feet stresses were observed in

several stirrups along the length of the beam. These stresses have
been plotted in Figures 51 and 54. The locations of gauge lines are

shown in Figures 52 and 53. For all the beams having vertical stir-

rups shown in these figures the stress was greater in the stirrups which
were intermediate between the load point and the support than they
were in stirrups near the end of the center of the beam.

4OO00
6.L. I

Fig. 51.

—

Stresses in stirrups at varying positions along

the length of beams 1D1, 1E1, 1G1, and 1H1

Figure 54 also exhibits some tendency for the stresses in stirrups

near the reaction to be greater near the bottom of the beam than at

or above mid depth, and for those in stirrups near the load point

to be greater at or above mid depth than near the bottom of the

beam.
If the shortness of the beam relative to its depth had an effect on

the distribution of stress it might be expected that the direct com-

pression from the reaction would reduce the tensile stress in the end

stirrups. If, however, this were the cause of the difference between

stresses in the end stirrups and those in the center stirrups it might

also be expected that the reduction of stress would be greatest near

the bottom of the beam at the end, where the direct compressive

stresses were most concentrated. The fact that instead the stresses
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Failure of 52-inch beams 1D1, 1E1, IGl, and 1H1, showing

location of gauge lines used in Figure 51
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Appearance of lS-inch beams after failure
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in the end stirrups were generally greatest at the bottom seems to

indicate that the tensile stresses in the web were not reduced by the

shortness of the beam below what they would have been in a longer

beam subjected to the same shearing stress.

For the single beam 10 feet deep and of 20-foot span the shearing

stress was higher at a given tensile stress in the web reinforcement

than is shown bv the formula derived from the data of the beams
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—

Stresses in stirrups at various positions along

the length of beams 111, 1K1, 1L1 , and 1F1

36 inches deep. (See equation (32).) This beam, however, failed

by vertical shear when the tensile stress in the web reinforcement

was only 26,000 lbs. /in. 2
, and there is no opportunity to make a

comparison with other beams at higher tensile stresses. If the study

of the relation between shearing stress and tensile stress in web rein-

forcement were confined to low loads the results for the other beams

would be quite similar to those for beam 1X1. This is made clear

by reference to Figures 38 and 39. It will be seen that for the
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observed tensile stress of 20,000 lbs./in.2 most of the beams showed
shearing stresses considerably greater than those given by the equa-

tion which for higher loads fitted the experimental points very well.

It has already been pointed out that the tensile stresses in the web
reinforcement of beam 4BE21 were greater (see fig. 49) than those

given by equation (32). This beam had a span of 9 feet 6 inches

and a depth of 18 inches. It was rectangular in cross section and
had only 0.23 per cent of web reinforcement. The stirrups were

placed close to the outer faces to give access for taking strain-gauge

readings. In each face they were 8 inches apart, but they were

staggered so as to give a spacing of 4 inches. Therefore they were

not well distributed in the beam, but comparison with other beams of

the same depth indicates that the effectiveness of the stirrups was
not disturbed by the uneven distribution. The cracks for this beam
occurred near the center of the span (see fig. 55) instead of starting

close to the supports, as is usual for beams in which the longitudinal

bars were well anchored. The form of anchorage of the longitudinal

bars was different for this beam from that of the majority of the

beams, and the cracks at the left end, shown in Figure 55, give some
indication of slipping of the bars.

Figure 49 shows that the rate of taking stress after cracks had
formed was such that the slope of the curve is about the same as

that of the graph of equation (27), v = rfv , which applies to beams
with vertical or 45° stirrups. The stresses were always less than

those given by that equation, but greater than those given by equa-

tion (32), v= (0.005 + r) fv , after a tensile stress of 28,000 lbs./in. 2

had been reached. The behavior of this beam throws some question

upon the general relations indicated by the other beams of the in-

vestigation. This question is the more perplexing because there is

no other beam in the series exactly like it that serves as a check on

the results shown, and the more important because for proportions

between length, depth, and amount of reinforcement it is a type of

beam likely to be much used in practice. It is important, however,

that even for this beam, while the working stress in shear by formula

(32) would be 116 lbs./in. 2
(v = (0.005 + 0.0023) 16,000) when the

tensile stress in the web reinforcement is taken as 16,000 lbs./in. 2
, the

factor of safety (ratio of ultimate shearing stress from Table 7 to

340
the working stress) is —x, or 2.93.

If the yield-point stress of the web reinforcement had been 40,000

instead of 60,000 lbs./in. 2 the maximum load would probably have

exceeded the load causing the stress of 40,000 lbs./in.2 by about the

same amount as the actual maximum load exceeded the load causing

the yield-point stress of 60,000 lbs./in.2
. On this basis the maximum
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shearing stress would have been 300 lbs. /in. 2 and the factor of safety

would have been 2.58.

To supply the lack of information for slender beams having a

small amount of web reinforcement use has been made of data

published in " Deutscher Ausschuss fur Eisenbeton" No. 10, col. 8,

Table 29, page 130. The beams referred to were T beams having a

span of 118 inches (3 m) and were loaded at the one-third points

of the span. The flanges were 19.7 inches (50 cm) wide and 3.93

inches (10 cm) thick, and the webs were 7.86 inches (20 cm) thick.

The depth was 13.9 inches (35.3 cm) from the top of the beam to

the center of the longitudinal reinforcement and 15.7 inches (40 cm)

over all. The longitudinal reinforcement consisted in all cases of

two bars 1.57 inches (4 cm) in diameter anchored by means of semi-

circular hooks at each end. Vertical stirrups of U shape 0.197,

0.276, and 0.394 inch (0.5, 0.7, and 1.0 cm), respectively, in diameter

were used in the different beams. The spacings of the stirrups were

1.97, 3.94, 5.91, and 7.86 inches (5, 10, 15, and 20 cm), respectively.

In any one beam all the stirrups were of the same size and the spacing

was uniform. The age at test was 45 days. The concrete cubes

showed a high degree of uniformity in strength. The average was
3,520 lbs. /in. 2 (248 kg/cm2

). This would be equivalent to a strength

of about 2,570 lbs. /in.2 for a cylinder having a height equal to twice

its diameter. Strains in the stirrups were not measured, but "yield-

ing of the stirrups" is one of the causes of failure assigned to all the

beams. The yield point of the stirrups was 43,700 lbs. /in.2 (3,065

kg/cm 2
)

.

Assuming that failure occurred when the yield-point stress was
reached, and that at other loads the stress in the stirrups was pro-

portional to the loads, the shearing stresses corresponding to a

tensile stress of 40,000 lbs. /in. 2 have been computed by taking

times the shearing stress at maximum load as reported in Table 29,

page 130, No. 10 "Deutscher Ausschuss fur Eisenbeton." The
shearing stresses have been plotted in Figure 38 for fs = 40,000 lbs./

in. 2 These points fit in well with the other points of the diagram.

It is recognized that the justification for some of the steps used in

this comparison may be subject to question. For example, it is

not likely that the beams failed as soon as the stress in the web
reinforcement reached the yield point. The amount of correction

which was applied was not sufficient, however, to destroy the value

of the comparison made.

Though more data on this subject are to be desired, it appears
likely that the deductions from the tests of the deeper beams may
safely be applied to more slender beams.
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XXI. ANCHORAGE OF STIRRUPS

At the time that the tests of series 1 were started doubt existed

as to the possibility of developing very great shearing resistance in

concrete webs by the use of large percentages of web reinforcement,

on account of the difficulty in securing proper anchorage of stirrups.

In the first tests, series 1, the stirrups in most of the beams were
anchored as shown in Figure 9 (H). In certain beams the stirrups

were anchored by welding to the longitudinal steel at top and bottom
of the beam, as shown in Figure 9 (/). The result of these tests

showed conclusively that the anchorage without welding was suf-

ficient to prevent slipping of the stirrups under the conditions in

those beams. In the early beams of series 4 the stirrup anchorage

was effected in a similar manner, as shown in- Figure 9(A). In

later beams types of anchorage were used that involved less com-

plicated bending of the ends of the stirrups, as indicated in Figure 9

(B) and Figure 9 (C). There was no indication that the type of

anchorage shown in Figure 9 (C) was any less effective than the

other types.

Beams 36 inches deep and reinforced by web bars 1 inch in diam-

eter appear to have failed in all cases by slipping at the upper ends

of the bars. All these beams had diagonal stirrups anchored as

shown in Figure 9 (A). Beams with three-fourths inch web bars

(either vertical or diagonal) and with 3-inch webs also appear to

have failed by slipping. The stirrup anchorage was as shown in

Figure 9 04) or Figure 9 (B). However, beams with three-fourths

inch vertical web bars and with 6-inch and 8.5-inch webs failed by
diagonal tension upon reaching the yield point of the stirrups, and

not by slipping. In these beams with thicker webs the stirrup

anchorage was as shown in Figure 9 (C), and it can not be posi-

tively stated whether it was the different type of anchorage or the

greater web thickness which prevented the slipping. In no case did

beams 36 inches deep with stirrups five-eighths inch or less in diam-

eter, or beams 52 inches deep with stirrups three-fourths inch or less

in diameter, fail on account of slipping of the stirrups.

It will be seen in Figures 39 and 41 that beam 4AK2, which had

1-inch inclined bars in a web 3 inches thick, showed stresses so great

as to throw the data for that beam out of line with the data of the

other beams. It is likely that the slipping of the bars which were

anchored in the top of the beam near the support threw more than

the usual amount of tensile stress into the other web bars at the

place where the strain was measured.
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XXII. ANCHORAGE OF LONGITUDINAL BARS AND TENSILE
STRESSES DEVELOPED

The arrangement of the anchorage is shown in Figure 7. In all

the beams the longitudinal steel in the tension side of the beam was

anchored, usually by means of semicircular hooks. Generally where

only one layer of 134-inch bars was used the hook was 15 inches in

mean diameter. In series 1 two layers of 1 3^-incli bars were used;

those in the lower layer were bent to a mean diameter of 13 inches

and those in the upper layer to a mean diameter of 8.5 inches. In

series 4 the bars of the lower layer were bent to a 15-inch diameter

and those in the upper layer to either a 15-inch or a 10-inch diameter.

500000

Load43Z000 lb. Load 432000 lb. Load 2160001b.

Fig. 57.

—

Observed strains in 28 longitudinal gauge lines in beam 1+GA1

The length of bar beyond the end of the curve varied from 2 to 4

inches. In beam tests it has sometimes been difficult to distinguish

web failures caused by slipping.of the longitudinal bars from true diago-

nal tension failures. It was to preclude the possibility of such con-

fusion that the longitudinal tension bars of all beams were anchored.

In order to obtain data on the amount of stress developed by bond
and the amount developed by the anchorage, strain readings were
taken in the straight portions of the reinforcing bars of the rectangular

beams 4GA1 and 4GA21 at the center and at the one-quarter points

of the span and as close as possible to the support. The results of

these observations, together with other data of the tests, are shown
in Figures 57 and 58. These results show that bars in different
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positions in the beam behaved differently, and that the two beams
were consistent with each other in this respect. For a load of 432,000
pounds the outer tension bars of the lower layer showed smaller
stresses close to the support and greater stresses at the one-quarter
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point than did any other bar on which observations were taken.

The outer tension bars of the upper layer showed stresses of inter-

mediate value near the support and smaller stresses at the one-

quarter point and at the center of the span than did any other bai
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observed. At trie center of the span the average stress for the upper

and lower outer bars was, in general, about equal to the stress

observed in a bar of the bottom layer lying near to the longitudinal

center line of the beam.

In most cases cracks formed on the sides of the beams at the ends

of the bars, as illustrated in Figure 18. These cracks followed quite

closely the contour of the hooks by means of which the bars were

anchored. Generally there was only about \ x
/i inches of concrete

between the surface of the bar and the side surface of the beam, and
it was believed that the cracks represented a tendency of the bars to

loosen and pull out sidewise as the anchorage came into action. This

belief is strengthened by the fact that gauge lines 20 and 24 in beam
4GA1 show, in Figure 57, that the stress in the outside bars fell

off near the support when the load was increased from 432,000 to

496,000 pounds. The same falling off of stress is seen for gauge line

30, which was on an interior bar. The latter is probably to be ex-

plained by the fact that, as stated in the notes of the test, there

was a wide longitudinal crack on the under side of the beam extending

from gauge line 29 to gauge line 30. This crack probably extended

far enough to loosen the anchorage of the interior bar.

All of these indications point toward a loosening of the anchorage

of the bars at high loads by cracking of the concrete on the sides of

the beam around the hooks of the bars and by splitting vertically

through the center of the beam. Some indications of the same
nature, but less marked, are present in beam 4GA21. (See fig. 58.)

The fact that in both beams 4GA1 and 4GA21 the highest stresses

of all were in the outside bars (see gauge lines 18 and 22 for beam
4GA1, fig. 57, and gauge lines 6 and 18 for beam 4GA21, fig. 58) seems

to indicate that with the embedment of 134 inches the outer bars

were as well anchored as the interior bars.

On the other hand, in beam 4E9 the slipping of the outer bars

was sufficient to split off a portion of the concrete at the end of the

beam. Figure 21 shows this beam as it appeared after failure. A
careful examination of the beam gave evidence of the slipping of

both the upper and lower bars of the bottom flange nearest the side

of the beam. The concrete within the hook of the lowest bar and

outside the hook of the upper bar was somewhat crushed. The
cracks in the pilaster of this beam were not as large as those found in

some other beams. The second bar from the surface had not slipped.

The average observed tensile stress at the center of the span for

all bars measured in both beams was very near 40,000 lbs. /in.2, and

that close to the support was 23,000 lbs. /in. 2
; that is, 58 per cent as

great. Assuming perfect bond between the steel and the concrete,

only about 14 per cent of the stress at the center of the span should

be expected at the gauge lines near the support. The computed
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bond stress , V , at this load was 240 lbs. /in. 2 The one thing

Zojd

which stands out clearly in these figures is that the hooks were called

into play and that at a bond stress about three times that ordinarily

used for working loads the hooks apparently were furnishing about

half the anchorage of the bars. These observations emphasize the

importance of designing with low bond stresses or of anchoring the

ends of the bars.

The strains observed at different depths on opposite sides of beam
4GA1 are plotted in Figure 57 at the right for loads of 216,000 and

432,000 pounds. The straight lines which indicate the computed
strains are shown also. The agreement between the observed and

the computed values is fair for the top and the bottom of the beam,

but the observed strains do not indicate a " straight line" stress

distribution over the depth of the beams.

For comparison with the observed stresses the computed tensile

stresses in the longitudinal reinforcement have been shown by means
of dotted lines (marked "Computed stress") in Figure 76 for the

beams listed in Table 5. Certain other significant features are

shown in the table.

Table 5.

—

Beams used for comparison c

in longitudinal
/ observed with
reinforcement

computed tensile stresses

Refer-
ence

number
Table 3

Number of bars

Flange
width

Web
Beam number

Tension Compres-
sion

thick-
ness

4YG1 35
22
6

11

38

12
40
13

41

5

6
7

8
8

10

10
12
12

1

1

1

8
8

10
10
12

12

Inches
12
12

12

12

12

15

15

17.5
17.5

Inches
3

4YF1 3
4YE1 3
4E3 4

4G3 4

4E6,7 6
4G6- 6
4E9— . 8.5
4G8 8.5

It will be seen that the observed stresses were generally less than

the computed stresses, though in some instances at the higher loads

the observed stresses reached or exceeded the computed stresses.

Since the gauge length used was only 4 inches and the bars were

large (134 inches), the maximum stress at a crack can not have

been much greater than that indicated by the average strain within

the gauge length.

The measurements of tension were generally taken on only the

outside bars of the lower layer, while the computed stresses repre-

sented the average for all the bars. The comparison of observed

with computed stress should be made with the fact borne in mind
that there was a considerable variation between stresses in upper

and lower layers of tension bars and between exterior and interior

bars.
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XXIII. CRACK WIDTHS

461

In Section V, page 408, on testing it is stated that the widths of

the cracks in the webs were measured after each increment of load.

Numerous checks by independent observers on these measured
widths indicate that the widths so determined were accurate to the

nearest 0.002 inch. In order to make use of the data in the study
of the results a graph was plotted for each beam in which the ordi-

nates were the average widths of the five largest cracks and the
abscissas were the uncorrected shearing stresses. Typical graphs of

this kind are given in Figure 59. The regularity of the plotted

curves furnishes an additional check of the reliability of the data.

Graphs of crack widths against total loads are given for all the beams
in Figure 78.
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—

Crack widths at various uncorrected shearing stresses for specimen

beams

A characteristic common to practically all the test beams is that

up to a shearing stress of 100 to 300 lbs. /in. 2 no cracks were present,

and that after the cracking began the amount of widening was
approximately proportional to the rate of adding to the load.

Straight lines fitted to the portion of the crack-width curves beyond
the point at which the first crack occurred intersect the axis of zero

crack widths at a point which corresponds fairly closely to the shear-

ing stress at which the first crack occurred. That intercept has
been used as a measure of the resistance of the beam to the forma-
tion of cracks due to diagonal tensile stress. The slope of the crack-

width curve has been used as a measure of the rate of widening of

the cracks. In Figures 60 to 64 the shearing stress, i (uncorrected),

at which the first crack occurred and the rate of widening of the
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—

Relation of rate of widening of cracks and uncorrected shear at first

crack to strength of concrete for beams with 3-inch webs
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Fig. 61.

—

Relation of rate of widening of cracks and uncorrected shear at first

crack to thickness of web for beams with 1 : 2 concrete,
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cracks have been plotted as ordinates, and various properties of the

beams have been shown as abscissas. These figures permit the

study of the effect of variation in spacing of stirrups, .amount of

web reinforcement, web thickness, and strength of concrete on the

shearing stress at which the first cracks occur, and on the rate of

widening of the cracks. In these diagrams and in the following

paragraphs the shearing stress at which the first crack occurred is

represented by the symbol i, and the rate of widening of the cracks

c
by the expression -

—

-.• In the latter expression c is the width of

the crack in inches and v is the shearing stress on the beam.

A study of Figures 60 to 64 indicates that the shear i, at which
the first crack formed, was practically independent of the spacing of

the vertical stirrups and of the amount of either vertical or horizontal

web reinforcement. The value of i was distinctly affected by varia-

tion in the web thickness and in the strength of the concrete. It

was also higher for beams with inclined stirrups than for beams with

vertical stirrups, and seemed to be affected somewhat by the amount
of inclined web reinforcement. Since vertical stirrups can be of

little or no value until after the concrete of the web has cracked, it

is not surprising that they showed no effect on the shearing stress at

which the first crack occurred.

The formation of the first crack must be determined largely by
the tensile strength of the concrete web, and it is seen that the web
thickness and the compressive strength of the concrete, both of which

affected the shearing stress at which the first crack occurred, would
be expected to affect the tensile strength of the concrete web. It

will be noted that the properties of the beam which had an effect on
the shearing stress at which the first cracks occurred were generally

those properties which had an effect on the tensile strength of the

concrete web.

It wall be seen from these diagrams, Figures 60 to 64, that the rate

c
of widening of the cracks, —-s» was independent of the amount of

horizontal web reinforcement and of the compressive strength of the

concrete. It was slightly dependent upon the amount and spacing

of the vertical reinforcement and upon the thickness of the webs.

For beams with small amounts of web reinforcement the rate of

widening of the cracks was markedly dependent upon the amount of

web reinforcement. With large amounts of web reinforcement less

of this effect was apparent. The rate of widening of the cracks was
much less for beams with inclined stirrups than for beams with

vertical stirrups.
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Relation of rate of widening of cracks and uncorrected shear at first

crack to quantity of horizontal web reinforcement for beams with 3-inch webs

and 1 : 2 concrete
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The foregoing statements are qualitative. For some of the rela-

tions rather definite quantitative values may be stated. The
equation

*~V240
+

60 aJJ c {*Z)

represents fairly well the relation between the shearing stress i at

which the first crack occurred, the web thickness V , the compressive

AA .

strength of the concrete f'c , and the ratio -— of inclined web rein-
ed

forcement. For a beam with vertical stirrups only, or with no web
reinforcement at all, this equation becomes

\ 240 )
J '

(43)
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Fig. 64.

—

Relation of rate of widening of cracks and uncorrected
shear at first crack to spacing of vertical stirrups for 18-inch
beams of 1 : 5 concrete; ratio of web reinforcement 0.0120

These equations repeat quantitatively the previous statements

that the shearing stress at which the first crack occurred was inde-

pendent of the amount of vertical web reinforcement, and that it

was slightly dependent upon the amount of inclined reinforcement.

The lines fitted to the circles in Figures 60 and 61 are graphs of

equations (42) and (43). The graphs fit the points for beams with

vertical stirrups fairly well throughout, but for those with inclined

stirrups the agreement is not so good. In Figure 60 (/) a horizontal

line would fit the points nearly as well as the inclined line, but the

fact that there should be a slope to the curve seems to be fairly well

established by the other curves.

The fact that the rate of crack widening was independent of the

compressive strength of the concrete makes available for studying

the effect of variation in quantity of reinforcement on the rate of

widening of cracks a much larger number of data than otherwise

would be available. All values of the slope = for a given value of

the same ratio of web reinforcement may be averaged regardless of

71966°—26| 6
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the strength of the concrete. This is indicated by the fact that in

Figure 60 the lines which fit the course of points shown as squares

c
are horizontal. In Figure 65 the average values of -. for the beamsv—

%

with 3-inch webs have been plotted as ordinates and the correspond-

A
ing values of — as abscissas for both vertical and inclined web rein-° a

forcement. Not so many values are available for beams with inclined

as for beams with vertical reinforcement. Equations have been
fitted to the points thus found. In these equations it has been recog-

nized that the rate of widening of the cracks varied with the web
thickness as well as with the amount of web reinforcement. The

term = in the expression takes account of this fact. It is possible

.woie

1
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Rate of widening of cracks for beams with

3-inch webs

that a term should be included which will take account of the spacing

of the stirrups, but the data of Figure 65 were not sufficient to war-

rant doing so. The equations showing the rate of widening of cracks

are

c / 1 A V
3v — i

6650 + 1200000-
a

+ 0.0000 *

for vertical stirrups and

"7* (6400

1

3000000-
. a

+ 0.000003f

(44)

(45)

for inclined stirrups.

The graphs of these equations have been drawn in Figures 60 to

64. From these diagrams it may be seen that the equations repre-
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sent fairly well the effect of the different variables involved in them
upon the resistance of the beams to the formation of diagonal cracks,

and upon the rate of widening of the cracks. The constants used in

the equations for the various cases are those which appear in the

legend for the different diagrams.

It is hardly to be expected that the equations for shearing stress

at first crack and for rate of widening of cracks will apply without

modification to beams of widely different shapes and proportions.

.0/ .02 .03 .04

Raf/o of Web Reinforcement

Fig. 66.

—

Deflections for beams with vertical web reinforce-

ment; uncorrected shearing stress 800 lbs. /in. 2

The principal value of expressing these relations by empirical for-

mulas is probably that it shows that there was less accident and more
law in the formation of cracks than may be generally recognized.

XXIV. DEFLECTIONS

Figure 66 is a diagram which shows the deflection of beams hav-

ing (1) only vertical reinforcement in the web, (2) the same web
thickness, (3) web concrete of varying strength, and (4) varying per-

centages of web reinforcement. This diagram is plotted for loads

which gave an uncorrected shearing stress of 800 lbs. /in.3 for all

beams. It will be seen from this diagram that there was practi-

cally no difference in the deflections due to variations in richness of

concrete except for the 1 : 9 mix. This is probably accounted for

by the fact that beams having a 1 : 9 mix were either at or very near

the point of failure by compression in the web at the load which gave

a shearing stress of 800 lbs. /in.2
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Figure 67 shows deflections as ordinates and strengths of concrete

as abscissas for beams with concretes of varying strengths and with

vertical web reinforcement. Within the range of strengths used

there was little increase in deflection with decrease in strength of

concrete. This confirms the conclusion regarding Figure 66.

In Figure 68 are plotted for shearing stresses (uncorrected) of

800 lbs. /in.2 the deflections for beams of the same web thickness

having diagonal web reinforcement only, but with varying strengths

of web concrete and varying percentages of web reinforcement.

The deflections varied irregularly, and only slightly with the variation

in richness of the concrete. The decrease in deflection with increase

of amount of web reinforcement was most pronounced for the small

ratios of reinforcement, but it was quite regular throughout the range

of the tests.
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Fig. 67.

—

Deflections for beams with vertical web reinforce-

ment and varying strengths of concrete; uncorrected shearing
stress 800 lbs. /in. 2

Figure 69 shows a comparison of the deflections for shearing stresses

of 800 lbs. /in.2 in beams having diagonal tension reinforcement only

with those for beams having both diagonal tension and diagonal

compression reinforcement. The fact that the curves cross each

other and that at all points they are close together seems to justify

the belief that, in general, there would be little difference in the

deflection for these two types of beams.

A comparison of Figures 66 and 68 indicates that as a rule the

deflections for beams with vertical reinforcement were larger than

those for beams with inclined reinforcement at the higher percentages

of web reinforcement, but that as the amount of web reinforcement

became smaller the deflections approached each other until for a

beam with no web reinforcement the two necessarily coincide.

Variation in the thickness of web showed a distinct effect on the

amount of deflection. In Figure 70 the deflections are shown for

shearing stresses of 800 lbs. /in. 2 in beams having a 1 : 2 mix, vertical

web reinforcement, and varying web thicknesses. From this diagram
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it will be noted that for the same shearing stress beams with thick

webs showed considerably higher deflections than beams with thin

webs. It is possible that the excess deflection for beams -with thick

1:2Mrx o

1:3 " +
/:j - ——
1:9 » D
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Depth 36
mbThfckne553

.05 .06

Fig.
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—

Deflections for beams with inclined web reinforce-

ment; uncorrected shearing stress 800 lbs. /in. 2

webs may be due to the higher bond stresses which must have been

present in the web reinforcement for a given shearing stress. This

higher bond stress is due to the use of large rods to obtain the same

20
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Fig. 69.

—

Deflections for beams with diagonal tension and diagonal compression

reinforcement; uncorrected shearing stress 800 lbs. /in. 2

percentage of reinforcement in the thick webs as was obtained in

the thinner webs by the use of small rods. The phenomena of de-

flection and those of crack width are similar in that a thickening of

the web caused an increase in both the crack width and the deflection
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for a given shear, and it is likely that the presence of higher bond
stresses for the thicker web is responsible for both phenomena.

In Figure 71 the measured deflections for several beams are plotted,

and in the same figure are shown the deflections for the same beams
computed from the measured strains by the formula

M2

in which
A -.-y <«.+ *) (46)

A = deflection,

Jc = 0.0833, a constant depending upon method of loading,

1 = 114, the span in inches,

d= vertical distance between measured strains at top and at

bottom of beam,

eB = strain in lower point of measurement,

eG = strain at upper point of measurement.

.30
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Fig. 70.

—

Deflections for beams with vertical reinforcement

and varying web thickness; uncorrected shearing stress

800 lbs. /in. 2

For beams having low shearing stresses and few diagonal cracks

the agreement between the measured deflections and the deflections

calculated by this formula has been found in previous studies to be

very good. 6 For the tests under consideration the agreement was
not good, and it was worse for high loads than for low loads. The
shearing deflections and the vertical opening of the cracks will prob-

ably account for the difference between the observed and the

computed deflections.

In the testing of beam 4H2 vertical deflections were measured on

the upper and lower flanges, and horizontal deflections were measured

at one end of the beam. The vertical deflections were measured

(by means of a mirror and scale attached to the beam at each point

indicated by a small rectangle in the sketch of the beam in fig. 72)

from a thread stretched between pins attached at the ends of the

6 G. A. Maney, "Relation between deformation and deflection in reinforced concrete beams.'

Am. Soc. Test. Mats., 14, p. 310; 1914.

Proc.
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beam. The horizontal deflections were measured from a weighted

thread hung from the pin at the upper right-hand corner. Assuming

that the movements were symmetrical about the center of the span,

the vertical deflections were as shown in Figure 72 below the eleva-

tion of the beam. The total horizontal deflections are shown in the

small rectangle to the right of the elevation of the beam. It will be

seen that the end pilaster of the beam tilted as the beam deflected,

100000 zooooo 100000 100000 ZOOOOO 300030 dOOOX 500000

Applied load in pounds

Fig. 71.

—

Measured deflections corn-pared with deflections computed from strains

and was distorted only slightly. Neglecting this distortion and

assuming that the top moved toward the center as much as the bottom
moved away from the center, the deflected position of the end of the

beam under maximum load is shown as a dotted line in the elevation

of the beam. The upper and lower surfaces of the deflected beam
are formed by the maximum-load deflection curves taken from the

diagram below.
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A curve has been drawn through zero deflection at the reactions

and through the point which represents the center deflection com-
puted by equation (46) for the strains, ec and e3 , observed at the

maximum load of 261,500 pounds.

Outside the center of the support the observed slope of the beam
agrees fairly well with the slope of the curve showing the computed
center deflection. It may be assumed that the excess of the observed

over the computed center deflection represents the shearing deflec-

tion plus the deflection caused by the opening of cracks in the web.

Mirror andsca/e „Thread

ftofe:

Def/ech'ons were
pleasured for on/y
one half ofbeam
and are shown
the same for both
ha/ves.

Bottom flanqe

Fig. 72.

—

Deflections at various points on span for beam /+H2

Deflections were measured for only one-half of the beam and are shown the same for both halves. The

upper and lower surfaces of the deflected beam are formed by the maximum-load deflection curves shown

in the diagram above.

The upper and lower flanges did not remain parallel to each other in

the deflected position of the beam. The flanges were farther apart

at intermediate portions of the beam than at the center of the span

or at the support. This is consistent with the fact that there was a

tendency for the stresses to be greater in the vertical stirrups at

intermediate points than in those near the center or the ends of the

beam. See Figures 51 and 54, and Section XX, pages 452 and 453.

In Figure 73 diagrams of the deflections in half spans of a number

of beams are shown. The spreading apart of the top and bottom

flanges between load point and support is seen to be a phenomenon

common to most of the beams. For the beams having one-half
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inch vertical stirrups and no concrete web (4G5) the stirrups appar-

ently held the flanges from spreading apart. The differences in

amount of deflection and shape of deflection curves for the beams shown

in this figure help to visualize the function of the concrete web and

the web reinforcement in the behavior of the beams. The conditions

which caused the deflection of the upper flange of beam 4AG21 to

be greater than that of the lower flange are not known. This could

be caused by horizontal cracks in the end pilasters which per-

mitted the extreme ends of the upper flange to rise, but there is no
evidence that such cracks were present.

— D=0 b=l2.30

Ho+e: Pef/ection5 of'extreme /efr _
for each curve one cerrfer de-
flections, ana" abscissas rep-
resent d/sfance a/ong She beam.

~ o— Deflection in upper-flange ~_

•— * lower "

d= diameter of web bars
b'= web Ihickness

b = f/onge widtb

-Deflections at various points on span for beams 4G5, 4G6, 4H2,

4J2, 4AG1, 4AG2, 4AG9, and 4AG21

Deflections at extreme left are center deflections, and abscissas represent distance along the beam

Comparing the center deflections shown in Figure 79, it is found

that at a load of 50,000 pounds the deflection of a beam with one-

half-inch diagonal web bars and no concrete web (4X5) was only

slightly greater than that of the beams with one-half inch diagonal

bars and a 3-inch web (4X1, 2 and 8) or of the beams with 3-inch

web and no web reinforcement (4J1 and 2). For beams with no
concrete in the web the deflection of those with one-half-inch diagonal

web bars was much less than that of beams with vertical web bars

or with no web reinforcement at all. These phenomena indicate

clearly that the inclined bars became effective much earlier in the

test than did the vertical bars, and indicate a superiority of inclined

over vertical web reinforcement regardless of the fact that these two
types of reinforcement seem to be about equal for load-carrying

capacity.
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Fig. 74.

—

Tensile stresses in web reinforcement for all beams, plotted

against total load
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—

Same as Figure 74
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AppliedLoad in Fbunch (5ee3cafeJ

Fig. 76.

—

Tensile stresses in longitudinal reinforcement for all beams, plotted

against total load
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Fig. 77.

—

Compressive stresses in longitudinal reinforcement for all beams,

plotted against total load
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Fig. 78.

—

Average crack widths for webs of all beams, plotted against total loads
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—

Deflections at centers of all beams, plotted against total loads
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XXV. SUMMARY
In all, 172 beams were tested. Most of these were of I-shaped

section. This shape was necessary in order to provide the necessary-

resistance to the horizontal, tensile, and compressive stresses and at

the same time to permit the development of shearing stresses in the

webs of 2,000 lbs. /in.2 or greater. The web thickness varied from 2

to 12 inches. The majority of the beams had 3-inch webs. Those
with 12-inch webs were made rectangular in cross section.

Most of the beams had a span of 9 feet 6 inches and a depth of 36

inches. Other spans and depths were:

1 beam, span 20 feet, depth 10 feet.

13 beams, span 16 feet, depth 4 feet 4 inches.

2 beams, span 9 feet 6 inches, depth 4 feet inches.

9 beams, span 9 feet 6 inches, depth 1 foot 6 inches.

All the beams were heavily reinforced for longitudinal tension and
most of them for longitudinal compression. The effort in the design

was to force failure to occur in the web. This effort was successful

with all except four beams. In two of these four beams the failure

was by tension in the longitudinal reinforcement, and in the other

two it was by crushing of the center pilaster upon which the load

was applied.

The web reinforcement was in the form of stirrups in all cases

except in 23 beams which had bars placed horizontally in the web
and in 7 beams in which diamond mesh expanded metal was used

as web reinforcement. Vertical stirrups, stirrups placed at 45° in

the diagonal tension direction, and stirrups placed at 45° in the

diagonal compression direction were used. Most of the beams had

only one type of web reinforcement, tension bars placed vertically or

at 45° in the direction of the diagonal tension. All the beams

having diagonal compression reinforcement also had diagonal tension

reinforcement, and all those having horizontal bars in the web also

had vertical stirrups except 4S1 and 4T1. In a few cases vertical

stirrups, stirrups placed at 45° in the tension direction, and stirrups

placed at 45° in the compression direction were present in the same

beam. The expanded metal web reinforcement was so placed that

the long axis of the diamond was vertical and the strands of metal

were inclined at about 22° on either side of the vertical.

The load was applied as a single load over a length of 8 to 12

inches of the flange. The ratio of the distance between the center

of the load and the center of the reaction to the depth, d, varied

from 1.03 to 3.8 and was 1.78 for the majority of the beams (36-inch

beams)

.

Strain-gauge measurements to determine the stress in the web

reinforcement and the longitudinal reinforcement and the strains in

the concrete at all stages of the loading were made. Deflections at
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the center of the span were measured for all beams. For a few

beams deflections were measured at points in the span sufficiently

close together to determine approximately the elastic curves of the

beams.

Concretes having strengths ranging from about 2,100 to about

5,400 lbs. /in. 2 were used. In general, the reinforcing steel had a

yield-point stress of about 60,000 lbs. /in.
2

. In a few cases bars of

low yield point were inadvertently used.

To avoid confusion between bond failure and diagonal tension

failure, the longitudinal bars and stirrups were anchored by means
of hooks on the ends of the bars.

The heavy upper and lower concrete flanges, in conjunction with

the center and end pilasters, formed a frame structure which appar-

ently carried considerable load that did not pass down through the

web of the beam as shear. Beams having no concrete or steel webs
gave information on how much shear was in this way diverted from

the webs. Accordingly, for the purpose of computing corrected

shearing stress the loads for the beams with concrete webs were

reduced by the amount of the load carried by the beams without

webs when the center deflections in the two types of beams were the

same.

The total shear reduced by the correction referred to above was
assumed to be carried by the web of concrete and steel. Assuming
that the longitudinal tensile and compressive stresses in any beam
were proportional to their distances from the neutral axis, the maxi-

mum shear (that at the neutral axis) was computed by the usual

formula
V

in which V is the total shear less the shear carried by the flanges.

Shearing stresses uncorrected for the resistance of the frames are also

given.

The tests showed clearly that the tensile stress in the web rein-

forcement was independent of the compressive strength of the con-

crete in the web. This statement is based on measured stresses in

beams having (1) concrete ranging in strength from 2,100 to 5,400

lbs. /in. 2
, (2) from 0.94 to 3.88 per cent of vertical web reinforcement,

and (3) 1.71 per cent of web reinforcement inclined at 45° with the

vertical.

In general, the shearing stresses (corrected to eliminate the effect

of the stiffness of the heavy frames) developed in the beams tested

may be expressed in terms of (1) the ratio, r, of web reinforcement,

(2) the tensile stress, /v , in the web reinforcement, and (3) the thick-

ness, b', of the web, by the empirical equation

7=60 + 25&'+rjfv (31)
71966°—26|—=7
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This equation indicates that with increasing web thicknesses there

was an increasing effectiveness of the concrete in resisting shearing

stress. This indication was found for loads causing tension in the

web reinforcement up to 40,000 or 50,000 lbs. /in. 2
. It was not found

at the maximum load, however, due in part at least to the fact that

for the beams with the thickest webs the failure was by tension in the

longitudinal reinforcement, and it is not known how great the shearing

resistance was.

The increase in effectiveness of the concrete (in resisting shearing

stresses) with increase of web thickness is probably only apparent,

and due to the fact that with the thin webs a larger proportion of

the thickness was occupied by the web bars than was the case with

the thicker webs. For this reason and because of its greater sim-

plicity the following formula for estimating the shearing strength

of a beam seems preferable to formula (31)

:

v= (0.005 + r)/v (32)

This formula fits the test data reasonably well. It assumes that

the concrete participated with the web reinforcement in resisting the

shearing stresses, that it was equally effective for all thicknesses of

web, and that the stresses carried by the concrete increased propor-

tionally with increase in the shearing strength.

The smallest amount of web reinforcement used was about 0.5

per cent. The lack of test results for smaller percentages of web

reinforcement and slender beams has been supplemented by results

of tests carried out by the Deutscher Ausschuss fur Eisenbeton.

(See fig. 3%) These results agree quite well with those from the

tests in this investigation. There are, however, some uncertainties

in the interpretation of the data, since the stresses in the web rein-

forcement were not measured.

The presence of horizontal web bars in a beam which had vertical

web bars appeared to have the effect of causing the stress in the ver-

tical bars to be appreciably less than that in the vertical bars of a

beam which had no horizontal bars. The reduction of the section

of the web due to the presence of even the smallest (three-eighths

inch) horizontal bars was so great, however, as to cause horizontal

shear failures at loads lower than those carried by similar beams

having no horizontal bars.

In beams having both vertical web bars and bars inclined in the

tension direction at 45° with the vertical the maximum shearing

stresses were about the same as those for beams in which the web

reinforcement was all vertical or all inclined, and equal in amount

to the sum of the vertical and inclined web reinforcement of the beams

having both types of reinforcement. For web stresses below the

yield point of the steel, however, the inclined bars developed greater

stresses than the vertical bars in the same beam.
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The presence of compression reinforcement in the web did not

increase the shearing strength of the beams having such reinforce-

ment. All of the beams, however, which had compression reinforce-

ment in the web appeared to have sufficient compressive strength in

the concrete of the web to resist all the compressive stresses in the

webs without assistance from the reinforcement.

In the beams in which diamond mesh expanded metal was used

as web reinforcement the presence of the compression strands did

not appear to add to the shearing strengths of these beams. The
tension strands appeared to have about the same value as an equal

amount of reinforcement in the form of vertical or inclined bars.

Splicing the expanded metal by means of laps of about 5 inches

along a vertical or a horizontal line developed stresses in the metal

of more than 50,000 lbs. /in. 2 before failure occurred. They carried

within 10 per cent of as great shearing stresses as did the corre-

sponding beams in which the metal was not spliced.

One of the beams with expanded metal web reinforcement did not

have the strands hooked around the longitudinal bars in the top and

in the bottom of the beam. The anchorage was developed by bond
and by the embedment of the bridges of metal in the concrete.

This beam developed a tensile stress of only 45,000 lbs. /in. 2 in the

metal before failure occurred, while those beams in which the strands

were hooked around the longitudinal bars developed stresses of from

50,000 to 60,000 lbs. /in. 2
. The shearing stress at failure was also

correspondingly less than that for beams with hooked reinforcement.

High diagonal compressive stresses were developed in many of the

beams. Failure by diagonal compression occurred only with beams
having vertical web reinforcement. The analysis given indicates

that diagonal compressive stresses are twice as great for a given

shear in beams with vertical stirrups as for a beam with stirrups

placed at 45° with the vertical. The tests indicate that approxi-

mately this relation exists. The data, however, are not conclusive.

For most of the beams the distance between stirrups at right angles

to their direction was from about one-eighth to about one-tenth of

the depth of the beam. In a few beams the spacing of the stirrups

was varied for the purpose of studying the effect on the shearing

strength of the beam. There was a tendency toward a falling off

in shearing strength with increase in spacing of stirrups. The test

data are insufficient, however, to show at what spacing the effective-

ness of the stirrups begins to decrease.

All stirrups were anchored by means of hooks in the top and in

the bottom of the beam. In all cases the hooks passed around the

longitudinal tension bars in the bottom of the beam and around

longitudinal compression bars in the top of the beam. In a number
of cases the horizontal bars in the top of the beam were not needed



484 Technologic Papers of the Bureau of Standards [voi.no

for resistance to compression and were used merely for the purpose
of holding the stirrups in position. They were very useful for this

purpose, but there was no indication that they were necessary as a

part of the anchorage of the stirrups. Proper embedment in the

concrete in the bottom of the beam appeared to give sufficient

anchorage to all except some of the largest bars used. The ef-

fectiveness of the anchorage appeared to be somewhat less for the

thin webs than for the thick webs. Rigid connection to the longi-

tudinal tension bars was not essential for effectiveness of either

vertical or inclined bars.

All longitudinal tension bars were \]/i inches in diameter and were
anchored, usually by means of a semicircular hook having a radius

of 7.5 inches for the lower layer and of 5 inches for the upper layer

of tension bars. The hooks for the upper layer fitted inside the

hooks for the lower layer of bars.

In spite of the anchorage there was evidence of slipping of the bars.

Stresses close to the support of more than half those at the center

of the span indicate the necessity for anchorage of the bars.

The data on the effect of depth of beam on web stresses and web
resistance were not extensive and other variables than depth of

beam were involved, so that the results are not conclusive. Except

for beam 4BE21,, which was rectangular in cross section, the equa-

tion v= (0.005 +r) fy , which was derived from the data of the beams
36 and 52 inches deep, seems to apply fairly well to the data of the

beams which were 18 inches deep.

The shearing stress at which the first diagonal crack in the web
of the beam occurred varied with the thickness of the web and the

compressive strength of the concrete. It was nearly independent of

the amount, spacing, and direction of the web reinforcement. The

shearing stress at first crack varied in general from about 100 to

about 300 lbs. /in. 2
. A few cases were outside these limits. The

rate of widening of the cracks was independent of the amount of

horizontal web reinforcement and the compressive strength of the

concrete. It was slightly dependent upon the amount and spacing

of vertical web reinforcement and upon the thickness of the web.

The rate of widening was much less for beams with inclined than for

beams with vertical stirrups.

The presence of web stiffeners had some effect in causing the earli-

est web cracks to take a steeper slope than they took in beams

without stiffeners. The distance between stiffeners was less than

the depth of the beams. Before failure occurred cracks crossed

through the stiffeners, and the direction of the later cracks seemed

to be independent of the presence of web stiffeners.

The presence of web stiffeners was in general without marked effect

on the behavior of the beam after the formation of the earliest cracks.
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In beam 1X1, however, which had a depth of 10 feet, a span of 20

feet, and a web thickness of 3.9 inches, the failure in vertical shear

was limited to the space between two adjacent stiffeners. It is

probable that the stiffeners were of some effect in so limiting the

area involved in the failure.

The amount of the deflections appeared to be more dependent

upon the shearing stresses and the width of cracks than upon the

horizontal tensile and compressive stresses in the top and bottom
flanges. The deflections were generally greater for beams with

vertical than for beams with inclined web reinforcement. For equal

shearing stresses the deflections were greater for beams with thick

than for beams with thin webs.
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Reference No. 115 116 117 llfi 119 120 m 122 123 124

Beam No. IA-C-DI IB-E-HI IFI 1(51 III JKI-LI JM! \N\ IXI ILXi-dl

Web THICKNESS, IN. 4.55 4.30 415 3v*0 4.10 4.05 5.05 4.45 3.90 8.10

Flange width - in. 24.30 24.10 24.05 23.60 24.05 24.05 24.75 24.25 28.00 20.05

Web
Re-

inforce-

ment

/EKTICAL

Bars
DlAM., IN. None None 3/4 None 3/4 2/4 3/4 3/4 3/4 %
Ratio O .0113 .0178 .0268 .0145 .0199 .026Z .0(43

Horizon-

tal Bars

Diam.jn. None None None None '/z None 3/4 3/4 3/4 Vz

Ratio O .0030 .0145 .0133 .0163 .0060

nclined

Bars
D/AM., IN. Vz 3/4 None >k None None None None None None
Ratio .0(54 .0244 .0206

Spacing, in. 2.83 4.25 6 2.83 6(15) 4 605) 5 4.5(6) 333(8)

No. OF V/4-in.

FLANGE BARS

Top 17 17 17 17 17 17 17 17 20 12

Bottom 17 17 17 17 17 /7 17 17 20 12

AGE AT TE5T, DAYS 34 33 2& 29 29 3! 30 30 44 37

Cylinoef

5TREN6TH

iAt1da.lb./in
z 2700

ATTEST OF BEAM 2410 2930 1430 1800 4080 3770 3260 4050 4620 5050

MANNER OF FAILURE D.I D.T. DC. D.t DC. DC. DC. DC. V.5. C.F?

Maximum applied load.lb. 553705 663300 414000 600000505000 503000^75000 568000 1363000 106000

SHEARING STRESS
ON GROSS SECTION AT

TENSILE STRESS IN

WEd REINE OF'

moo 350 430 310 550 550 490 430 560 690 380

zoooo 580 510 530 940 820 890 720 300 1230 530

10000 790 1120 770 1280 1040 1250 910 1240 670-

40000 980 1380 1000 1590 1280 790

50000 1140 1640 1910 900

moo 1290 1020

Shearing Stress

at maximum

load0a5epon--

6R055 5EQI0N 1340 1700 1070 2240 1350 1360 1030 1400 1540 1030

Net Vert. " 1300 1660 1660 1210 (690 1910 1180

NetHoriz." 1540 1210 (690 1910 (180

Ten. stre

ATMAX.LW

sWEBReiNFORCEMT V.P 53000 43000 51000 43500 32000 39000 35000 26000 63000

d Longitudinal

Deflection (Inches)

at Uncorrected

shearing stress

.OF:

zoo .023 .02! .025 .005 .026 .022 .020 .022 .024 .on

400 .060 .046 .053 .030 .054 .060 .066 .057 .060 #44
600 .114 .075 .054 .086 .103 .121 .100 .109 .092

800 .(67 .108 .078 .135 .150 .185 .(48 .J59 .(58

1000 .228 .141 .113 .190 .206 .304 .208 .226

1200 .332 .IQO .148 .254 .273 .287

1600 .330 .235

7'ensile stress in wee
reinf. when av. width
of5 largest cracks wa

.OIlN. 21100 29400 8500 16000 15000 51500 (3800 8600 7900

5: .02in 54500 20500 39800 25500 30000 21100 22600

Average width

of 5 largest

CRACKS AT UN-

CORRECTED SHEAR-

INS STRESS OF:

zoo .0010 .0000 .0070 .0011 .0001 .0009 .0010 .0007 .0042

400 .0047 .0018 .0148 .0045 .0036 .0026 .0047 .0070 .0126

600 .0064 .0046 .0113 .0078 .0079 .0052 .0083 .0100 .0215

800 .0110 .0015 .0293 .0113 .0127 .0035 .0(21 .0/22 .0300

1000 .0153 .0103 .0316 .0141 .0(79 .0101 .0157 .0139 .0387

1200 .0260 .0000 .0188 .0224 .0195 .0(87

1600

Shearing stress who< .OIlN. 750 IIOO 280 720 690 930 690 600 330

LARGEST CRAC WAS .OZlN 1100 550 (250 1100 1240 1330 560

Note: /All stresses are qiven in pounds per square inch.
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Table 7.

—

Descriptive data of test beams

Note: All fonqifudinol flanqe bars were l

7

A"i'n diameter

c
C

1
E
8

CD
C

it

in.

CD

c

in.

Web
Reinforcement

cf

"JO

<

da.

Cylinder

sfrenqfrf

—

-

s

c_
CD
c
e

f

Vertical

Bars

horizon-

tal Bars

Inclined

dars c

a
to

in.

v.

-—

fh/zn
2

-1
£|

lb/in
2

E

in.

.0

or

E

in.

.0

0£

E

in.
&

a
|2

E
"0
CQ

l <MK 3.10 12.05 3/4 .0354
.0340
W .0354

8
4 8 8 47 3380 4910 H.5.

2 4BI-2 3.Z5 12.05 5/4 5/s .0Z36 4 8 8 47 2970 5390 H.5.

3 4CI-Z 3.25 IZ.Z0 Va .0340 Vz .0151 4 8 8 46 3110 4770 H5.

4 4DI-2 3.15 IZ.ZO 3/4 .0350 3/6 .0061 4 8 8 60 3810 5810 K5.
5 4EI-2 3.30 12.30 3/4 .0335 4 8 8 .60 3670 5940 D.T.

6 4Y£I Z£5 IZ0Ow .0416 IT 4 / 7 60 3070 5700 V.5.

7 4A3 4.30 )Z35 3/4 .0251 3/4 .0Z57
.0180

4 8 8 60 Z570 5000 H.S.

8 453 4.25 1230 3/4 .0260 ?s 4 8 8 60 2380 5670 H.5.

9 4C3 4.20 12.30 ft .0263 fa .0/17 4 8 8 61 2940 5980 H.5.

/O 4D3 4.50 1135 3/4 .0246 3/6 .006/ 4 8 8 60 2640 5580 D.T.

II 4E3 4.45 12.30W .0248
8

4 8 8 59 3040 5400 D.T.

12 4E6-7 5.90 1520 3/4 .0188 4 JO 10 58 3320 5340
13 4E9 8.55 17.75 3/4 .0130 4 [2 12 60 3570 5970 D.T.

14 4YE8 8.35 17. 20 3/4 .0133

8
4 •2 IZ 61 3350 5780 D.T

/5 4EII-12 2.95 12.05 3/4 .0315 4 8 6 59 24/0 46J0 V.5.

J6 AU\-1 1.66 IZ.00 w .0413
8

4 8 6 59 /680 4550 V.5.

n 4EZ6 5.95 15.20 3/4 .0166 4 10 10 59 1650 4000 D.T

18 4E2S-3 8.45 17.60 3/4 .0130 4 12 /2 59 1620 3510 D.T.

19 4E3\ 2.55 11.85 3/4 .0434 4 8 8 GO 790 Z160 VS.

20 4MI-Z 3.25 12.25 %_ .0234 5/6. .0Z34 4 8 8 61 3040 5180 KS.

21 4YZI 2JS5 12.05w .0169 4 8 8 59 3100 6040
22 4F/-2 3.05 12.15 5/6 .0251 4 8 8 6Z 3100 5100 D.T
Z3 4YFf 2.95 11.90 5/e .0260 4 1 6 59 3240 5560 D.I
24 4F4 2.30 12.30 s/s .0334 4 6 8 60 3350 5550 VS
25 4YF8 835 1765 Ve .0092 4 2 IZ 59 32/0 6080 D.T

if
4FH-I2 2.15 11.95 ?3 .0280 4 8 6 59 Z430 4350 V.5.

4F21-2 2.90 (2.10 & .0264 4 8 8 59 1590 3470 v.s.

28 4F28 &35 17.60 5/e .0092 4 12 12 59 1300 3690 D.T.

29 4F3I 2.15. 11.95 5/6 .0279 4 8 8 60 990 /950 V.S.

30 4N/ Z.95 J2.I0 h- £166 We .0094 4 8 6 59 Z950 4630 H.S.

31 4LI 3.40 12.20 w .0144 % .0144
.0229

4 6 8 63 3560 5400 H.S.

32 4PI 3.35 12.20 /2 .0146 4 8 6 61 3120 4980 H.S.

33 4RI 3.25 IZ.ZO Vz .015/ 3/4 .0340 4 8 8 62 3440 5000 R5.
34 461-2 3.}5 IZ.I5 /z .0155 4 8 8 60 3460 5550 D.T.

35 4Y6I 2.95 12.10 k .0166 4 1 5 59 Z920 5160 DT
36 4L3 4.30 /2.Z0w .0//4 w .0/14 4 6 8 59 2980 5480 D.T
37 4R3 4.10 12.10 Yz .0120 3/4 .0270 4 8 8 60 2640 5050 H5.
38 4G3 4.10 IZ05 »/2 .0120 4 8 8 59 3020 5150 D.T-

39 464 1.95 12.15 /z .0252 4 6 8 59 3540 6200 V.S.

40 4G6 5.95 I5./0 J/L .0083 4 10 10 59 3550 51Z0 P.T

4! 468 6.35 17.50 '/2 .0059 4 12 \Z 60 3390 5100 D.T
42 4Y68 8.45 17.70 » .0056 4 2 12 59 3360 5010 DT
43 46A

I

12.00 12.00 i/2 .0082 2 8 8 60 3/70 4880 L.T.

44 4611-12 2.75 12.05 '/z .0/77 4 8 8 60 Z4\0 41Z0 D.T.

45 4G2/-Z 2.75 12.15 jy .0/78 4 8 8 60 [460 3650 VS.

46 4626-7 5.65 14.90# .0036 4 10 /o 60 16/0 4f50 D.T

41 4623-9 8.20 17.55 1/2 .0060 4 \2 12 60 1650 4000 D.T

43 mz\ IZ.I0 12.10 '/z .0081 2 8 8 59 1500 3000 L.T

49 463! 2.10 12.10 Vz .0/82 4 8 8 60 910 2820 V.S.

50 4661 12.10 I2./0 3/6 .0088 I 8 8 61. 3410 5960
5/ 4KJ 3A0 (Z.fO 3/6 .0089m .0089 4 8 8 6Z 3600 5250 H.S.

JZ 4HI-Z 3.40 12.35 3/8 .008/ 4 8 8 61 3380 5920 D.T

53 4HH-I2 2.65 12.10 3/8 .0035 4 8 8 5B 2200 5/70 D.T.

54 4H2/-2 z.io IZ.05 3/d .0100 4 8 8 59 1380 3990
55 4H3/ 2.60 11.95 we .0106 4 8 8 60 6/0 15Z0 DC.

56 4flffiH 2.60 12.00 3/s .0116 3.6Z 4 4 60 /4I0
E
4!70£ D.T.

51 40B2/-Z 2.60 12.10 ** .0115 6.5 4 4 60 f630
E 4030 1

O.T.

*Cyfinders 6 "x /6 " except 05 n oted.
E6

"x 12
' cy/inder
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Maximum loads, shearing stresses at varying tensile stresses, and

tensile stresses at maximum load

Note- Stresses an• qiven in pounds per square inch.

8

r-'*S

Shearinq stress at various loads Tensile stress

at maximum

load in:

Shearinq stress

g |l Shearinq stress on qross section at maximum

I
fi) c

•—

E
s P

2 °-

at tensile stress In web
reinforcement of:

load based on

Is
X

fe.2 fe.s
ctr

lb: II Z <n

a £
10000 zoom 30000 40000 50000 60000

f 4AH2 269000 410 850 1320 1460 1930 (930 36500 24000
Z 461-2 252100 530 1170 1320 (7/0 (630 22500 24000
3 4CJ-2 293600 530 960 (530 1990 1810 34500 21000
4 4DI-Z 232400 A80 930 1750 2310 1990 39000 Z8000
5 AtVZ 336900 A40 750 1140 (750 2270 1150 42500 34500
6 4YZ.1 &66000 420 950 1550 1700 2370 33000 31000
7 4A3 293100 460 750 1(60 1400 1400 3/000 22500
3 433 266500 410 800 1060 1290 1250 28000 25500
9 4C3 299900 310 610 \050 12(0 1470 1370 34000 33000
\0 403 342200 3Z0 560 920 1150 1290 1550 (410 4600031000
IT4E3

416-1
352400 210

400
490 810 1100 1340 1626 1340 mood40500

12 433/00 560 750 940 1090 J250 1430 y.f. 31000
13 4E9 519700 310 420 530 640 150 610 1030 1130 r.p 32000
14 4YE8 516700 460 590 740 610 950 1040 1050 1(50
15 4EIH2 275900 430 650 (300 1580 ZI30 38000 29000
16 4EZ/-2 218000 52D 1080 1380 1910 26000 20506
17 45.26 332000 310 A90 690 890 950 (080 43000 25500
18 4528-9461400 -480 600 710 850 970 1070 YP 34000
\s Ai3l I3Z50O 640 880 1250 (2500 9000
20 4M/-2 252700 410 710 1100 1300 1610 (6(0 33500 Z4O00

21 4VZI 306000* 400 740 MOO 1370 J 600 \QOO 1820^ 2340* 61000) 31000*
11 4F/-2 321600 330 560 920 1310 1600 1800 2270 59500 31000
23 4YFI 295000 310 590 910 1330 1600 (700 2/50 YP 38500
ZA 4F4 273000 550 870 13/0 1790 2020 2770 48000 31500
25 4YF8 43420C 450 540 630 700 770 840 1000 (080

26 4FIMZ 256600 530 880 1180 1470 1600 2070 44500 28000

%
4F2/-2 222900 380 100 1130 1300 (660 36500 25000
4FZ8 481400 350 460 590 730 810 900 980 1050 Y.F 31000

29 4F31 108000 440 670 860 15000 [0500

3Q 4NI 260700 340 530 150 950 1200 (480 1500 1810 1720 Y.F 21000

31 4LI 286500 350 560 150 1040 1320 (430 1680 1680 53500 28500
32 4Pi 262000 310 400 160 960 1100 1240 1330 \560 1630 Y.?. 21500
33 4Rf 221000 300 550 840 1060 1150 1360 1500 33500 26000
34. 4GI-2 268300 240 360 550 850 1050 IZ40 1550 1840 YP 30000
35 4rGI 248200 320 440 640 820 1050 (240 1430 1120 YP 32000

36 4L3 331000 310 410 590 190 960 1120 1310 1480 1480 Y.?. 39000
37 4R3 269 (00 340 430 640 820 980 1150 1200 1360 1460 YP. 24000
38 463 316000 210 370 500 640 780 930 13(0 (490 YP 38000
39 4G4 216200 340 590 900 1270 1600 1860 2530 57500 21000
40 4G6 394300 330 380 430 530 630 790 1(20 1230 YP YP 24500

41 4G8 431600 360 420 480 540 600 650 880 930 YP 25000
42 4Y68 428000 450 490 550 610 680 130 860 eio
43 4GM 436000 300 430 490 510 660 700 160 53500 Y.F
44 46IH2 256100 320 500 130 1000 1110 \340 1580 mo YP 25500
45 L4G2I-2 zonoo 290 510 800 1050 1240 (5(0 51000 22500

46 46Z6-7 354300 380 490 560 670 160 1060 1160 YP 35000
41 4G25-9 426500 360 420 480 540 620 690 880 930
48 4GA21 496200 210 360 460 560 640 100 760 51500 YP
49 4G3J 138300 240 500 160 870

750
(070 35000 16000

50 4G5! 540000 410 530 590 640 760
51 4KI 240000 3Z0 390 520 690 890 \Z00 1310 1490 1490 YP 21500

52 \4H\-Z 159100 320 400 500 620 130 640 1190 1460 1290 YP 29000
53 4HII-I2 238000 340 440 550 680 610 1410 1630 YP 24000
54 4H2/-2 moo 230 330 460 620 no (230 1430 Y.F 20500

55 4H3/ 86800 200 310 490 510 580 680 41000 9500
56 4B4Z/-2 63S00 230 310 500 620 150 810 880 1030 Y.F. 21000

51 48821-2 63600 Z50 380 510 630 1100 44000 21000

A
Hot carried to failure.

F
dosed on tofa 1

diameter vertical web bars.
K
dosed on

web thickness, b!
HEtad on b minus

b' minus diameter horizontal webbars.
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Table 7 Descriptive data of test beams—Continued

Note.- All lone itudinal flanqe bars were 1 &"in diameter

1

CD
nc

2:

E
S
OQ

to

cu
c
.*:

1

-c:

CO
Cr
C
C5

UZ

Web
Reinforcement -»—

CO
-CU

4—
<3

CO

Cylinder

strength*
c§

o
cu
c
c

Vertical

dors

lion'zon-

\a\ Bars

Inclined

dars
o
CL
CO

-1
E E E

.53

o
"a ao

E

in. In. in.
DC

in.
(t:

in.
DC

in.
£

0Q da. h/in
2
loin

2 s:

58 4BCZ/-2 2.45 11.90 5/3 .0124 10 4 4 60 mo 39/0* D.T.

59 4802/ 2.50 11.95 3/4 .ooas 18 4 4 6J 1690 3800t OX
60 46022 2.40 12.00 3/4 .0128 14.% 4 4 59 1740 4510* DT.
61 43121 J 1.80 11.80 3/a .0023 4 4 4 63 (2(0 3600 E D.T.

62 ACAl-Z 2.90 12.10 &- om *k m 5 8 8 59 3570 5640 yi:

63 4CB1-2 2.90 12.15 w .0186 0" ~d ~w .0(22 5 8 6 59 3320 59/0 V.T

64 4CC/-2 2.80 12.00 5/6 .0/93 5
/p om 5 8 8 59 3420 5940 v.t:

65 #01-2 2.10 12.00 Vz .0131 '/2 .0131 5 8 8 60 3020 5470
66 4cm 2.80 12.05 % .0070 3fe OT.' 5 6 8 60 3790 5950 QT.
67 4UI-Z 3.10 I2./5 3/4 tm 4 8 8 59 3200 5/20
66 Mtt 3.15 12.15 F 3/4 ..:'-. 4 8 8 60 3140 5530 Slip

of63 m\-z 3.20 12.20 5/d 0238 4 8 8 59 3630 5500
10 mvi 3.05 12.05 F ^ .0252 4 8 8 59 3130 5310 DT
11 MZI 2.85 12.00 % .0269 4 8 8 59 (370 3650 DT
72 4X1-2-8 3.10 12.15 '/2 0(58 4 8 8 59 3350 5400 DT
73 4AAI-2 3.30 12.30 ~zr ~o~ F '/2 om 4 6 6 59 2930 5190 or
74 4X3 4.25 I2.J0 «/2 01(6 4 8 8 60 3220 4380 DT
15 4X4 2.05 U.90 '/2 Dim 4 8 8 59 3300 4650 D.T

76 4X6 5.90 15.20

%
.tm 4 10 JO 59 3400 5950 D.T

77 4X9 8.40 1760 m 4 _!2j (2 59 3510 4990 D.T

Id 4xfj 2.95 12.15 '/2 Ml
i

8 8 60 1410 5160 D.T

79 4X21-2 Z.Q5 12.10 </2 0172 8 8 60 (7(0 3520 D.T.

80 4X3/-2 235 I2./0 «/; om 4 8 8 60 9(0 2270
81 4YI-2 3.20 12.15 a/a 0081 4 8 8 60 3510 5230 DT.

82 4Zi 3.30 12.20 F 3/8 0084 4 8 8 59 3690 4360 D.l

83 4VZ( Z.95 12.00 3/6 .0094 4 8 8 n 1600 3140 D.T.

84 4AHI-2 3.30 (2.20 o. ! 0595 4 8 8 3360 5200 Slip

85 4M2 3.15 12.15 F
1 .0634 4 8 8 60 3430 5950 Slip

86 4AK1 4.15 12.95 F f .0474 4 8 8 60 3400 47(0 Slip

87 kXGI 3.25 12.10
s

rTxponcfed mphilwebrelnf.

led in corii-

,0(9Z 8 8 58 2900 4770 VS.

63
89

4XA/
4XBI

3.45
2.95

12.35

12.20 Strands indi
0i>7.

.0106

8
8

8
8

60
60

3580
3170

5060
6(90

Rt
D.T

eo 4XCI 3.20 12.25 'predion direcfion neg-

ipuf/hg

.0055 8 8 60 2780 5170 VS

92
4KVI
4XEf

3.20
3.05

12.15

12.00
looted in con

J ratio of relr

.0188

.0146
8
l8_

8
8

58
58

2960
27/0

5320
4970

D.T

D.T

93 4XFf 3.0Q 12.00 ?fbrcernenl|om 8 8 61 3000 5600 D.T

94 415 12.10 3/4 4 8 6 59 3390 6(40 D.T

95 4125 (2.30 3/4 4 6 8 60 1470 3490 D.T

96 4F5 12.00 5/8 4 8 8 59 3180 6190 D.T
97 4G5 12.40 !/z 4 6 8 60 3250 6070 D.T

98 4325 12.20 W 9 4 6 8 60 1700 4070 D.T.

99 4X5 12.05 «/2 4 8 8 59 3180 4460 D.T

100 451 3.40 12.20 '/2 .0144 4 8 8 60 3420 4600 D.T.

10! ATI 3.40 12.15 3/4 .0324 4 8 8 60 3680 5120 DX.

(02 4JI-2 3.20 12.25 8 8 6Z 3310 5380 D.T

103 4JII Z.10 12.05 8 8 59 1080 4910 D.T

104 4JZI 3.10 12.25 6 8 60 1740 4080 D.T.

105 4J3I Z.15 11.95 0- 8 8 60 560 1570 D.T.

106 4J3 4.10 12.80 8 8 59 2760 5670 DT
101 4JG 6.05 (5.25 (0 JO 59 3500 6(80 D.T
108 4J26 5.15 15.05 10 10 59 1610 3650 D.T

109 4J6 8.55 11.10 (2 (2 59 3040 6050 D.T.

110 4YJ8 8.35 17.60 5 60 3100 5500 DT
Hi 4JZ8 830 17.60 (2 (2 60 (490 4060 DT
1(2 4AGI-Z (2.30 8 8 59 3490 5100 D.T
113 4AG2/ (2.25 8 8 §2 1560 39(0 ax
114 4AG9 17.60 (2 12 59 2970 6200 DT

Cylinders 8"x 16 " except as noted.
E
6"x (2 " cylinders,

bars same size as inclined tension bars.

Inclined comuression
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Table 8.

—

Maximum loads, shearing stresses at varying tensile stresses, and
tensile stresses at maximum load—Continued

Note: Stresses are given in pounds per square inch.

Shearing stress at various loads Tensile stress

cs

-QJ S. §8 dhearlnq stress on qross section

Shearing stress

Qt maximum

atmonmum
load In :

1
_,o

c E
§
CD

11
at tensile stress in web

reinforcement of:

load based on--

it.

<o.S2

3r

t: c

cc

lb.
8 1$

° E
3£\G000 zoooo 30000 AOOGO 50000 50000

56 46C2/-2 65400 320 460 690 860 ((70 37500 18500

59 4BD21 56100 330 550 150 /070 26000 18500

60 40022 62000 350 590 640 860 1250 3(000 18000
61 45EZ! 12/300 180 190 ZOO 2/0 230 250 340 350 YP 31000
62. 4CM-Z 32Z600 400* 540* 700* 960* 1140* I290A 1870 2370 YP 345DC
63 Am-ii36620O 390* 730* I040 A I330A )60Q* 1600* 2/30 27/0 YP. -iJJCC
64 4CCI-2 361100 520* 860? IZI0* 1530* /770* \e%* 2280 2940 YP 3750Q
6b 4CDI-2 341300 360* 690* 990* 1250* 1490* 1690* 2160 2550 YP 35500
66 4CEI-Z 291000 400A 570* 730* 960* f/50* /270* 1780 2060 Y.P 25000
61 4UI-2 426500 580 970 1420 1730 2090 2270 2320 64000 41000
66 4ACI-1^r.)5X) 700 1170 1500 1790 2000 2150 Y.P 35500
69 AM-Z 354000 500 790 1070 13/0 1510 1660 I860 Y.P 35000
10 4ABI-2 330500 510 900 (I/O 1400 1550 /650 mo YP 2S5GO
11 4W2/ 329500 550 J 000 13/0 1460 1560 (660 I960 YP 36000

11 WrZ-8 326800 350 630 690 i no 1330 1500 1790 YP 30500
13 4AAI-2mtto 390 660 810 M00 1250 (420 1730 Y.P ^050-J

74 4X3 306300 240 440 580 730 630 970 /220 YP 35600

15 4X4 258000 690 1030 1350 (650 (930 2090 2130 63000 Z6000
76

,
4X6 448800 450 540 620 750 870 990 /290 YP 31000

77 4X9 481600 380 410 550 630 690 810 970 Y.P 33000

16 4Xlf moo: 410 660 910 1/20 1280 1430 1720 YP 26000
19 4X21-2 296200 410 660 910 1130 1300 (460 (760
80 4X3I-Z I50f00 310 630 880 990 300O0 II 000
81 4YI-2 264900 270 310 520 640 800 940 1400 r.p 29000
81 4ZI 252600 330 450 510 120 820 910 (300 YP 25500

83 4Y2/ 227500 300 440 630 110 670 950 I3J0 YP 21 OOO
84 4AHI-2 372600 890 1510 1920 Z65O0 36000
85 4/3K2 493000 120 1520 2060 2440 2620 2660 31000 41000
86 4MI 446000 800 \480 mo 1870 51000 52000
81 4XGf 299400 560 180 960 (150 1350 1420 1560 Y.P 28500*

68 4X41 296300 330 440 550 630 840 !030 (460 YP 21000
69 4XBI 247530 330 510 650 740 620 940 (420 YP Z1500
<90 4XCI 303000 Z80 350 480 690 900 (100 (6(0 YP 26500
91 4XDI 233200 270 400 530 640 720 1070 (230 YP 24000
92 4m 258300 400 630 810 1080 /Z60 1440 1460 YP 2460Q
93 4XP) 217I0O Z50 400 540 650 730 800 1230 YP 11100
94 4E5 96200
95 4E25 74500
96 4F5 105500

91 \4G5 \06?W
98 mis 640OD
99 415 148300

100 451 116600 880 1030 2(000

101 ATI (72200 860 1100 I50OO

102 4J 1-2 mm 940 (4500

103 4JII 155000 910 14000
104 4J 2/ 150000 ( 620 (4000
105 4J3I 74000 460 5000
106 4J3 JZ9OO0 470 [1500

107 4J6 226500 630 15000

105 4J26 201000 590 \5500

109 4J6 253600
\ 460 14000

no 4YJ8 134300 390 Z3000
II! 4J 28

4AG1-2

238000
I
470 15000

112 7/300

113 44G2I 51800
J

114 4AG9 eom
1

* Based on stresses in dioq. web reinf.
F
dosed on totol web thickness, b!

H dosed on b
T

minus

diameter vertical web bars. * Based on b
T

minus diameter horizontal web bars.
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Table 9.

—

Deflections at varying shearing stresses and tensile^ stresses at

crack widths of 0.01 and 0.02 inch

Note-
1

Stresses are qWen in pounds per sq. In.

o

i

on

c>

o
CD
03

Deflection at uncorrected shear'mq stress of:

Tensile stress in

web reinf when

av. width of 5

larqest cracks was

ZOO 400 600 800 1000 1200 1600 .01 in. .02 in.

i

Z

3
4
5

4AI-2
4B1-2
4CJ-2
4DI-2

4EI-2

.004

.010

on
.006
.on

.015

.031

.031

.021

.034

.049

.058

.053

.056

.060

.077

.082

.079

.081

.085

.109

.115

.108

.108

Aid

./39

.152

.137

.145

• 147

20600
16000
20800
11 100
12900

35400
36300

6

7
8
9
10

4YEI
4A3
453
4C3
4D3

9)1
.Oil
.Oil
.014
.Oil

.038

.038

.033

.038

.039

.056

.015

.066

.072

.011

.081

.109
All
.105

.116

.109

All
.190
.161

.110

.138

.252

.265 moo
\5100
16200
16100
20100

15600
25000

18100
30800

II

11

13

14

15

4E3
4E6-7
4E9
4YE8
4EIH2

.011

.on
mq
.016
.on

.036

.037

.048

.041

.031

.068

.075

.098

.035

.054

.105

Aid
.156
Act
.081

.155

All
.165
.136
.110

.213

.189

.143

21200
19400
20000
6600
16800

33000
37200
35100
Z7000
31100

16

17

18

\d

10

4111-2

4£26
4E28-3
4E3I

4MI-Z

.on

.019

.014

.010

.Oil

.038

.053

.043

.043

.034

.061

.088

.036

.081

.060

.031

.145

.166

.163

.091

.135

.132 AdO

14900
15500
10600
9300
20100

11800
19600
12500

l\

11

23

24
25

4YZI
4FI-2

4YFI
4F4
4YF8

.000

.Oil

.000

.013

.013

.016

.030

.034

.034

.041

.035

.054

.060

.052

.105

.054

.014

.051

.010
A6Z

.073
,JJI

.1(4

.093

.094-

.143

.146
All

.145

.2/7

.227

.178

ZI000
23100
10500
moo
10500

53500
44100
44S00
35000
3)000

26

27

28
23
30

4FIH2
4?2\-2

4F28
4F3J
4NI

.Oil

.014

.019

.018

.010

.033

.031

.041

.051

.019

.053

.061

.094

.130

.056

.013

.089
A51

.085

.no

.133

.114

.150

.126

A41

1 1100
18900
11000
13600
37000

31800
33300
21500

51000

31

31
33
34
35

4LI
4PI
4RI
461-2

4Y6I

.013

.020

.Oil

.020

.018

.034

.045

.043

.046

.033

.056

.011

.064

.011

.015

.019

.100

.091

.096

.114

.114

A40
.160
AZ6
Abl

.166

.195

.164

.198

31200
38600
30Z00
31100
21800

53100
45700

36
31
38

3d
40

4L3
4R3
463
464
466

.015

.019

.020

.010

.010

.034

.040

.041

.029

.048

.012

.011

.082

.041

.105

All
AOZ
All
.061
.155

•'£4
.155
.164
.086
.222

.212

.257
,110 .170

31 100
16500
16200
Z3000
30000

51100
45800
46Z00
55000
50000

41

42
43
44
45

4G3
4Y68
4GM
4611-12

4621-2

.009

.019

.020

.008

.008

.046

.058

.088

.031

.029

.104

.111

.113

.051

.059

A.dl
.193

.084

.094
All

'

.166
.148

l\600
3500
8800
16100
Z4000

25000
29600
25200
49700
39400

46
47
45
49
50

4G26-7

4GZ8-3

46MI
463\

4631

.003

.Old

.020

.026

.003

.046

.048

.036

.061

.010

.033

.10}

.135

.104
All

.119

.100

.103

.116 1)500
4100
Idooo
26500

31600
14300
35300

19000

51
51
53
54
55

4KI
4HI-2

4H1I-I2

4H3I

.000

.013

.013

.015

.025

.021

.044

.032

.038

.061

.051

.016

.053

.013

.081

.110

.090
A08

AU
.163

.125
A5Z

.164

.274

.187

.266

41300
13100
27300
30800
1 1800

60000
41000
53000
56500
31500

5b
57
58
53
60

}4B/tfi-2

mzvz
48C2W
4BD2I

45P22

.026

.031

.021

.033
Ml

.081

.091

.066

.104

.019

.159

.180

.133

.125

.165

.286

.360

.181

.282

31700
21100
17100
8000
11800

50500
31000
25600
/5900
16900

61
62
63

4CAI-2
4C51-2

.135

.006

.008
.015
.024

.033

.043
.058
.064

.081

.085
\\04
.108 .163

19000.
55900*.
51400*

31500

66000*

stresses in diagonal web reinforcement.
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Table 10.

—

Crack widths at varying shearing stresses and shearing stress

at crack widths of 0.01 and 0.02 inch

Note: St 'esses are qiven in pounds persq.in.

o*

c:

CD

d
Z
E
§
GO

Averaqe width of 5 lorqesf cracks at un-

corrected shearinq stresd of:

Shearing stress

when av. width

of 5 larqest

cracks was-'

ZOO 400 600 800 1000 \Z00 1600 .OWn. .OZin.

i

2
3
4
5

\4Al-2

4B1-Z

4CI-2

4DI-Z

411-2

.0000

.0001

.0001

.0003

.0000

.0028

.0026

.0024

.0025

.0028

.0063

.005Z

.0050

.0051

.0062

.0089

.0079

.0075

.0085

.0088

.0/16

.01 rz

.0101

.0117

.0118

.0145

.0148

.0134

.0153
$155

890
930
990
970
370

1600
1410

6
7
8
9
10

4YEI
4A3
403
4C3
4D3

.0011

.0000

.0000

.0000

.0004

.0011

.0041

.0041

.0066

.0053

.0110

.0091

.0090

.OUO

.0031

.0/36

.0135

.0130

.0/52

.0155

.0161

.0168

.0168

.02/4

.0228

.0188

.0306

.0286 520
640
650
550
590

1290
1030

960
940

II

12

13

14

15

4E3
416-1

4E9
4YE8
4E1H2

.0015

.0001

.0000

.0000

.0013

.0061

.0051

.0086

.0030

.0063

.0122

.0/21

.02/0

.0/56

.0087

.0156

.0180

.0256

.0144

.OS 14

.0230

.0240

.0269

.0312

.0139

.0290

.0328

.0172

520
540
420
410
690

890
670
590
700
1350

re

J7

18

19

20

4EZ/-Z
4EZ6
4E25-9

4E3/
4M/-2

.00!5

.0011

.0000

.0016

.0000

.0051

.0033

.0013

.0068

.0035

.0078

.0/62

.0176

.0094

.0062

.0110

.0264

.0247

.0/66

.0093

.0148

.0130 .0/74

770
410
450
560
850

650
110
560

21

22

23
Z4
Z5

4YZI
4FI-Z

4YFI
4F4
4YF8

.00/2

.0002

.0000

.0000

.0000

.0041

.0053

.0080

.0010

.0065

.0080

.0081

.0033

.0053

.0116

.0/03

.0/22

.0116

.0081

.0266

.0126

.0140

.0134

.0110

.0149

.0160

.0151

.0136

.0193

.0242

.02/9

.0114

770
670
610
eio
450

1670
1430
1510

'S8
26

Z7
28
29
30

4FIHZ
4F2/-2

4FZ8
4f31
4 Nil

.0011

.0009

.0000

.0024

.0000

.0058

.0045

.0032

.0054

.0033

.0101

.0081

.0263

.0100

.0067

.0133

.0(36

.0348

.0067

.0166

.0194

.0117

.0/98

.0255

.0154

600
660
420
600
860

1220
1010
560

1400
3/

3Z
33
3A
35

4LI
4PI
4RI
4GI-2

4Y6I

.0000

.0001

.0008

.0006

.0010

.0028

.0023

.0036

.0050

.0069

.0068

.0045

.0064

.0088

.0099

.0097

.0076

.0093

.014'.

.0146

.0129

.0/07

.0150

.0179

.0101

.0158

.0130

.0227

.0253

610
940
650
620
600

1090
1120
990

36
31
38
33
40

4L3
4R3
4G3
4G4
4G6

.0000

.0000

.OOIZ

.0006

.0000

.0045

.0045

.0083

.0064

.0080

.0091

.0109

.0153

.0090

.0/85

.0/36

.0159

.0225

.OUO

.0263

.0103

.0236

.0296

.0146

.0306

.0/66 .0194

640
570
450
700
430

990
910
130
1740
630

41

41
43
44
45

4G8
4YG8
4GA!
4GII-I2

4621-Z

.0000

.0000

.0032

.00J3

.0005

.0/38

.0084

.0/67

.0061

.0054

.0363

.0270

.0282

.0092

.0096
.0120
.0140

.0150

.0169
.0200

360
410
290
670
620

450
550
460
1190
1040

46
41
48
49
50

4626-1
4628-3

4GA21
4G3/
4GBI

.0008

.0000

.0010

.0024

.0000

.0056

.0200

.0120
0054
.0/15

.0/78

.0357

.0261

.0064

.0205

.027/

.0140

420
310
340
690
260

650
400
520

440
5\
51
53
54
55

4KI
4HI-2
4HII-I2

4HZ/-Z

4H3/

.0000

.0001
0017
.00/4
.0033

.0033

.0086

.0060

.0074

.0127

0075
.0161
0123
.0136

.0/10

.0236

.0180

.0185

.0165

.0311

.0151

.0236

.03(1

750
440
510
460
340

1090
710
640
860
500

5b
51
58
59
60

45AZI-Z

WZt-2

mzi
46DZZ

.0004

.0026

.0001

.0014

.0014

.0066

.0103

.0033

.0165

.0110

.0125

.0226

.02/4

.0305

.0260

.0236

.0404

.0350

520
400
420
310
390

150
580
570
450
530

62
63

4biu
4CAI-2

4CBI-2

0000
.0000
.0001

0168
.0010
.0014

.0033

.0021
.0049
.0041

.0074

.0055
.0101

.0011
.0190
.0102

160
1230
1600

ZlO

Z050 .
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Table 9.

—

Deflections at varying shearing stresses and tensile stresses at

crack widths of 0.01 and 0.02 inch—Continued

Note-- Stresses are qiven in pounds persq.in.

1
it:

GO

Deflection at uncorrected shearing stress of:

Tensile stress in

web reinf. when

ov. width of 5

larqest cracks was-.

ZOO 400 600 Q00 1000 1200 1600 .01 in. .01 in.

64
65
66
61
68

4CCI-2

4CDI-2

4CEJ-2

4U1-2

4ACJ-2

.008

.001

.005

.on

.on

.018

.026

.011

.024

.024

.034

.043

.036

.041

.036

.048

.061

.054

.053

.051

.064

.080

.014

.010

.069

.084

.099

.093

.088

.085

.123

.138

.126

6\500\
49100*
41500*

Y.P*
YP A

69

12
13

m\-z
4ABI-2

4WZI
4X1-2-8

4AAI-2

.010

.008

.000

.020

.004

.028
Ml
.015

.041

.oh

.042

.029

.031

.060

.046

.061

.040

.050

.089

.072

.085

.056

.064

.116

.096

.101

.065

.082

.141

.124

.199

.168

.164

.221

5Z400
58000
43000
52000
54500

65000

YP
74
15
16
11
78

4X3
4X4
4X6
4X9
4X11

.on

.002

.004

.009

.010

.021

.009

.010

.031

.029

.046

.022

.02,3

.076

.048

.075

.034

.062

.133

.072

.132

.047

.095

.091 .

.230

.061

.133

.122

.093

.221

6120

25100
24500
484O0

54100
46000

19
80
81
81
83

4X2(-2
4X31-2

4YI-2m
Am

.010

.012

.on

.012

.010

.021

.029

.Oil

.038

.029

.048

.048

.053

.055

.041

.068

.064

.075

.080

.075

.086

.113

.114

.104

.111

.110

.150

.152

51300
23500
48900
60500
54000

Y.P
Y.P
Y.P

84
85
66
87
08

4AHI-2mi
4AKI
4m
4XAI

.003

.008

.014

.on

.on

.016

.022

.027

.033

.026

.019

.041

.041

.054

.048

.041

.051

.056

.011

.016

.055

.063

.014

.105
Ml

.011

.084

.092

.137
'.203

.137

• 148

Y.P

89
90
91
92
93

4XBf
4XCI
4XDf
4X11
4XPI

.010

.015

.013

.010

.009

.029

.033

.032

.020

.029

.061

.052

.054

.051

.049

.085

.076

.084

.070

.069

.115

.105

.115

.090

.101

.163

.135

.185

.123

.240

66000
Y.R
YP

60000
Y.P.

Deflection at total load of

-

Max.
E

Deflection

Max..

load16000 36000 54000 72000 108000 144000

94
95

4E5
4E25

.040

.060
.no
.140

.190

.260
.300
.520

.730

.120

98200
14500

96
91
98
99
100

4FB
465
4625
4K5
451

.040

.040

.050

.010

.000

.100

.110

.030

.010

.130

.190

.230

.040

.020

.150

.290

.080

.040

1.040
.190

.150

.080
.330
.120

1.040
.790
.510
.400

.230

105500
106300
64000
148300
176600

101

102

103
!04
105

4T\
4J 1-2

4JII
4J2I
4J3/

.010

.000

.000

.010

.000

.010

.010

.020

.010

.030

.020

.020

.040

.040

.010

.040

.050

.010

.010

.140

.080

.100

.130

.720

.130

.150

.110

.210

.240

.290

.290

.ZOO

172200

155000
150000
14000

24000 46000 12000 96000 129000

106 4J3 .010 .010 .030 . 30 .210

36000 72000 108000 144000 216000

107
108

4J6
4J26

.010

.000
.020
.010

.030

.060
.080
.100

.110 .250
.280

226500
ZO10O0

5\000 102000 153000 204000

109
110
III

4J8
4YJ8
4J28

.000

.010

.010

.010

.020

.020

.040

.050

.040

.110

.110

.110

.210

.210

.210

233000
194300
238000

18000 27000 36000 45000 54000 63000

112
113

4AG1-1
4A6ZI

.040

.050 .100
.130
.100

.170

.320
.230 .310 .410

.540
70000
51800

Z50OO 51000 16000

114 4A69 .030 .100 .150 .340 90800
A
Stresses \n diagonal web 'reinforcement

E
Deflection at maximum load
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Table 10.

—

Crack widths at varying shearing stresses and shearing stress

at crack widths of 0.01 and 0.02 inch—Continued

Note:-- 5\resses are given in pounds per sq. in.

Of

c
K
<£>

CD

Z
E
CD

f

Average width of 5 larqesi crocks at un-
corrected shearinq stress of:

Shearing stress

when av. width

of 5 lorqest

cracks was-

ZOO 400 600 Q00 1000 1200 1600 .01 in. |.02 In.

64
65
66
61
66

4CCI-2

ACD1-Z

4CEI-2

4U/-2
4ACI-2

.0006

.0003

.0000

.0001

.0001

.0011
0017
.0003
.0001
.0006

.0016

.0031

.0041

.0016

.0016

.0039

.0041

.0061

.0028

.0027

0051
.0061
.0081

.0035

.0036

.0059

.0016

.OlZO

.0045

.0043

.0066

.0111

.0069

.0060

1890
1460
1120

1220
2090
1390

69
70
71

72
73

4W/-2
4AB/-2

4WV2/

4X1-2-3

4AA/-2

.0000

.0001

.0000

.0010

.0004

.0012
mi
.0009
.0026

.0013

.0020

.0024

.0019

.0053

.0036

.0033

.0034

.0035

.0013

.0051

.0041

.0046

.0053

.0090

.0010

.0051

.0054

.0011

.0114

.0055

.0155

.0134

.0110.

.0091

.0169

1550
1630
1500
1200
1360

1750

1630

74
75
76
77
78

4X3
4X4
4X6
419
4X11

.0000

.0000

.0000

.0000

.0003

.0015

.0004

.0039

.0040

.00Z3

.0041

.0011

.0104

.0146

.0042

.0010

.0018

.0(66

.0351

.0062

.0100

.0016

.0116

.0016

.0161

.0035

.0095

.0051

.0153

1000

590
510
1150

920
660

79
80
SI
82
83

4X21-2

4X31-2
4YI-2
411
4Y21

.0000

.oooz

.0001

.0000

.0000

.0009

.0012

.0033

.0016

.0013

.0027

.0031

.0069

.0056

.0051

.0046

.0054

.0036

.0096

.0080

.0065

.014 f

.0172

.0(17

.0066

.0141

.0310

.0196

.0/38 14Z0

190
610
910

1140
1040
1200

64
65
86
87
86

4AHI-Z
4AK2
4AKI
4XGI
4XAI

.0000

.0000

.0000

.0000

.oooz

.0003

.001Z

.0016

.0001

.0016

.001

J

.0013

.0029

.ooie

.0035

.0010

.0011

.0041

.0031

.0053

.0029

.0026

.0056

.0046

.0010

.0035

.0035

.0061

.0061

.0087

.0041

.0053

.0060

1350
m
90
91

92
93

4XBI
4XCI
4m
4XE!
4XFI

.0005

.0006
.0011

.0016

.0030

.0014

.0027

.0049

.0030

.0044

.0016

.0059

.0015

.0043

.0064

.0015

.0095

.0096

.0060

.0115

.0029

.0136

.0/37

.0060

.0161

.0038

.0150

IOZO
1380
965
1435
825

11(5

f!20

100

l0L
102

103
104
105

451
4T\
4JI-2
4JII
4J2/
4J3(

.0000

.0005

.0015

.0050

.0000

.0120

.0160

.01(7

.0250

.0248

.0360

.0550

.0360

.0400

.0507

.0575

.0750

.0661

.1500

106 4J3 .0066 .0520

107

108
4J6
4J 26

.0000

.0000
.0410
.0350

A [50

109

III

4J6

4J 28

.0000

.0000

.0100

.0115

Washington, May 15, 1925.




