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eory of flexure (according to Navier’s hypothesis) takes no account of the
fiect of the normal pressures on the top and bottom edges of the beam caused
kby the loads and reactions. The effect of these normal pressures on the stress
b distribution in deep beams is such that the distribution of bending stresses on
ertical sections is not linear and the distribution of shear stresses is not para-
ie. Consequently, a transverse section which is plane before bending does
ot remain approximately plane after bending and the neutral axis does not
sually lie at the mid-depth, its position being variable in a span-wise direction.
Since information on the stresses in continuous deep beams have already
een made available’ as a result of the work of I, Dischinger,¢ the purpose of

8 paper is to present the stresses in single-span beams under various types of
 loading and to indicate how they differ in distribution and magnitude from
ose predicted by the ordinary beam formulas. It is assumed that the beam
pterial is homogencous and isotropic. The beams are analyzed as problems
fin plane stress, using the finite difference method to solve the differential equa-

on for the stress function. The complete details of these solutions have been
ven by Mr. Chow,” while the finite difference method itself has been fully
eribed and discussed in a previous paper by two of the present writers and
. W. Morgan.? For this reason, the method proper will not be described in
ny detail although the results obtained from it are given in full. Although
ost of these results are new, some obtained previously by . Bay® have been
luded for completeness and are so indicated on the corresponding distribu-
charts. .
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SyNorsis ;

Beams whose depths are comparable to their spans are used in a variety

of structures. The distribution of bending and shear stresses in such deep beams
departs radically from that given by the ordinary, simple formulas for shallow
members. Information on the stresses in continuous, deep beams is availah
elsewhere, and corresponding information for single-span beams is presented i
this paper. Tive cases of loading are studied, and, for four of these cases, three
different span-to-depth ratios are examined. Distributions and magnitudes of
bending and shear stresses are given in graphical and tabular form suitable for.
direct use in design. Although this information is directly applicable to stru
tures made of homogeneous material, such as steel, their use in connection wit]
reinforeed concrete requires some special considerations that are briefly outlined?

Formuras oF tHE FINITE DIFFERENCE METHOD

" The area enclosed by the four edges of a deep beam is designated as the
Y plane, and this plane is divided into a network of equal divisions by lines
srallel to the edges; A and k are the lengths of divisions in the z and y directions,
ectively. Furthermore, Z.,, denotes the ordinate at each net-point (z,y)
8 curved surface representing G. B. Airy’s stress function Z = f(z,y). Then,
fthie biharmonic differential equation that Airy’s stress function must satisfy is
faiuivalent to the following linear equation in terms 6f Z:

INTRODUCTION

A deep beam may be defined as one whose depth is comparable to its span;
Beams of this type, both in steel and in reinforced concrete, often arise in thy
construction of bins, hoppers, or similar structures, as well as in more ordinary
construction in foundation walls or in cases in which walls are supportedton
individual columns or footings. The horizontal or vertical diaphragms usedﬁ;
transmit wind forces in buildings (floors or walls) are frequently of such
dimensions as to represent deep beams. In reinforced concrete hipped-plate
construction the plates of the structure proper or the supporting diaphragms
often fall into this category. .

In all these cases, design based on the ordinary, straight-line distribution of
bending stresses in shallow beams may be seriously in error, since the simple

Note.—Published in May, 1952, as Proceedings-Separate No. 127.
those in effect when the paper or discussion was received for publication.

! Graduate student at Cornell Univ., Ithaca, N. Y.

t Prof. of Applied Mech., Cornell Univ., Ithaca, N. Y.

# Prof. and Head, Dept. of Structural Eng., Cornell Univ., Ithaca, N. Y.

4 “Hi d Plat ion,"” i i
No. 5. 19?7[:epp. 53 se_ 503'ifmtructmn. by G. Winter and M. Pei, Journal, Am, Concrete Inst., Vol. l
686

,.,,'{ 6 (x i %) +8} —a{ 04N @ + Zoa
. + <1 + )l\> (Zz,y—); + Zz,y+k) } + 2(Zz—h,y—-k + Zz—h.v+k + Zz+h,v—k

F Zapnyrr) T M Zocany + Zagany) + }l\ (Zzy-2k + Zays2r) = 0..(1)
in which A = (k/h)2.

$“Design of Deep Girders,"” Pamphlet No. ST 66, Concrete Information, Structural Bureau, Portland
Cement Assn., Chicago, Il1.

# “Beitrag zur Theorie der Halbscheibe und des wandartigen Trigers,” by F. Dischinger, Publications,
ternational Assn. for Bridge and Structural Eng., Zurich, Switzerland, Vol. 1, 1932, pp. 69-93.

“‘Stresses in Deep Beams,” by Li Chow, thesis presented to Cornell University, at Ithaca, N. Y., in
in partial fulfilnent of the requirements for the degree of Doctor of Philosophy.

“Analysis of Deep Beams,” by H. D. Conway, L. Chow, and G. W. Morgan, Journal of Applied
ics, ABME, Vol. 18, No. 2, June, 1951, pp. 163-172.

"Uber den Spannungszustand in hohen Trigern und die Bewehrung von Eisenbetontragwinden,"
. Bay, Stuttgart, Germany, 1931, p. 64.

Positions and titles given At




688 DEEP BEAMS DEEP BEAMS 689 ]

moment. It is seen that, for all types of loading, when H/L = } the stress
curve agrees reasonably well with the linear distribution of the simple flexure
theory. The deviation of the curves from the linear distribution becomes in-
creasingly pronounced as the height-to-span ratio increases. The maximum

y The unk‘nown Z-yalues are determined by solving the set of simultaneous'
inear quatxons obtained from the application of Eq. 1 to each net-point. The'
normal stress ¢ at any point (z,y) can then be caleul 4
ing formula, culated by means of the follows

g, = iZ_ — Zz.y—k -2 Zz,y '+‘ Z:.y+k
Ty e N . P
oy, = 9z = Zaohy =222y + Zayny ot
v 01_2 ][2 C e e e e e e V4 |
‘ eerrersasnansenn) :
The shear stress 7 at the point is [-0.1L yo-”‘“‘i =i <045L~{ ¥} 0.45L i
37 — §—— 5 — = ‘_%__*__%__’ml‘“ :
Teay = — oo = l - "
0z dy ;,;L m‘IrN
Zaorinyirir + Zavnrzy—k) = Zomnizg—isr + Zapringsrrn) o foiL 01l |y o feoin 01l Jey
- 6 i i i

(b) CONCENTRATED LOAD
@ AL.’fN}FO%Rz'DégAD AT TOP EDGE

I‘t should be no@iced that Eqs. 2(a) and 2(b) give the normal stresses on the'
sections along ’ghe lines of division of the network, whereas Eq. 3 gives the shear’
stresses on sections midway between the lines of division, due to the presence ofi'

¥

@

h/2 and k/2 in the subseripts of Z. { ‘2{ ‘[ﬁ ﬂzj
TYPES oF Loaping J; f T%ij.‘* _Uf% I
0 1; L_l. L ~ L L oew x|
]‘ ive types'of l(@dmg have been analyzed by the finite difference method and — 5 7 — | o L L llrM. e Lo Lot Lot £ ,lN,
are indicated in I'ig. 1. These loadings were chosen to represent, in a general | e t i
manner, the most co t ing 1 i f £ e e g i
’ mmon types occurring in practice. Each of the first four 01L p 01L+ }e fo1L 1] 012 ke & E4
types (F}g. 1(a) to Fig. 1(d)) were investigated for three values of the height-to- Hit il l - 4 2 21 I
sEan ratio, nam'ely, /L = # 1, and 2. The results presented herein utilizing | 'H U‘ 'H U‘
; e loading of Fig. 1(a) (with H/L = 4 and 1) and Tig. 1(c) (with H/L = 1 an
) are taken from the analyses made by Mr. Bay, who also used the finite (¢) UNIFORM LOAD (d) CONCENTRATED 104D (O N TARDEOINTS
difference method. ’ AT BOTTOM EDGE AT BOTTOM EDGE AT()FT r}&gr}lggggg\lgs

For th_e loading of 'Fig 1(e), the central portion of the beam is subject to
pure bgndmg, and the simple flexure theory predicts zero shear stresses through
out this ]).()I‘tl(.)ll. I_Iowever, this is not true for deep beams, except for the mid
i?/az section in which the shear stresses are zero by symmetry. The case o

= 1 was, therefore, analyzed to show this deviati .
o o, is deviation from the usugl

For all the cases presented in this =

. paper, h = L/6and k = H/6 were used i
constructing the network of divisions. However, Mr. Bay used h = L/4 gnlg
k = H/4 for the case of /L = 1 under the loading of Fig. 1(a) and b = L/6
and k = H/5 for the case of /L = 2 under the loading of Fig. 1(c). A some-

what better accuracy was, t} ieved 1 i i
those of Mo B 3 , thereby, achieved in the writers’ solutions than in

Fra. 1.—Vartous Types oF LoapiNg

bending stress for values of II/L = 1is considerably greater than that predicted
by the linear theory, but the stress decreases very rapidly with increasing dis-
tance from the edge of maximum stress. There are three points of zero bending
stress when H/L = 2 with the load acting along-the top edge, although the
upper half is almost free from bending stress when the load acts along the
bottom edge.

~ Figs. 2(b), 3(b), 4(b), and 5(b) give the shear stress distributions at the section b
z = L/4 under the loading shown in Fig. 1(a) to Fig. 1(d). The total shear
force at this transverse section is a maximum for the cases shown in Tig. 1(b) E
and Fig. 1(d), but it is less than the maximum value that occurs at the section
z = 0.4 L, for the cases shown in Fig. 1(a) and Fig. 1(¢). Deviations from the
simple theory are always present for sections near the loads and reactions, no
matter what value the height-to-span ratio may be. These variations are the
result of the local influence of the loading and occur also in shallow beams. For
‘this reason, it is preferable to consider a section that is at some distance from the
‘supports for investigating the validity of the simple theory. Moreover, the

REsuLts AND Discussion

. Figs. 2(a)., 3(a), 4(a), and 5(a) show the bending stress distributions at ¢ y
midspan sectfon o'f a beam under the loadings of Fig. 1(a) to Fig. 1(d). The
s!:ress shown is unit stress, being in terms of beam width, b. The midsp;a.n seedh
tion was chosen for consideration since it is the section’ of maximum bending“ :
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stress values obtained from
for regions in which abrup
place. At sections in which the total shear for
stresses computed by this method are of little value.

It is seen from Figs. 2(p), 3(b), 4(b), and 5(b) that the s
differ radiecally from ¢

ratio is great. Moreover, the shear stress vani
depth, for the cases of H/L = 2 with loads

the finite difference method are usually inaccurate

hear stress curves

shes in the upper half of the
acting at the bottom edge.

uracy of the finite difference method. F
reason, Figs. 2(p), 3(b), 4(b), and 5(b) may be taken as indicating only th
able variations in shear stress and, in so far as actual magnitudes are con
these figures must be used with some discretion.

bending stresses given by the finite difference m
accurate, and these stresses are probably the mo
point of view.

Fig. 6(a) shows the bending stress distribution at s
z = L/6 under the loading of Fig. 1(e), with H/L = 1,
nearly equal bending moments (0.292 P L forz = 0 and 0.281 P Lforz = L/6),
but their stress curves are quite different. The maximum compressive bending
stress at the upper edge for the section (z = L/6) is about twice that for the
section (z = 0), although the latter section has a bending moment that is
slightly greater. This indicates the presence of large localized stresses in the
vicinity of concentrated loads. It may also be pointed out from an examination
of Fig. 6(a) that the shapes of the bending stress curves for two adjacent trang.

verse sections are not similar to each other and their neutral axes do not neces-
sarily coincide.

cerned,
However, the distributions of

ethod are known to be quite
st important from g practical

ections x = 0 and
These sections have

Fig. 6(b) shows the shear stress distributions at the sections r =

L/12, L4,
and 5 L/12 for the loading of Fig. I(e), with H/L = 1,

The peaks of the stress

lons near the supports,

Although the total shear force is zero at the section (x = L/12), the shear

stresses do not vanish in this section. It has been shown? that in the neighbor-
hood of a concentrated load, localized shear stresses are induced near the dis-
continuity of the large normal bressure. Thus, localized shear stresses are
produced at the section z = L/12, in the vicinity of the concentrated load, and

shear stresses of opposite sign must also be induced in other parts of the same
section, since the total shear force is zero.

The inaccuracy of the shear stress values in Fi
than that in Figs. 2(b), 3(b), 4(b), and 5(b), since
considered is located cloge to a point of sudden chan
be observed from Fig. 6(b), the algebraic sum of th
the section z = /12 is not zero and the areas under the curves for the other

two sections correspond to forces that are appreciably less than the tota] shear-
ing force P indicated by the area under the parabola,

g. 6(b) is more pronounced
each of the three sections
ge of shear force., As may
e areas under the curve for

t changes of stress and boundary conditions take -
ce varies suddenly, the shear

he conventional parabolic form when the height-to-span

e prob- .
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. . b
he st values given in Figs. 2 to 6 are either in terms of p/b, in which p
All the stress

d b is the width of the beam,
i g r unit length of the beam an ‘ OT e e
18 t‘he unlfomfl ;)/q(dLI;S in which P is the concentra.ted ]oafi a.ndhlolfsth:3 Py
o “111 tegnls : accordir;g to the type of loading indicated in eac
- of the beam—

z=

o~

-03 ‘%é /

N
-
\\\ B
.

\A —0”
> >3 ; —=Tb) SHEARING
() BENDING STRESSES \ \ 7~ STRESSES
\ ~ 10 1.5
0 2.0 10 0 10 20 300 05 |
-30 2. -10 .

Unit Stresses, in Terms of 73

H LA 1 anp Having ConceNTRATED LoADS
TF1g. 6.—STRESBES FOR BEAMB WIT| i

EDGE
At THE Tuirp Points oF T Top Ep

tion, it is possible to compute the strfas}sles
ings’ such as for uniform loading \.vxtd ti
, it be require
trated load at the center of the span. For' exarfnpl?;llr(;z—xstpan d;qep roc to
201;0:}11 o treme fiber.stresses at the midspan sec'm;m of a st ?or S e B
 whioh i i : Length of suppor :
. ng data are given: 4 0 o sridth
b Whlcg fh;df(ilogv;t’gspan (L) = 30 ft; height of beamo(({(l)()) o i =
c?nlt;rate (b;) = 1.25 ft,' uniform load along top edge = 30,
of beam = 1. ;

By means of the principle of s.uperpos(li
for any combination of the given loa

i o 3(a) are
;’.500 l}; /;Zer lri"the stress coefficients selected from Figs. 2(a) and 3(a)
ince =

s 0.50 and 'l' 1.24 fOI the ulllfol m l()adlng ﬂ.nd - 2.]4 alld ‘{' 1.:4 fOI the
Concentlated load. Ihe plus s1gn ln(hcates tenSIOD alld the minus Slgn, com-

(s) X m (l 1 i i p [)er Squ €
. s
I)IeSSl n 1 nimum bend ng )
i The maximu ana m
. tresses 1n (lll]ldS ar

= 0 1lb. -
. and concentrated load at center of top edge 100,00
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incl :
1ich for the combined loading are then
Fig. 7). The analysis is sim

(02)yo . = (— 0.50 2,500
ety 60) X ——= —9
5 T (=270 For deep beams, on the ot
X _ 100,000 he stress distribution in such reinforeed concrete members must be expected to
. 15(30 X 12) ~ 83 — 51 = — 134 1b per sq in. fler from that given by :
(02),--H = 1,24 X 2,500 1+ 174 . jgs. 2 to 6 on two counts:
N 15 ) )The nonhomogeneity of
X _ 100,000 aterial; and (2) thecrack- Hf—— -
15(30 X 12) — 207 + 32 = + 239 1b per sq in. pg of the tension zone. r— ——/—f:j -— \
Mention may b rigorous, theoretical &S ' Uncracked
Y be made here of another method for approximate determina~ nalysis of the stresses in 3‘3’ \\)@/ )
L Vi - T/ e i —— —

uch beams is hardly feasi-
le. For this reason, no
- ynique and strictly justi-

fied design procedure can

tion of the stresses i
esses in a deep bear
B o the . deep beam, suggested by A. P. Sini 10, i
stress funCti:)Sr?(i 0(1’11 t?e similarity between the differential eqlular:‘,litosr? If1 ; T!“B
and that for the deflection of a plate under transv o0 ghe(fmy
or tr: erse loading,
Use is made of this anal

TasLe I.—ComMPARISON OF RESULTS
ogy, but, instead of solvs

DEEP BEAMS

lidity of the assumption that p

plified for such beams, h
lane cross secti

() BENDING STRESSES

Fia. 7.—E

SaLLow Bram

cussion of this problem and suggestions regardin

697

owever, by the reasonable
ons remain plane despite
her hand, this assumption cannot be made.

(b) SHEAR STRESSES

FFECT OF CRACKING OXN STRESS DISTRIBUTIONS IN A

g tension and shear reinforce-

[CR 4 ing fo
Values of e o)y - - de%ec;if)}rlle g’;iﬁoﬁuﬂd}‘)&atg ment are given in the following sections.
ot - Fini ential equation s-e Il.er-: Tensile Reinforcement.—The Portland Cement Association,® following
Sinitaym's dxif‘}?&z,e Siniteyn's gbmite ing 3SSUH1pt,i0n’s gig{; 8 European practice, suggests that the required steel area A, be determined from
method  these deflections to be des T :
(@) Untrows Loab p ot Borrox Eoan termined in an approxi- A= Fooooo @
mate ma : :

f :;;;? :(1)-% +2.69 1271 ally, ne;ﬁ;i; ttl;aez:::i%[;tli in which 7' is the total tension foree computed from the homogeneous beam
- +1.77 +12¢  plate moments. The ra ~ analysis (that is, Figs. 2 to 6) and f. is the allowable unit stress of the steel.

(b) Unirora Loab p at Borros Epax sults Undoubte;lly are iel; " The entire tension reinforcement is located near the tgnsion (bqttom) edge.

: oas e error at certain places in " It must be realized that this procedure, although possxbly. safe in rega.r(} t».o
1 —0.32 _0:52 +l-126§ +2.65 which the assumpti strength, destroys completely the very assumptions on which the analysis 1s
N +L58 hade have a sio %lons based and from which the value of T is determined. Indeed, by concentrating
‘gnificant the tension reinforcement near the edge, the total tension force in the cracked
2 to 6 to

picture of the plate action. The accur effect in changing the true
of the poi o o ccuracy of the results depends .
seen frI())(I)llln:}SleS eflc:ﬁf)(;(;i" the ratio of H/L, and the type of Iosdini;. OIl’IPl}lli?;gsm(l))n
“and those given b ltr;lg (f:iOI‘npar.lson between the results of Sinitsyn’s m:g;} ;’
tial in cortan c&se;/ Set nite @fference method. The discrepancy is subst )
section of & beam i resses in Table 1 are in units of p/b and the mi stan-
considered. e midspan

(0] E DESIGN OF I{«E
APPLI(’AIION T TH INFORCED CONCRLIL‘ SIRUCIURES

For beams of homo,
geneous material, a d inati
e eams : , 8 determination of th i
o Rem};‘)r;eez:insoof Figs. 2 to 6 gives sufficient informai(?icf)r;3 ?gzlf ajnd
e ot orced concrete, on the other hand,-is not a homog -
, of the basic assumptions of the preceding data is EGEGOL{S f;n:-
ot satisfied.

'll ja(’t t;hd.‘ 1 ]le 161[8 on zo OI reintor 0 b t b
d t 10n ne f T €ams mus e
l he ail(lltl()ll € nf Ced cone ete

considered ecracked, modifi
, es the stress distributi
ution even in shallow
v beams

10 . . N
1935, p, ppproximate Analysis of Beani-Walls” (in Russian), by A. P, Sini
. . P, Sinitsyn,

Abit, No. 10, p. 24. Proyect y Standart, No, 5,

d of the tension areas of Figs.

section is forced to shift from the centroi
This is likely to increase the

troid of the reinforcement (Fig. 8(a)).

<le << «2&

y - B ; —F :
AL/—E’L'- 1';—'£’ 1 ]‘E’ N
_Az_s/ LAs

> )
(a) o A © 3

the cen

Fia. 8.—PROPOBED ARRANGEMENTS oF TENSILE REINFORCEMENT

ment cannot be made with
lytical support. If such increase does oceur,
f the actual force 7" in the reinforcement as
ponding decrease of the total
hese forces equals the given

effective internal lever arm although such a state

certainty for lack of rigorous, ana
it implies, of course, & decrease 0
compared to its computed value T and a corres
compression force, since the couple formed by t

e st L i
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::::;l:sr;lf)ment:. 'I.Xs aconsequepce, th.e resulting distribution of both normal and_"{ '}} Half of this area is uniformly distributed throughout the tension zone, while
. resses is likely to be entirely different from that obtained from the analy.. . for the other half the spacing between rods is increased linearly with increasing
. :g"distance from the tension edge, as schematically indicated in Fig. 8(c). Such
b distribution evidently provides sufficient steel at all levels to counteract ex-
. cessive cracking and to secure at least some measure of homogeneous action.
- It can also be shown that the outermost rods of this arrangement will not be
" overstressed. Indeed, the arrangement of Fig. 8(b), which provides for the

« required stress f, in the outer rods
- requires f " TABLE 2—ToraL TensiLE Force T
.. resultsin an amount of steel per verti- T

v . . AND DisTaNcE 7 oF THE NEUTRAL AXIS
.~ cal inch at the tension edge, equal to ‘

rroM THE TENSION EDGE ror SecTioN

li;he §ltress distribution woul‘d still be strongly affected by the forced shift of the
af;nsx ev folrce to the e('ige since, in this ease, the centroid of the compression

eqia;,“\l\)?il:ld hav::hto shift by the same amount in the same direction to maintain .3
i m, with a consequent radical change in the distribut: “

pression and shear stresses. ¢ ° dstribution of the com-.
A further, practical ar i i i :

‘al argument against locating the reinforcement in this-

is

lmar.mer concems. the type and extent of cracking likely to oceur. Cracks that -

vegin at the tension edge would then be intercepted by reinforceme ‘

. _ nt only near T =
f::gs?ge,d\v1§};ct);lxt any fl}l]rthel‘ reinforcement counteracting their growth in s =)? n T ™ 0
and width up to the neutral axis. Since this axis i ‘ ’
: utral axis. even in the ho ‘ . : ; i ;

Eeffcous beam‘, is located at a distance from the tension ed,ge varying from r:l:: ; in which 7 s the distance to the Tﬁ;:ﬁ‘n;" LL - i

alf to one ninth of the depth—and likely to be larger yet in the nonhomo- ; neutral axis from the tension edge o eage 72 |3 Cultld —
geneous, cracked beamn—cracks of very considers i (e Fig. 8). For the arrangement of it :
in 1 . ¥ considerable extent and width result @ (Hie. 1a) | s 2
1". f&rge, wall-like beams. To reduce these cracks additional distributed . Fig. 8(c) and Eq. 6, the amount of 059
reinforcement at leas : i i i B i teal i R il

at least of the amount usually preseribed against shrinkage would reinforcement por vertical inch at the 001 : u {&ﬁ? '

tension edge, where tensile stresses —_—

3 1 i Concentrated load ] 1125 P [I/L | 0.547
are highest, is easily computed from P at tap edge

be called for over the entire tension zone.
Another scheme of reinforcing that could be rationall

y justified is one that

wou:)d CO?Yert;he beam as nearly as possible into o homogeneous beam. This the separate contributions of the two ~ (Fig. 1(6) \ | oo pmw | (982
can be achieved by distributi i : . : 0.196 P H/L | 0336
the tension zone ty fid e horu:ontal Pelnfor'ce:m.ent, uniformly throughout total areas A;‘i each, and equals
the o provide equal resistance and rigidity for every unit of depth 2 5 | 0.085PH/L {g:ggg
roughout that zone, which is the essential prerequisite of “nearly homoge- 0.75 T 0.047 P H/L | 0117
M » . .
ne.ous actl(_)n. It is obvious that such distributed reinforcement would minj 8, = — Uniform load p at | 1 0519 p H 0.467
mize cracking and w 1d 1t i : mint- fam bottom edge
very elose tOg o ou_ r.gsu t in a location of the resultant of the steel stresses 2%X075T 2257 (Fig. 1(c)) 1 0.161 p H 0.228
If not coincident with, th ™ . . . = & (8 -
80)). ) » that of the theoretical location of T (Fig. -+ o T (8) 2 | 0000 s H o To5
To determine the am ; . . . . Concengrated load | % 1.097 P H/L | 0.418
made of the fact that fro(r)rIuI)«‘i; Osf I;ltltl)fzr:ﬁment required in this case, use can be ) COIIZﬁaZXS::. of Egs. 7 :nd 8 e T s r L | ouse
. gs. e tensile stresses are seen to be nearly shows tha is arrangement pro- I PRy e

vides a steel density 12.5% larger

than that required in scheme Fig. T“{ﬁilﬂj“gjift:zf v | esserasm | oos
8(b) to insure the edge steel against e ;"ﬁi)) ’
overstressing. (If this suggested
scheme is followed, obviously no
actual distinction need be made between the rods of the two differently distrib-

stress for all practical purposes equals half that in th

e bar cl
The latter, as usual, must be limited to the allowab] ol strase 1 o ae

e steel stress f,. Hence

uted areas % Since, at the neutral axis, a, = %1, comparison with Eq. 8
£ ]

shows that such a steel distribution is achieved if the total area A, is so arranged
that the area per vertical inch or foot at the tension edge is three times that at
the neutral axis, with reasonably linear transition between these two extremes.)
It is not likely that the steel area required by this alternative is significantly
larger than that for Eq. 4 and for Fig. 8(a), if, for the latter arrangement, the
required additional shrinkage steel is added to the computed reinforcement 4 ,.

Since the use of any of these formulas for 4, requires that the magnitude of
the total tensile force T and the location of the neutral axis be known, these
values, measured from the stress curves, are given in Table 2.

Comparison with Eq. 4 indicates th

: at, for thi i
exactly twice as much steel would Y the e e reinforcement,

be required as in the first case, in whi
: , in which th
entire steel was concentrated near the tension edge. It is likely, therefore tha: :

sue . . . .
u il 1;n1}1’lorm reinforcement is overconservative and uneconomical since the
part of the steel near the neutral axis is stressed very little. ,

For an apparently sensible co i
' mpromise between the i
ments a different approach suggsets itself, e conflie

The total required steel area may be determined from

ting require-
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1s seen from the stress distribut;

; . stribution I . -
tensile region exists i o graphs that in some cases a s i v
are ofteng tooe;usts;lm addition to the bottom one. The stresses in these r: c;;[:: . 10 are replaced by
b mall to cause cracks, making reinforcement g : A RO o o g "
these stresses exceed the tensi ment unnecessary, If |, o, 5 + 3N —o))  F ATy (11)
be easily computed frs e te}nsxle strength of concrete, the steel area required can )

m the correspondi ; 271,
Shear Reinforcement.— ponding value of 7. tan 2 6 = a,——v&; ....................... (12)

volved, evon for g ment '{‘he‘ question of shc'ear reinforcement is rather in-
chour reinfoneroy o heams. .The conventional procedure of designing for
moans of pocomen 1sf not}th?ore'txcally v.exact, since it is merely an approximate
In fagt. povoun g for .tle mc}med principal tensile stresses in the concret; |

, 18 do not fail by direct shear but by inclined tension induced bi; k

" As seen from these equations, the presence of the compressive stress o, in the

- vicinity of the supports will reduce the magnitude of o1 and also make € con-
" siderably less than 45°.

shear and ) i ; The principal fcensile stresses are, therefore, nearly horizontal and may be

normal stresses.  The allowable shear stress v, for concrete is deter '~ carried by the logitudinal steel. Mr. Bay confirmed his analysis by tests that

showed that the vicinity of the supports was free from cracks at loads far

mined empirically in such

' | a manner that the value i i :

against L . e is low enough t o incli .

krgmwn tfa,}lure by.mdmed tension. - Thsto, ot oy ¢ va]:;es (:)f insure 4B greater than those that had caused inclined cracks to occur in the same beams
o he considerably bes g LS working stress of Loy s o ;c are .28 at points farther removed from the supports. The value of o, decreases with

shear.12 A . . . iy
r b increasing distance from the support, so its effect on ¢, becomes negligible at a

irect -]

IFor shallow, homogeneous beams in w
neglected, the principal tensile stress o, is expressed by

and the angle of inclination @ between ¢y and ¢, is given by

tan2 0 = 2Tz

tionAjz the neu;ral axis o, = 0 50 that o; = Tzy and 6 = 45°
assumed to be true in a reinforced e .

me be tr oncrete beam for a i
::;181;2:1: ax1st SI?ce, In view of cracking, o, is assumed to be zerz lt)l(l);gz bl?lov: :}}ie
vons! acf::aco the beam. Thus,' the maximum inclined tension is v%it(})lusufﬁe
denta o y,'et:]ual tq the maximum shear stress, and web reinfé)rcement s
agned | hrems t%le difference between this maximum shear stress and thls
: Somew(l)l a?-, :rztlrdisagned .to the concrete. It is well known that this method i:
: approximation and even slight] i 1
: ' ghtly contradicto i
it leads to a workable and safe design method for shallow beamzy  Heelh but

However, even for shall
ow beams, Mr. Bayls.u,1
tom?,ry shear investigation leads to ’an OVT ay®i1 has shown that the cus-

The same condij-

Supp . u e T l) l' 1€ Val €S 1)1 1yhe Ve”l() I com-
Or 1 I ]lls 18 tl € sinc , lear a Sup 0 t}
)y u a

12 “Design of Concrete Siry
¢ "
Inc.,“ ‘:;;{ Yor!i, Noperete Ed.?llsl)?g' pb_\lrog.. C. Urquhart and C, E. O’'Rourke, McGraw Hill Book Co
ie schief hee i ’ ‘ .
10335 244.c efen Hauptzugspannungen beim Eisenbetonbalken,” .

by H. Bay, Ingeni ¥
o ' » Ingenieur- Archiv, Vol. 4,
276 cherbeanspruchung und Scherfestigkeit beim Beton by H. Bay, sbid., V.
) ’ , . , tbid., .
18 “Der Einfluss der lotrechten Pressun oo

H. B 3 ] > i
oy, Belon und Lisen, Vol. 22, 1933, pp. ggga-lfl!aii.l @ Hauptzugspannungen beim Eisenbetontriger,” by

hich the effect of oy is customarily

increased to ——g

¢ distance of about 0.65 H from the support. Hence, o, reaches a maximum at
f this point. The tests by Mr. Bay also showed that the first inclined crack
" actually appeared at this place at which ¢1 was a maximum,. R

The foregoing discussion is presented for the purpose of illustrating some of

. the difficulties involved in obtaining a logically consistent procedure for design-

ing shear.reinforcement. It is obvious that the conventional, semi-empirical
method for shallow beams cannot be applied to deep beams in which the magni-
tude of o, is greatly affected by the presence of o, throughout the beam, in a
manner similar to that just discussed for the vicinity of the supports of shallow
beams. For these reasons the shear stress cannot be regarded as a reliable
measure of inclined tension in deep beams, and accurate information could be
obtained only by actually computing principal tension stresses. Since such a
procedure would be extremely involved, the approximate method for shear in

" deep beams, proposed by the Portland Cement Association,® appears sensible.

It is suggested that, for H/L > 0.4, the allowable shear stress for deep beams be
Ve ( 145 —%)

in which v, is the value allowed for shallow beams.

This accounts for the fact that, because of the presence of vertical compression
o, the inclined tension ¢ is smaller than the maximum shear 7max. Instead of
computing this lower inclined tension and comparing it with v, the Portland
Cement Association method proposes raising the allowable shear stress and
comparing it with Tmax. The effect is identical, of course, at least qualitatively.

It is further recommended in the previously mentioned publication that the
maximum shear be computed from 7gax = %—% , that is, from the usual,
approximate formula for shallow beams. This procedure may be justifiable for
lack of better information if the beam is reinforced according to Fig. 8(a) (with
reinforcement at the tension edge) since, in that case, the actual stress distri-
bution is highly uncertain. However, if reinforcement is arranged to approach
more closely the condition of homogeneity (such as in Fig. 8(b) or 8(c)), the
shear distribution can be assumed to be fairly close to that in a homogeneous
beam, and 7.y can then be taken from the appropriate curves of Figs. 2 to 6.
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DEEP BEAMS

In ma i |

0 oop 103 tl:!yizaszse ;T) :; :ZIH be tf}?u:dlto be smaller than the shear value assigned
t 8, 80 that shear reinforcement i i A
o e : 18 not required. i
5 b; ;h:leeiase iuch relflforcement must be provided primarily l?y i;eclinegbthls
oy d:reor bof horizontal and vertfcal bars. In contrast to shallow bear’:xrss
b beams are nearly vertical (since principal tensions are nearl):‘r

horizontal) so that i
. vertical sh i .
ineffoctive. al shear reinforcement, such as stirrups, is largely .

DISCUSSION

AnrToRO M. Guzmin'® anp Cmsar J. Luison1.—Special interest has been
aroused by the subject because of the importance of the deep beam as a strong
' gtructural element in reinforced concrete industrial buildings and in large

residential blocks. In France, numerous detailed specifications have been
issued by the government on this matter.!®

The analysis of a single-span deep beam is particularly difficult. For their
calculations, the authors use the method of finite differences, and the agreement
of the approximation depends, of course, on the density of the network that
has been adopted. Tor the case Il = L with supporting width 0.1 L and the
load on the top edge, there exist complete photoelastic tests using the very
exact, purely optical, Favre method.®* TIn the central section, for the maximum
bending stress, o, the difference is 20% at the bottom edge; and the finite
differences method, with the network width as indicated by the authors, yields

gmaller values than the experimental method.

' A more accurate approximation, involving less calculation,® is possible
" by using fifth-degree polynomials for the Airy stress function and, therefore,
third-degree polynomials for os, the coefficients for the polynomials Dbeing
determined by the Galerkin variational method. This solution has then been
extended to several cases of load,?? with tabular data being given for each.
In the case analyzed by the authors, using finite differences, fifteen equations
‘with as many unknowns must be solved, whereas with the Galerkin variational
method used by the writers, only four equations with as many unknowns are
required, the agreement with the photoelastic test being very good.

For the case H = 1.5 L, uniformly loaded, the writers have used the finite
differences method with a very dense network, h = k = L/8 or 44 points,
solving the equations by the Southwell relaxation method?2 and using the
go-called block relaxation to speed up the convergence; even so, however, the
caleulatioh work is considerable. Nevertheless, differences of about 109, to
209, as compared with experimental values* always arise. The rectangular
network used by Mr. Bay® and the authors is not to be recommended as it

This bief . .
concr};i lﬁ‘ézi;n(ilsicsu:msn of the questhns involved in correctly reinforeing deep
ey oS 18 0t meant to be either exhaustive or authoritative. It ig

dosigming doed. copomt, up some of the differences in approach required in-
fogning mpared to shallow concrete beams and to suggest methods

reasonable to the authors. Experimental investigations in this ﬁ?el(;

would do more to settle th i
: e question of tl i '
reinforcement than any amount of theorizin:;e most desirable arrangement o

CoNcLusioNs

F
- c:f'f :i;a('l)l;n:hgz‘:ms, (ghet r'lg)rmal pressures on the longitudinal edges have
ress distributions at sections a small dj
] istance f
i ;;?:gﬁﬁ:;:ted dloads’ The stresses at these sections depend on]yr:rzn t;:pbpor;s |
o Tmom area,n shear force, anq the values computed by the ordinary b: )
jormulas depeigczzte ﬁor pr:x}ftulz)al purposes. The stresses in deep beaml;l
: only on the bending moment and .
powey b or z and shear force at i
grea& :ot }?: htélieh\l;atnatlon of normal pressures along the loaded ez:ig:ssec'tll‘(})xz
ght-to-span ratio, the more signific . ‘
Bre tio, th gnificant becomes the I
th; Str‘i‘shsusf :o'rb de_ep beams in “{hxch the load is applied to the E)T)t:otrfia
s é; I‘lt utions are quite different from those caused by the same lo
applied at va;dofp; edge. It,I'l general, the ordinary beam formulas may bea
r computing stresses in bea h i
less than one half and i i andor stady -
n whict i
loads sl e ot 2 ch the sections under study are
Analytical results for the i '
stresses in deep beams of ho
: ‘ mogeneo i
:;zhp;le:::rt.e(]i ar:? can l?e applied directly to the design of strgucturiz Eifieer 1&:
puch mate }112 .d'fﬁheldesxgn of dt?ep reipforced concerete beams, on the other hang
e the lifficu ty of dezflmg with a slightly cracked, nonhomogeneo ;
ot Stre. lggo'rous theoretical analysis of this situation is hardl 'blu y
ho st sses obtained from fmalyses based on the assumption of hozlngosSI ity
e g; o;v:has a re;sonable guide for estimating the actual stresses in the (ﬁ‘eni{ltz
e ol h(; I1111011 omogeneous beam, provided the beam is so reinforceda:s:‘
ogeneous performance. Suggestions regarding tensile and shea:

reinforcement ha e been )i 111 l() al',h.e e
V prese ed 7
i . 1ev Sllch performance and tO Iimit

fac-
dge,
ding
con-.
to-span ratio i’
not too near to

18 Prof , Facultad de Ciencias Fisico-matemaéticas, Ciudad Eva Perén (Ex-La Plata), Argentinat
11 Prof., Facultad de Ciencias Fisico-matemAticas, Ciudad Eva Perén (Ex-La Plata), Argentina,
18 “Traité de Beton Armé,” by A. Guerrin, Régles B. A. 46 du Ministere de la Reconstruction e del'Ur-
banisme (1945-1948), Paris, France, Vol. 11, 1951, pp. 208-216.
1" “Ensayo fotoeldstico de una viga de gran altura,” by C. A. Sciammarella and M. A. Palacio, Ciencia
y Técnica, Buenos Aires, Argentina, Vol. 113. No. 569, 1049.
2 “Solucién variacional del problema de la viga rectangular simplemente apoyada de gran altura,”
by A. M. Guzmén and C. J. Luisoni, ibid., Buenos Aires, Argentina, Vol. 111, No. 555, 1948.
2 Applied Mechanics Reviews, ASME, Vol. 1, November, 1948, Revs, 1608.
22 “Sobre la viga simplemente apoyada de gran altura. Teoria y experimentacién,’” by A. M. Guzmén
and C. J. Luisoni, Ciencia y Técnica, Buenos Aires, Argentina, Vol. 114, No. 576, 1950.
u Applied Mechanics Reviews, ASME, Vol. 3, October, 1850, Revs. 1867.
1 “Ensayo fotoeldstico de una viga de gran altura,” by C. A. Sciammarella and M. A. Palacio, Ciencia
"y Técnica, Buenos Aires, Argentina, Vol. 117, No. 588, 1951.
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. CONWELL ON DEEP BHAMS 705
increases the error. ’
the surfac

This defect is discernible in Vig. 4 for H = 2 L, in which
for o, '

e of the ¢ i i

e bit??pr:ssmn zone is about 709, superior to the tension zone

T oy hoth 1;15 e e‘qual for caleulation control and static conditions
oad, the maximum bending stress at the bottom edge does notz

oecur | . .
enzzsr 12 tthe_z nTxddle bu't on the sides. This fact cannot appear in finite diff

" » but is revealed in the variational method, and has b med by
photoelastic tests. , # been confirmed by

The behavior of tensile rei

: e reinforcement, for singl ‘

comanhe it gle-span or two-span rei
ponet :dz d(:afep beanl§, ha§ not been studied extensively. Special rrlx)entir::ln:}?rc?g ‘
ot e Ya contribution b3f H. Nylander and H. Holst2s that is not m;ﬁ
My kn :l tnédandTai reé:ent discussion in which experiments by Garcia Ols;no-
. 1e Swedish authors?® give interesti / i .

‘ T esting conel i

the cracking mechanism of deep beams with 2 load on tﬁe tgl(; :Zlgéls\:ri%:}zdmg
, can

be fOI e(ast by Stud yin t/hEOI etl( (Lll dell V ed lSOStathS or b Yy phOtoeIa t Cl 9
g '
¢\I€SSIS. :N V]dndel ﬂnd ]IO]St State. ’ ™ t .

ik & %

‘. There are two distinet gouls in this type of work. They ure: (1) To pro-
L vide iethods with which the engineer ecan obtain, quickly, approximate
| solutions which are an aid to his judgment aud better than rule-of-thumb
procecures; and (2) to give the engineer data, based on rigorous research, upon
~which he can base his designs. The paper, with its predecessor,® accomplishes
| the first end.  Although it may not fully attain the second, particularly in the
field of shear stresses (which can be important), it certainly indicates the
-~ direction in which considerably more work is needed.

One of the striking results of the paper is the close agreement between the

; . . I
. authors’ diagrams for shear and bending stresses for 7= 3, and those stresses
) 4

obtained by the usual theory of flexure (see Figs. 2, 3, 4, and 5). It should
"gerve to indicate that subsequent work might be directed toward problems

'; having values of i—l- greater than 3.

after the formation of tensil

~work ;- . sile cracks the m ac ..

gﬁispgfow 051\ provided with tension rods, and etheellgggrbdcts' e o ing
re dependent on the anchorage of t} t -oearing capacity ig

Hherefo 4 1 1e bending tensile re;
1s reason, the shear reinforcement should bebpropoftix:rlxléilogcoeme%t‘
as to

provide safety against the formation of detrimental cracks.”

The authors indicate that the “*** shear stress curves correspond to
" forces that are somewhat smaller than the actual shear force at the section”
(see under the heading, “Results and Discussion”). By reading values from
the shear curves for ZH- = 2, the writer found errors in total shear of 8.4%,
1189, 15.29), and 9.29% for Tigs. 2(b), 3(b), 4(b), and 5(b), respeetively.
These percentages of ervor in total shear indicate that there are probably still
greater errors in the shear stress at any point. Although the errors may seem
large, the data remain valuable as an aid to judgment; and, although the
authors charge the errors to the “*** inaccuracy of the finite difference
method”’ (see under the heading, “Results and Discussion’’), there is no reason
E why the errors cannot be reduced substantially by using the finite difference
method with a finer net. It may be necessary to introduce the finer net only
" in a part of the beam by methods developed by George IL. Shortley, Royal
: ‘Weller, and Bernard Fried.”® The finer net would seem to be worthwhile in
"~ the region of sharp curvature of the shear stress curve, for example, in the
region from —0.3 H to —0.5 H. ’

A valuable addition to the paper (perhaps it could be included in the closing
discussion) would be a contour plot of the principal stresses for at least one of
the examples. Engineers are familiar with such plots, based on the usual
theory of flexure and made in elementary strength of materials courses. A
comparison with a contour plot obtained by the authors’ method would be
interesting. .

It might be questioned whether, in the use of an expression as involved as
Eq. 1, the authors have not lost some of the advantages usually attributed to
the physical significance of the finite difference method. It is believed that
considerable simplification would result in taking A = 1, and treating with a
special equation any rectangular net elements that might appear at the bound-

Tests? for a single-sp
H = 1.5 L, reveal that t

Special reinforcement should be provided at th
the local concentration of stress. The u

eco . o
nomical. The proposed eriteria have been applied in recently-constructed

industrial buildings in Ar i
. gentina,?* and i i
served, with a considerable saving’ of stee?. Fatisfactory beiavior has been o

@ supports, taking into account
sual criterion seems then to be un-

Wi
ILLIAM A, CoNwELL,?% M. ASCE.—The authors are to be comr;lended for

bringing to the publications of the ASCE the r
. g esult
;)r:fnre(slf) r11;:: il;e s.tructural engineer. However, a real aSp(r)éc?;t(;Ef r:fs v;)}fafrl:at'
M M :]uilrrles f'fe];ence to thej work of two of the present authors a:s
. M x;h h.w lch they outline their methods, The writer beli

y with this work as a background can one assess the value ofli‘},:ia:

paper. It would have been i
e oy woul most fortuitous had both works been published

% “Nigra Undersdknin, Ro i

dH Kningar Rérande Skivor Och
an E “‘I,I.olst,dTmnsachons, Royal Technical Univc.. ngggl?h};?}lkasrwﬁ;eﬁrmNerag ll’igtong," by H. Nylander
X 1gas de gran altura: Al iteri , oion po G
Se Zral Algunos crit. i ici
uax;mi;ella, Hormigén Eldstico, Buenos' :il:g:, %x;:gniél%xégeﬁgxspgséglén de Ia armadure,” by C-A
“Négra Undersékningar Rérande Skiv Sza o " ‘ N
and LI 'Holstv: Transactions Royal 'F(*(-llniczti\ltj‘;i?.clxsE(I:zﬁiull}xalkgr'Av Armerad etong,” b
Gen. Engr., Structural Eng. and Design I')e' o

n, No. 2, 1946, pp. 51{5}2I.. Nlander

2 ic i f LaPlace's and Poisson’s Equations,’” by George 1. St Welle
bt., Duquesne Light Co. Pittsburgl, B Numerical Solutions of LaPlace’s anc isson’s Equations y George hortley, Royal Weller,

‘and Bernard Fried, Bulletin No. 107, Eng. Experiment Station, Ohio State Univ., Columbus, Ohio, Sep-
tember, 1940.
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aries.? Still further, E

order diftaer i eqlw‘tiq. 1 1§I‘£2epciiﬁgrexllce equation equivalent to a fourth-
rysical concept of such an e i

quation often

who finds second-order equations (including

grasp. Furthermore, the equation does not

numerical methods which ean be very power-

on.
staggers the mind of an engineer

partial derivatives) well within ki

- : within his
rea(.hly lend itself to the use of tl::
ful in these problems.

The writer suggests the inclusion of a function
tl

_9Z
oz

The resulting difference equations would be

" 0*Z

............

Us,y = Usa.y + Usipa,y + Uz ya + u; A
; 1 ks (14)
Zz.y = Z=hy + ZI+A'!’ + ZI‘II—A -+ Zz,u+A + U, yA2
4 . (15)

in which A = k = A. The writer
simultaneously twelve equations of
(1)2 ﬁhe more involved type of Eq. 1
zrsldfot:lel;:se%ve]s more readily to numerical computation
physical significance, bec 2 >
e oo i . ) ause V2Z = 4 and V2y =
ang thce z;?fnes ;‘n the z-direction and y-direction on thz Z-O, tfhe s e
and ¢ of the angle changes in the z-direct; - diroct: iy
Slz nee soniny e ) on_and y-direction on the
s an indication of the relati implici
it ' . lative simplicity of the ich i
ng difference equations at two levels, the writgrro}clzgusr:]e‘zzlelflhfmvm:;s
rom the

previous paper by Messrs. Con
. way, Chow, and r
for the problem treated there, which would gr(l) il?é[(;) rlggnsl the array of Z-values

6.038
5.440 4.754 2.778
3.500 4.000 3.500 <2.000

2.560 2.246 1.222
0.962

This array is composed of Z-values in terms of Pa

ctai]nnot say that it would be easier to solve
I?Itype of 'qu.s. 14 and 15, rather than six
owever, it is apparent that Eqgs. 14 and

—0.500

The corresponding sets of values for the tw

point are o-level procedure at the same
Values of Z
4.754 Yol of
4.000 3.500 2.000 260
. 5016 1.000 (1] .goo 1.000
740 -

P a2

—_—

1 i i . 32 :
the value ﬂ.t the pO nt ’ce ng COXISldered iS the average (IJ
g the four ad'

Jacent

points—adjusted, in the case of Z, by the value

All values i
n these two arrays are expressed in terms of I 1
n each array
’

u A?
4

—_—
.
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.- The writer considers it a privilege to discuss a paper into which the authors
have put so much effort. He hopes that they will be able to continue the work
they have begun so ably so that the profession will have the full benefit of
‘their special talents. .

Harry D. Conway® anp GEORGE WinTer,®® M. ASCE.—The writers
‘wish to thank Messrs. Guzmén, Luisoni, and Conwell for their discussions.
‘These contributions add materially to the worth of the paper.

The references to theoretical and experimental researches made in Argentina
and Sweden are particularly interesting because they indicate the considerable
practical importance of the subject. In so far as experimental research is
concerned, the difficulty in obtaining a close approximation to uniform loading
is considerable. As mentioned in the paper, theory shows that singularities
exist in the shearing stresses at points on the boundary where the loading is
discontinuous. In practice, the stress gradients are quite likely to be large at
' these points but they are hardly likely to be infinite. These and otlier practical
b considerations must be borne in mind when comparing theory with experiment,
" and may account for some apparent discrepancies.
" The use of the Galerkin variational method by Messrs. Guzmin and
1 20,2 indicates an increase in accuracy with a decrease in labor. How-
that. in a later paper,?-? they have reverted
While on this subject, the writers would like
thod presented in the paper by two of the
An extension of this last method to
by one of

- Luison
~ever, it is a little surprising to find
] to the finite difference method.
B to draw attention to a further me
. present authors and Mr. Morgan.?
. beams of orthotropic material has been presented in a recent paper
© the writers.
Mr. Conwell’s summary, as well as his suggestions for increasing the
_ sccuracy of the shear stresses and possibly simplifying the numerical pro-
cedures, is valuable. These factors will be carefully considered when making
" further calculations.
: The writers are not familiar with the Swedish?® and Argentine? publications
quoted by Messrs. Guzmén and Luisoni in spite of their extensive search of
© foreign literature. In addition, the second of these®™ was published subse-
~ quent to the writing of the present paper. The quotation from the paper by
" Messrs. Nylander and Holst reinforces the writers’ contention that reinforce-
ment should be arranged to counteract cracking, which cannot be achieved by
concentrating tension reinforcement at the edge. If the latter is done, crack-
ing converts the structure into an arch-like member whose action is entirely
different from that predicted by deep-beam analysis. This, too, seems to be’
confirmed in the summary by Messrs. Guzmén and Luisoni of the Argentine®
test results. Even though such arch action subsequent to extensive cracking
is stated to require less reinforcement than computed by previous methods,
the control over crack formation, possibly even at design loads, seems to be lost

® Prof. of Applied Mech., Cornell Univ., Ithaca, N. Y.

1 Prof. and Head, Dept. of Structural Eng., Cornell Univ., Tthaea, N.Y.

11 “Some Problems in Orthotropic Plane .Stress," by Harry D. Conway, Paper No. 52-A-4, Journal of
Applied Mechanics, ASME (publication pending).
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in the process—g circumstance which is considerably more serious in deep
beams than in shallow beams. ,
Also, because Megsrs, Guzmén and Luisoni state that in these tests  *»+
failure oceurs when the member has lost its resistance to compression in the :
supports ***’ it geemng evident that, in view of this extraneous type of
failure, full deep-beam (or arch) stresses leading to failure could not have been
developed and, therefore, conclusions regarding them must be taken with
reservations. The concentration of compression at, and near, the supportg -

heeded in design. o
In conclusion, attention may be drawn to another paper on this problem, -

which contains information supplementing in part that presented by the
writers,3 '

¥ *“The Theory of Girder Walls with Special Reference to Reinforced Concrete Design,” by H, L,
Uhlmann, The Structural Engineer, Vol. XXX, No. 8, London, England, August, 1952, p. 172.




