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SYNOPSIS

Sínpl-y supported deep reinforced concrete beams, span to depth

of approximaËely 2, were investigated. The ain r¡¡as to study behavior and

straín distributíon and suggest patËerns of reinlorcement to provide

ductility.

Three patterns of reinforcement were studied in tv/o test seríes.

The fírst series of tests were used. to study l-oad deflection characterisËics

and cracking patterns. The behavior of the fírst Ëests was Ëhen used to

establish the criteria for the procedure of Ëhe second test series.

The second test, series involved straín readings on Ëhe face of

the concrete. These readings were Ëaken usíng Demec gauges. The fína1 Ëwo

beams of this series r.rere ínstrumented also wÍth rosettes of Demec gauges

and the r¡eb reinforcemenË was instrumented r¡ith elecËrÍc resisËance "tr"Ío
gauges

' Test results are presenËed, the tied-arch analogy discussed and

a patËern of reinforcemenË is suggesËed.
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1. INTRODUCTTON

1. 1 THE DEEP BEAT,Í PROBLEM

ThroughouL the history of modern design and analysis of reinforced

concrete members in bendÍng one of the basic assumptions has been a linear

distributíon of straín throughout the depth of the member. Analytícal meËhods

based on this assumpËion such as Ëhe "l^lorkíng Stress MeËhod" oï more recenËly

the ttultimate StrengËh Method" have proved to be satisfacÈory as long as the

depth of the beam has been small in relation Èo the span. As the span to

depth ratio decreases however Ëhe strain dístribuËion.does noË remaín linear

wiËh depth. This change from almost linear to a noticeably non-linear sËrain

distribution takes place betrveen span to depth ratíos of.6 to 2,

This non-linearity of strain complÍcates an elastic analysis of a

homogeneous isotropic bearn. Thus the analysis of a non-homogeneous, ,rot-

isotropíc maÈ,erial such as concrete, whÍch also has a non-linear stress-

sËrain relatÍonship, becomes more complex.

The deep beam, however, has been used more often recently as shear

waLl-s in wind, earthquake and bl-ast resistant buildings. Foundatíon and

bearing walls in buildíngs, short span beams in grillages, bins and hoppers

also behave as deep beams. Thus Ëhere is a practical need for an understanding

of the behavior of deep beams of reinforced concrete.

T,2 DUCTILITY AND THE DEEP BEAM

, Often a sLructure can be subjected to a sudden overloading over a

short, perÍod of time. Such an overload can be in the form of natural phenomena

such as earthquakes, tornados or even hurricanes. Man-made blast l-oads such

as nuclear bombs, dynamite blasts oï naËural gas explosions have the same

effecÈ. If a structure does not have the abiliËy to absorb the large amounts
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of energy associated with this type of loading, disast'rous collapses can

take pl-ace.

A strueture thaË possesses the abil-ity to deform greatly wiËhout
:

l-oss of load carrying ability, that is a sEructure that posses ductility can

absorb a gr'eat deal of eneïgy. Recent eaïthquak."lr2r3, h"rr. shown that even

if members do not, carry enough load to cause collapse of a sÊructure their

fracture causes falling debrís Èhat Èakes a 1-arge to1l of lives.

Even more frightening ís Ëhe prospect of the resulËs of a smal-l

¿Lblast l-oad such as a Rorr¡nan PoÍnt-, where the sudden overload and britËl-e

failure of supporËing members caused loss of life and considerable damage..

I^IiËh a great deal of care a reinforced concrete structure can be

deslgned to possess enough ductility to prevent faíIure due to sudden over-

J-oading. Deep beams have shown a tendency to fail in shear and usual-ly in a

brittle manner when reÍnforced using convenËíonal practÍce. A better under-

standing of deep beam behavior could lead to an unconvenËional reinforcíng

to force a ductile type of faílure.

1.3 REVIEW OF RESEARCH ON DEEP BEAMS

A great deal of research has been carried out boÊh analytical-ly and

experimentally on deep beams. In the current work only that research which

ís of direct interesi to this study will be reviewed.

a) ANAIYTICAI,

To date mosË analytical- studíes have involved elastic

studies of hornogeneous deep bearns. The first major analysis by
o

Dischínger" of conËinuous deep beams showed the non linear strain

distribution and l-ed to the Portland Cement AssociaËion reporË on

ttThe Design of Deep Girders"9.
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Sínce then the researchers have cohtínued elastic studies

to find the sÈress distributíons of different types of loading in

Deep Beam. These references are reviewed by Ma1us5, Geir6 and

AustÍn7. Unfortunately the tools have not been available to shed

light on the actual stïess distributíon in deep reínforced concreËe

members, part.icularly after crackíng has taken place. I^lith Ëhe

advent of computer analysís and the finÍte el-ement technique hope-

.fu11y such studíes will be forthcoming.

b) E)GERTMENTAT, - ANALYTTCAL

Some experímental studies have confírmed these analytical

sËudies on strain disËribution ín deep beams. Coker and Filon used

photoel-asËic methods to study strain in deep b"m" 10. Karr used.

sma1I scale aluminum and steel- models instrumented hTith electric

resístance straín gauges to study strain distri-buËiorrl1. Saad and

Hendry used photoelastÍc methods to study straín distributiorrl2

Early tests on reinforced concrete deep beams \¡refe performed

by K1-íngrothl3 and by Nylander and HolsËt4 ,r, Lg42. More insight

was given in tests by Benjnmín and !tri11íams in 195915. These tesËs

involved full sized, plain and reinforced concrete shear waLls

subjected to shear forces applied ín the plane of the r¿a-1. AËte¡npts

to.study stra-ns in these tests rvere hamepred by the cracks formed

in testing.

. Further sËudies \¡rere carríed out at the UniversíËy

IllínoÍs by Untrau.t16, Di1117 and de Pail."l8. These studies along

r,Iíth later studíes by Crist19 rnd by Ramakrishnan and Ananthrrr"t"y"rr"20
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inforced concrete beams and do not study the post yíelding behavÍor

cl-osely enough to give insight into ductile behavíor.

poinËs:

These studies did bríng forÈh a number of Ínterestíng

1. The presence :of vertical reinforcing does noË have

a significant effect on ultímate l_oad although the

deflection is affected.

Íi. The studies at lllinois poínt out the tíed arch

behavior of a deep beam after crackíng. The beam

appears to become an arch of concrete tied by Ëhe

maín reinforcíng bars.*'

These studíes have at least Ín part led Ëo an attempt to

recognÍze more ratíona11y deep beam behavior ín the Proposed RevÍsíon

in the AcI 318 - 63 Building code2l. These proposals mainly involve

. shear provisions for deep beams.

SÍnce shear is an integral part of the problem of deep

beams the series of papers by Kani shed sorne light on the problem.

The firsË of the series describes in detaÍl not only the Èied arch

analogy but also describes a theory of the cracking mechanisms in
diagonal t.nsiorr22. The second is an extension of ideas on shear

faÍ1ure23. The third sheds more lighÈ on the problem of beams of

greater depth. KanÍfs findings showed consíderable loss of safety

factor wÍth increase in aepth24.

L.4 APPRATSAL OF EXTSTING RESEARCH

The efforts of those involved in analytical approaches have establ-ish

ed the basic nature of the problem. These studies have establíshed non-línear

* Thís analogy ís descríbed in more detail in sectíon 5.1.
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straín distributÍon as well as a shear strain that id maximum in the com-

pressive zone and. not at the neutr"t "*i". These approaches found sol-uËions

thaË apply only Ëo ideal matería1s and these results cannot be directly
applÍed t,o concrete which is far from ideal.

ExperímenËal research has involvecl rnainly Ëhe study of Ëhe ulËimate

load carrying capaciËy of various deep beams. A number of meËhods were de-

veloped for predicting crackíng loads, ulËimate loads and oËher behavior.

very 1iÈËle effort has been given to the Ëhought of trying Ëo change Èhe

behavior or failure mode by ehanging the reinforcing paËtern.

1.5 AIM OF THB INVESTTGAT]ON

ThÍs study is a part of a contínuing investigatíon carried out at

the University of Manitoba. The aim of thís invesËigation ís to find out íf
a deep reinforced concrete beam can be forcecl to faí1 in a more ductile

manner than one contaíning a conventional r:eínforcing pattern.

Two previous studies have been performed. The first, a prelímí-

nary Ínvestigation to evaluate beam size, test procedure and gíve some ín-

sight into the type of faílure expected 25. The object of the second investi-

gation I¡¡as t.o develop a reínforcing pattern Êhat r,¡ould províde a maximum

range of ducËÍle behavíor5.

The resulËs of I'falus' work5 shor,red Ëhat ít is possible Ëo esËabl-ísh

a ductile mode of faílure by changing the reinforcing patËern. More inform-

ation must be obtained to understand the basÍc behavior of deep beams and

changes in behavíor affected by changes in the patËern of reÍnforcing.

1.6 THE SCOPE OF TIIIS STUDY

Malus5 found there r¡¡as reason to believe a ductile mode can be

establÍshed. The scope of this present study is to ínvesËÍgate in more
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detail the most, 
"rr"""""rrr1 of Malus t reinforcing patËerns and tïy to establish

by more detailed investígation if the reinforcing pattern caused this ductile
faílure' Unfortunately, Ma1-us5 did not study more cases of standard types

of reinforci-ng to comiare to Ëhe unorthodox reínforcing he used.

This study wíl1 compare the web reinforcing paËterns which prod.uced

the besÉ results to a sËandard reinforced beam (verËícal- web reinforcing)

lrith the same percentage of tensÍle reinforcing. In this series, sÈraÍ-n

measuremenËs were taken for both concrete and reínforeing steel in an

attempË to evaluate the performance of the different reinforcing paËterns.

At the same tíme the experÍments will be used in an attempt to gain a
greater understanding of the failure mechanísms.



2, EXPERI}ßNTAI DETAILS

2.I INTRODUCTORY REMARKS

As this sËudy is part of a conËinuing investígation, the size and

shape of the beam, the mix proportions of concrete and Ëhe loadíng appaïatus

were kept similar to Ëhose used in previous studies " rt. Drawing from the

experÍence of these studies sma1l changes have been made Ëo improve the per-

formance of the tesËing r'¡ithouË affecting any comparisons to Ëhe previous sËudies.

2.2 SELECTION OF BEAM SIZE A}iD FOP,]"ÍS

The crÍteria for the selection of the beam size are as fol-loirs:

1. Length of the machine bed.

2" HorizonËal disÈance betr¡ieen loading screr{s.

3. The vertical dísËance Ëetrveen loading head and Ëest bed taking

ínto account supportíng apparatus and defl_ections

4. Capacity and stÍffness of the test machine.

Based on these criËeria, the final specimen had the following

dínensions:

Overall length -

d.pt:

width

inches

inches

inches

74

22

4

At eaeh end and at Ëhe midpoint columns or pilasËers r¡reïe formed by

increasing Ëhe thickness Ëo 10 inches (See Figure L). These pilasters were

added to provide bearing for the load and reacËions, and to reduce stability

problems. For this Ëest seríes the length of the outside of the cerltre pilaster

was reduced to 6 inches to red.uce the effect of sharp corners at the pilasËer.

The size of the Ëest beam approxímates to guarter scale a one story

wall- panel- when eact' 22-ínch panel of the tesË beam is considered.
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The forrns used were those built by Ìr{aluss rvith a fresh % inch thick

masonite hardboard lining. Prior to each casting the fonns rvere coated with

shellac then lightiy oi1ed.

2.3 REINFORCEI\{ENT

In order to study the effecEs of reinforcing arranqement on the be-

havior of deen reinforced concrete beams in more detai l, only the patterns found

by i'falus' stucìy" l*'ere used. These Þatteïns hrere cornnared to a beam rvith

standard vertical t"eb reinforcing and the sarne percentaee of lnain steel.

This "standard bean" lJas tested in series #1 and is shol,;n in Irigure 1.

The lrest results previously attained contained 2 #3 l¡ars for nain tensile

reinforcenent. This practice rr,as follorved for all the tests in this series.

The rvetr reinforcenent conformed rvitJr the rJesign requirements for rnininun shear

reinforce¡nent for a stanclard beam in section 1703 of the 1963 ACI Code

26
Recluirernents There rr'ere 2 ji3 bars use<l for colnnressive reinforcinq.

Fro:r the ttvo rrreviouslt' ::nentionecl stuclies, tr..ro reinforcing patterns

t'¡ith some potential have been for¡nd. Tire most favorable t{as a criss-cross r..,eb

reinforcinq usecl b¡, Ìlalrrs in Beanl A3 oF his test series. 'flle !12 test series

r"as base<l on this arranqenent (See Figul" Z). Thc nain tensile reinforcement

t,/as 2 #3 bars. The conpression zone r*as ciesigned as a collrnr¡l . The r+cb rein-

forcinq rias a nunber of 3/16 incir stirruns placecl at 4f . The extent of these

bars t'¡as reduce<i since sone of the ba.rs apireared to affect the crachint pattern

adversly, if placcd in the direction of the cracking. The percentage of web

reinforcing r{as keDt apnroximately the same. A hcrizontal bar.near the neutral

axis tl,as left out to examine its effectiveness. Tìre central lri laster rr,a.s

cìesignecl as a colttnn to nrevent it from clisintegrating un<ler higìi 1oads.

The secortd promisinq nattern of r*eb reinfor:cinq tooli thc silaoc of
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parabolic strands of steel as in l'lalust beans C2 ancl C3. The li3 test series

was based on this pattern (See Figure 3). Again 2 ll3 ba-rs r"ere used for lnain

tensile reinforcement and 4 #3 l¡ars r.'ere tiecl to forrn a column for: the com-

pressive zone. In order to fincl a mole cìuctile material for the rra::abolas, \

incl-r hot rollecl bars r+ere usecl . A nominal r'ertical reinforciní{ Nas used to re-

ducä vertical movement. As in series #2, thl horizontal bars at the neutral

axis lvere left out and the pilaster was cìesigned as a column.

Test counons from each test series r\¡ere sarnì)l.ecl from the reinforci-ng

used. Each coupon k,as tested for yield point, ultinate load anci percent elong-

ation per I inch lengtir. The results of these tests ar:e shotvn inTable 1.

2.4 I,!IX DESIGN, CASTING AND CqRÌNq iI-coIlRE'lE

In order to be consiqtent trith the previous tcsts in this series, the

25 r
concrete mix design l\¡as that used in these previous strrdies:-'r' ttigh --.

early -- strength Portland Cenent tvas used to speecl the curíng of the ÈesË

speci.mens.

. grving to tlie narrorv beam rviclth and tight bar spa.cing (often less than

1 inch clear) , a 3/8 inch maxirìum coalse aggregate tvas used. This coarse

aggregate tvas crushed g::anite passing a 3/8 inch sieve but retainecl by a tl4

sieve.

The fine aggl.egate was rvel1 gradecl rvith a fineness nodulus of about

2.95 and 100eo passing a ll4 sieve

The nix rvas <lesigned to yield a compressj.ve strength of 3000 pounds

per squate inch at 18 days. The batch proportions hrere:

hrater

30. B Ibs .

(dry basis)

High-Ear1y- Strength
Portland Cement

Aggregates
Fine Coarse

43.7 lbs. 185 1ì-:s . 64. 4 lbs
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Beam Type
Sampled of

Bar

1A&18

1A&18

TABLE ]-

STEEL RETNFORCEMENT TENSILE TEST DATA

lÍ3 deformed

2A, & 28

Diameter
( inches )

ll6 guage wire
(stírrups)

ll3 deformed

2A & 28 116 guage wire

Sectional Ult,imaEe
ztr rea Load

(sq. ins.) (pounds)

2A & 28

.37 5
nomlnai-

. t_86

.187

.185

3A & 38 llS def ormed

.11

.11

.l_1

.027 2

.0275

.0269

.11

.11

.l-1

.0269

.027 5

.027 5

.01.30

.0133

.0130

.11

.11

.11

.0 526

.0513

.0490

lfL} guage wire

.37 5
nomina I

.185

.187

. TB7

. L29

. 130

. r29

.37 5
nnmína l-

.259

.256

.250
3A & 38 '4" plain

ro und

8775
8750
8750

2490
2450
2400

8750
8700
8750

2500
247 5
247 5

6Bs
690
680

8750
8760
BTBO

4050
41s 0
410 0

Ave rage
Tensile

(pst)

7B,800

Yield
Load

(pounds)

9o,000

6250
610 0
6150

6150
6200
6 250

460
490
4s0.

6150
6200
6250

3250
3200
3250

Average
Yield
Point

(psi)

79,300

9 1,000

Average
Elongation
ln B inch

Leng th
(per cent.

56,100

52,300

79,600

L9 ,7

56,400

B0,500

4.0

19 .0

35,600 22,6

2.3

56,300 20.6

63,500 22,7

ts



Beam Type
Sampled of

Bar

t

3A&38

3A & 38 /i10 guage r¿ire

ll6 guage wire

Dlaneter
( lnches )

TABLE 1 (conLinued)

Sectional Ultimate
Area Load

(sq. lns .-) (pounds )

.187

.186

.187

. i_30

.130

.r29

.027 5

.0272

.027 5

.0133

.0133

.0130

2450
2500
2550

670
66s
690

Average
Tensile

(psi)

91,600

Yíeld
Load

(pounds )

51,300

Average
Yield
Point

(psi)

4s0
465
460

Average
Elongation
in B lnch

L eng th
(per cent

34 ,7 00 22 .0

3.3

F
+\



1.5

This batch yielded 21-o cubic feet of concrete. Usually three batches

per bearn lrere required, using a nixing time of approximately 10 minutes in a

rotating horizontal-trr'b llirich nachine. (See Figure 4). The slumn rvas r¡easured

for each batch and varied from 4% inches to 6, inches

The concrete t','as placed b), hand ancl each lift rn,as vibrated usinq a

lrieh-frequency internal vibrator rvith a 3/4 inch head to consolídate placenent.

th en

Ai'ter

ç r-i-\ L

FIGURE 4

EIRICH CONCRETE MIXER USED FOR
CASTING THE BEAMS

The concrete was cured for seven day5 6u coverinq \1,itll r.ret burlail sacl<s

nolyethylene sheets. 'Lhe forms r','ere strinDed ancì cleanecl after one da..r.

se\¡en clavs tlie L¡eans h,ere storc<1 clrY u:: to test- ciatc. Fro¡l eacll bee-:;i

ti:rcc co¡;r.licssive test cr'linders G inches in dianeter anrì l_2 i-liclre_< 1o¡lq

ta]'en. In aclcìítion, ti;o.1-inch ciancter br,4-inc'r 1o;:l cvij¡liicrs for



s¡llitting tensi le tests rr'ere taken.

accorclance rr'ith ASTì'ï specific¿rtíons

lloldecl Concrcte CylincJers ',27 . The

r,rith ¡.ST:l designation C 49(>-64T for

Concr:ete Cvlinc'lers',28.'The results

1.6

The comnressive tests rvere nerforned in

C 39-64 for ,'Compressive Strenqtlìs of .

tensile tests r.;ere nerforlneci in accorclance

"Snlitting Tensile StrengtÌi of ltolded

of these tests are sholr'n in Tables 2 and 3.

2.5 Ir j j !l r Egll)ii:jgB$gj q¡ID__y3WÐ! 
l 
ì E

a. ) "4" SERIIìS

For each tyne of reinforcinc-' a orelininarl, test t,¡as DeT_

for¡necl to stucly the behavj-oi an,l load-<leflection characteristics. par-

tictrlar attention t'¡as nlacecl on the cjorvnr,,ard portion of the loacl-

deflection curve. The infonnation gatherecl from this test -series r,ras

FIGURE 5

RÏEHLE TEST MACHTNE

.&".
.-'q _1



Beam
Sampled

Cy llnd er
Numb e r

1A

1B

CONCRETE COMPRESSION TEST DATA

t_

2

3

1
2

3

1
2

3

Average
DLameter
(inches )

2A

TABLE

2s

6
6
6

6

6
6

6

6

6

Cross-Sectional Maximum
Area Load

(square ínches ) (pounds )

3A

1

2
3

1
2

3

1
2
3

3B

2B
2B
2B

2B
2B
2B

2B
2B
2B

2B
2B
28

2B
2B
2B

2B
2B
28

J

3
J

3
J
3

J
J
3

6

6
6

6
6

6

6
6

6

135,000
129,000
130,000

130,000
148,000
142,000

126,000
123,000
130,000

127,000
119,000
118,000

]-24 ,000
138,000
123,000

135 ,000
141,000
148,000

Compressíve
Strength

(psi)

J
J
3

3
J

J

3
3
3

Average
Compressive Age
S trength (days )

(psi)

4

4

4

4

5

5

,750
,560
,600

,600
,230
,050

4,633

4,450
4,350 4,466
4,600

4,960

4
4
4

4
4
4

4

4
5

,500
,200
,170

,3Bo
, BB0
,350

,750
,980
,230

46

63

4,290

50

4,536

70

4,986

36

69



Beam
Sampled

1A

1B

24,

2B

3A

3B

Mould
Numb er

TABLE 3

CONCRETE SPLITTING TENSTLE TEST DATA

Size of Specimen

Diameter Length
(inches ) (ínches )

1
2

I
2

I
2

1
2

I
2

1

3.98 4
4.00 4

3.99 4
4.02 4

4.01 4
4.03 4

4.01 4
3.99 3

4. 00 3
4.0s 4

4.00 4

Splittlng
Load

(rounds )

11
00

02
o2

10
0.1

03
99

99
0.2

10

14,100
11,000

13,900
11,000

14,700
14,500

15,000
14,900

12,500
13,100

15,200

Tensile
Strength

(psi)

Average
Tensile Age
S trength (days )

(psi)

865
6BB

867
624

B9B
903

930
935

783
BL2

930

776

746

900

933

798

930

46

63

50

70

36

69

tJ
co
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used to plan the closer study in the I'lJ'r series of tests.

The nachine used to test the beains l{as a 2001000 pound.

capacity, screvl loacìing, qear driven, balance beam P.iehle testing

machine as shor,¡n in Figure 5.

lìefore testing each beam ruas lightly coated rvith a rvhite

flat latex to iniprove crack detection. Then a one inch grid was

draln to locate crackinJz.

The beanr rvas nlaced in the test nachine an<l t'ifercer" dial

gauges lr'ere attached as shotvn in Fì.gures 6 and 7. The beam rr'as thcn

given initj.al load of 1kip. All dial gauges rvere set and read. In

this test series only gauges 1 to 5 inclusive h,eïe use<Ì.

FIGURE 6

TEST SET UP FOR BEAM 1A



L

/4PFZ /E,D
¿ aAn

FIGURE 7

LOADTNG ARRANGEMENT USED FOR TESTS

Scale:1"=l0"

-[
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The beam t'asthenloaded at 5 kin intervals until initial
cracliing took place. After this initial crackin.q the load interval
r.'as often smaller to facilitate study of the crack pattern. At the

end of each increment all gauges rvere read, cr:acks r,.ere stucì iecl ancl

often nhotogranhs rr'ere taken.

In the f ielcling ancl pl.q5¡ic ranqes tþe increments h,ere

taken by eqtral deflections of apÞroximately 0.1 inch. Drrring this
periocl the machiners balance bean r,,as kent balancecl at a1 1 times.

For these tests in an atternpt to further study the

characteristics of the beams notion nictures were taken of one of

the nanels, often at vêry slolt¡ 'shutter 
speecl .

ßTAM
CAST

r¡ir

:

,.ìi

:l ::l

5h{

FÏGURE B

DE}ÍEC GRID
FOR BEÆ{ 18
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b.) IIB'I SERIES

A specimen of each tvpe of reinforcin.q rvas retested in tftis

series rvitlt close attention to strain and deformation characteristics.

For beam IB a 2 inch grid of Demec points was placed on

one T:anel as shor,,n in Figure 8 ancl Figure g. points rvere a.ffixe<l

rvith a fast clrying epoxy, "llysol Epoxi patch Kit". Using the

cal.ibrating bar tltey tvere placecl as close as possible to the mid¿le

reading of tile 2 inch De¡nec gauge shorvn in Figure 10.

The bcanr r,Jas set in the test machine as sho,,vn in Figure 1r

and 12. Additional dial eauges 6, 7 and 8 rr'ere usecl to study the

movelìrent of the nancl

F]GURE 1O

DEMEC GAUGE AND
CALIBRATTON BARS
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FIGURE 11

BEAM 1B TEST SET UP

FIGURE 12

BEAM 2B TEST SET UP



An initial load

di a I gauges tverc rcad.

llralr'ing on the

a ericl of Denlec points on

noints r"ere placed in the

directions, See Fisrtres

25

of one kip rr'as nlaced on the beam and all Denec and

exnerience of bean 18, beans 2B ancl 38 not only, had

one nanel but also a nr¡nlber of rosettes of Dcmec

colnnression zone to find nrincinal strains ancl their
13, 14 and 15.

¡

ô

FIGURE 13

DEMEC LOCATTON
ON BEAM 2B

In addition Intertechnology "ì'{icro-l.leasureälent" LA-06-12S BB-120

electrical resistance strain qarrqes ivere nlaced on sone of thc rr,eb reinforcing

of Beams 2R and 38 to study the effectiveness of thcse reinforceìrìent Fatterns
as shotvn in Figure 16. The strain qauqes rsere affixed to a snootll location

on the bar and tr,ater-nroofed r,,ith'Gagekote ll 5 silicone coatinq ancl nrotected
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r.rith Dlastic tape.

rnodel A11tD.

Thel' rvere read usinq a "l)atran Digital Strain Indicator"

Beans 2ll and 38 t'rere loaded as bearn iB rr'ith an initial reaclinq of 1

Icip ancl all gau.qes and Denec noints rvere given initial readinr¡s. Then the

loacl ',:a-s a.nnliecl in 5 kip intervals until crackine.

At tl-re ends of these increments the diat gauges and strain gauqes

t','cre read. The tiryç at tr,hich the Denec 
""Jäing, rrere tal<en tvere carefully

selected clue to the length of time required for reacling. T]-re-se ti¡nes rvere

selectecl b1. stuclv of the test results of test series A.

For beam lB the.qauges t+ere read at loads of 10 kipr_, 19 kips, 25 kips

ancl 28 kips. Ât each set of Denlec readings, rr,hich usually took frorn 2 to 5

hours, the drop off of load rr'as found on the balance ann of the machine.

For beam 28 the eriC tr,as only read at 30 kins. The bean failecl

suddenly and unexpectedly before the seconcl .set of readi¡gs coulcl be taken.

i'fore freqtlent Tosette readinqs r\rere taken once these values r,'ere felt to be

nore siqniflicant. Rosettes t,rere rea<l at loads of 20.7 kips, 30 ì<ips, 40 kips

and 45.(-' kins and at 41.3 kins on the decreasing load-defornation curve. Again

the load ltas rea.cl tl'rrottghout thc Dernec reaclings and the electric resistance

strain gau.qes r,¡ere read <luring the llemeó reading perioci.

For beam 38 the rosette readin.qs lr'ere â{ein qiven aore attention

since the time involveql in talling these reaclinqs r.ras only 30 to 45 minutes.

The gri<l t'¡as reatl at loads of 30 and 72 kips. The rosettes were read at loads

of 20 kins, 3c kins, 40 l<ips, (rs kips, 72 kins, T4.B kins (crushinq impen<linø)

anrl at 75.4 kips. Aqain durÍng these Demec readinss the load and strain

sauqes rvere read at various times.
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2.6 Reduction of Experímental Data

The daËa f rom Ëhe experiments r¡ras coll-ected, transf erred

to punch cards, and reduced by IBlf 360 computer for Èabulation

u".d p j-o t Eing .

a. ) Calculations of Moments

The total momenË at mÍdspan is made up of

the f ol1-owing:
MP= PL Pl - (2.0-T€

where t fu/p = MomenË due to applied l-oad in kip-inches.

P =APPlied load in kiPs.

L - Span l-ength in Ínches.

,( = Length of load plate.

Mr=
wherer ¿ =

P¿ ¿l
(as+G5)-(oz"Ga)

- (2.2 )-

fr'î , = Íncrease .in moment due to movemenË of

supports.

= applÍed l-oad.
(See Figure 7 for gauge locations)

C2 = Reduced reading of gauge 2.

G3 = Reducêd reading of gauge 3.

G+ = Reduced reading of gauge 4 '

G5= Reduced reading of gauge' 5'

Therefore LoËa1 momenË = M7

P

Mr= P(uÐ - &4A
-(z q)-
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b.) Calculations of End Rotations
. LeË G2 and G3

2 and 3 respectively. Then the Ëota1 relaËive movement

of point,s 2 and. 3 is ,lZ whère:

Dsz= 6s- 62 -ê's)-
If H is the verËica1 dístance between poinËs

2 and, 3, then the roËation of this end of the beam ís êt

where:
%,. Q, = 6s- 6z

The same holds Ërue for Ëhe gauges 4 and 5

?nd the other end of the beam. Therefore the roËaËion

at the other end of the beam Az ís f ound by:

Tan êz= G5- ltq - lz'?)-
H

The total rotation êfís found by:

er= Cr-tA=
c.) Strain Calcul-aËions

The Demec gauge measured the distance between

two points on the concreËe before and afËer the l-oad.

The reduced Demec reading multiplied by a factor of 2.48 x

l-0-' is then average sÈrain across the 2 inch gauge lengËh.

Theref o re

i. ) DeformaËions are

Strain x 2.

íí. ) Total deforì"aions are the sum of the deformations

in each grid 1ine.

íií.) Principal strains and their dÍrections
ë. Oo

S Lrains r¡rere measured wi th Z = 7S " 6 - /35 o
(7-
A= 90'

H
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Therefore if, the measured strains are
.Z¿Co ) e/5) Ç9o

Then é'-= €"
€/ = €go

and ir er= €oCo..a* f*/S,nâCosê

AT

rhen €rs.u= * Çz7lrZL

"" {*V = 2 €ru - €-' €7

€o, € r-zs¡é eo
are measured

.', l-/ = €- r' €/ - 2€aç

Then the príncipal sËrains are:

and the direcËion is found by Mohrrs circle and

€,,

l-*7/z

: (2,¡3)-

n €/ -Sìo=ê

ë= /5"
./r/. t cys = eZ*-7 lry / Él

z" 2
- C'/o)-

Tor 2e = (n=Ø - C'/5)-
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3. TEST RESIJLTS

3. I _lNrlqulroRY_ RE.IARKS

Durinq the six tests nerformed in this studl'a larqe anount of in-

forrnation tr'as gathereci. In order to nrornote easier readin.q of tlìese test

results, the results have been talrulatecl , nlotted or shor*n in diaqrams. If

ftrrthcr stuch' of the original tcst results is reouirecl they nav be found in

the tlniversity of llanitoba Denartnnent of Civil Engi-neerinq P.eoort S'f -2-70,

Ì'A Re¡rort on the Testinq of .Six Reinforce<l Concrete Lleen Beans."29

3 . 2 RE i NFORC I NG PATTE IIN # 1

Beam 1A tvas cast on Arrgust 3, 1969 anrl tested on Sentenber 23, 1969;

The load-clef lection curve is shoru'n in Fiqtrre l7 anci moment-rotation ctrrve is

slrotvn in Figure 18. Photoeranhs of the test are shorvn in Figures 19 to 27.

Initial crackinq took nlace at L2 kins at the nlace r.'here the nilaster

and nanel meet. Craclts soon appeared in each.Face ancl the cracks movecl torr'ards

the load. 'the load held r"e11 under larse deflections until the main steel

fracturecl just as the comÌrression zone startecl cracking. There rvere fetv cracks

in the nanels hot,.'ever these cracks becane very rr,ide as the deflection in-

creasecl throuqh larqe values.

Ileam 18 r+as cast on Âuqust 8, 1969 and tested on Octol-rer 10, 1969.

lhe loacl-deflection curve is shor'¡n in Fieure 17 and the moment Totation crlrve

is shot"n in Figure 18. Photographs of the test are shor,'n in Figures 28 to 34.

Demec readinqs reducecl to averaqe strains are shor',n in Fiqures 35 to 39. The

r¡easurecl total horizontal defornations are shorr'n in Table 4 anci the vertical

deformations are rhJu,n in Table 5. These values renr:esent the total defor-

rnätion of 10, two inch Demec points or the cleformation in a 20 inch section

of the bean.
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Beam IB behaved as expected, in a manner quite similar to lA. There

hras some more extensive cracking of the panel. The beam helcl load rvell over

large deflections until failure of the rnain tensile bars. Therc l',ras Inore

indication .of collpression cracking on Bealn 1B hot*'ever' rvith the accompanyíng

slig,ht drop off of load

3 .3 RE INFORC T NC PATTERN II 2

Beam 2A r+as cast on August 20, 1969 and tested on October 9, 1969.

T¡e load-deflection curve is sholn in Figure 40 and moment-rotation curve in

I;igrrre 41. Pltotoqraphs of the test are found in Figures 42 to 48'

Initial cracking took nlace at 15 kips with cracks in the panels.

As the loacl illcreasecl more clacks appearecl across the panel faces' These

cracks did not aÞpear to open up and eventually the compressiolì zone begun

to crush rr,it¡ an accompanying drop off of l-oad. Then the beam failed sudienly

due to a fracttrre of a main tensile bar.

Beam 28 l.ras cast on August 20, 1969 and tested on Octobet 29, 1969.

The load-deflection curve is shorvn in Figure 40 ancl the moment-rotation curve

is sho¡n in Fig¡re 41. Photographs of the test are shotvn in l:igures 49 to 58.

The Demec readings for the grid are shorvn in Figure 59 in the form of average

strains. Thc principal strains are shorr'n for the compression zones in Figures

(r0 to 64. The strain gauge readings for the rveb reinforcinq is shotvn in

Figure 65. Total horizontal cleformation tneastrred by Demec gauges are shotqn in

Ta-ble 6 and total vertical deformation is shotvn in 'fabIe 7.

Beam 2B behaved nuch the sane as Beam 2A through most of the loading

5ut failed sudclenly clue to a fracture of the tensile steel. This fracture

came at (rSeo of the deflection attainecì in Beam 2Â'
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3.4 RtìINFORCiNG PATTI:RN #3

Ileam 3;\ h,as cast on SeDtcnber 8, 19(19 and tested on October 14, 1969.

Thc loarl-cleflection curve is shor,'n in Fiqure 6(r ancl the nronent-rotation curve

in Fiqure 67. The ¡llotogranhs of the test are shor+n in Figures (rS to 77.

The initial cracli j,ng took nlace at 1S kins a.nd as the load i ncreased

very extensir¡e cracliing took nlace. The r¡ltimate loacl lvas considerable

larger than Beams tA and 24. The cracks clirnbed slorr'lv to the co:¡,nression zone

r*'ith very litt1e increase in crack rticith. liear ultirnate loaci the conrrressio¡r

zone beqan to crack and the load heqan to clrop off ranidl¡-. As the conÐression

zone clisintegrated shorving buckled connressive reinforcinq the load clronned to

very lorv values at lolv def lections.

Beam 38 h'as cast on Sentember B, 19f)g and testecl on November 16, 1969.

The load-deflection curve is short'n in Figure 66 ancl moment-rotation curve is

shot,¡n in Fiqrrte 67. The nhotographs of the tests are shor+n in Figrrres 78 to

86. Denec readinqs for the gricl are shor"n in the forn of averaqe strains in

Fiqures 87 ancl 88, 'fhe principal strains for the connression zone are shorr,n

in Figures 39 to 95. The total horizontal deforirations for the qrid are

found in Table I and the vertical cleformations are found in Table 9. 'l'he

results of strain gauge readings on the rveb reinforcing is shor'¡n in Fieure 96.

Bear¡ 38 behaved nuch the sane as Beam 3¡\. TI're nanels h:ere cracked

extensively and failrre rvas due to disintegration of the connression zone.
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BEAM 1A

,38

FIGURE 19

LOAD = 20 K.
DEFL. = .067 l_n.

FIGURE 20

LOAD - 20 K.
DEFL. = .067 ln.



BEAM 1A

FIGURE 2L

LOAD = 27.3 K.
DEFL. = .935 in.

FlGURE 22

LOAD = 27.3 K

DEFL. = .935 i".



FIGURE 23

LOAD = 2B.B K.
DEFL. = 2.056 in.

BEAM 1A

FIGURE 25

FA]LURE

40

. FIGURE 24

FAILURE OF TENS]LE REINFORCEI'ÍENT
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BEA.I4 1A

FIGURE 26

AFTER FAILURE

FIGURE 27

AFTER FAILURE
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F]GURE 28

LOAD = 20 K.
DEFL. = .073 tn.

FIGURE 29

LOAD = 28.3 K
DEFL. = L.251 in.
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FIGURE 30.

LOAD = 28 K.
DEFL. - L.460 tn.

BEÊ\M I E

cAsI 9.8-6
IEST 2'-tO.rFIGURE 31

LOAD = 28 K.
DEFLi = I.460 rn.
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FAILURE
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FAILURE
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FAILURE
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FIGURE 37

AVERAGE STRA.TNS
(microinches per inch)

BEAM 18 LOAD = 25 KIPS
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5" to load point

02¿l 6

@
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FIGURE 38

AVERAGE STRATNS
(microinches per inch)

BEÄ,M 18 LOAD = 28 kips
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LOCATION

L

14

N

o

P

0
R

s

T

U

V

NTSTANCE TO
PANEL TOP

( inches )

.1
3

5

7

9

11

13

15

L7

19

2I

TABLE 4

TOTAL HORTZONTAL DEFORMA,TTONS

BEAM ]-B

10 Jcips

-0
-0
-0
-0
-0

0

-0
0

0

0

0

00180

0013s

00105

0 0110

00090

0000s

00020

00040

00075

00030

00060

19 kips

-0
-0
-0
-0
-0

0

0

0

0

0

0

00350

00225

00125

00080

00070

00100

00260

00470

00755

02035

0 2110

DEFORI,LATTONS
( inches )

25 kips 28 kips

-0
-0
-0
-0
-0

0

0

0

0

0

0

.00475

.00240

.00130

.00070

.00040

.00120

.00290

.00600

.00905

.09I9s

.08475

-0.00875
-0.00495
-0.00185
-0.00205
-0.00195

0.08380
0.08340
0.08535
0.08s75
0.17480
0.33290

0 kips

-0.00635
-0.0041s
-0.0 0260

-0.00270
-0.00235

0.08315
0.08300
0.08445
0.08440
0.17360
0.34480

(Jr
o



LOCATION

A

B

c
D

E

F

G

H

ï
J
K

DISTANCE TO
LOAD POTNT

( inches )

6

B

10

I2
T4

16

1B

20

22

24

26

TABLE 5

TOTAL VERTICAL DEFORMATI.ONS

BEAM 18

10 kips

-0
-0
-0

0

-0
-0
-0
-0
-0
-0
-0

00155

00065

00050

00010

00025

00030

00030

000s5

00040

00040

00055

19 kips

0

0

0

0

0

0

-0
-0
-0
-0
-0

00170

00330

00350

00590

00025

00120

00040

0002s

00035

00045

00070

DEFORMATIONS
( inches )

25 kips

0

0

0

0

0

0

-0

01690

008s0
00430

0068s

00030

00r-55

00030

00035

0006s

00040

00060

28 kips

O

0

0

0

0

0

-0

.06545

. 07 450

.0492s

.08280

.019s0

.00135

.00250

.00215

.00170

.00210

.00255

-0
-0
-0
-0

0 kips

0

U

0

0

0

0

-0
-0
-0

0

0900s

08405

0s0r0
08325

02330

00090

00285

00230

00205

00215

00215

-0
-0
-0
-0
-0

L¡
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BEAM 2A

FIGURE 42

LOAD = 33 K.
DEIL. = .I74 in.
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RIAM-¿ A
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FIGURE 43

LOAD = 33 K.
DEFL. = .L7 4 t_n.
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FIGURE 44

LOAD '= 4L K.
DEFL. = .270 1n.
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FIGURE 45

LOAD = 37 K.
DEFL. = .977 in.
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FIGURE 46

LOAD = 34 K.
DEf'L. = L.404

FIGURE

cLo::E ut o-1

47

FRACTURE

FIGURE 4B

FAILURE











BEAM 2B

FIGURE 5B

FAILURE

6T

FIGURE 57

FRACTURED TENSILE BAR
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FTGURE 59

AVERAGE STRATNS
(microinches per inch)

BEAM 28 IOAD = 30 kips

5tt to load point

0246ffi
SCALE OF INCHES

5" to reaction
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FÏGURE 60

PRINCTPAL STRATNS
(microinches per inch)
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TABLE 6

TOTAL HORTZONTAL DEFOR}ÍATIONS

BEAM 2B

LOCATION D]STANCE TO
PANEL TOP

(inches )

DEFORÌ\.IATIONS
( inches )
30 kips

L

M

N

o

P

O

R

S

I

3

5

7

9

11

13

15

T7

19

2\

T

U

V

-0.0040s

-0.00210

0.00365

0.0069s

0.00950

0.01210

0.01410

0.02250

0 .030s5

0.03370

0.03665,
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TABLE 7

TOTAL VERTICAL DEFORMATTONS

BEAM 2B

LOCATÏON DTSTANCE TO
LOAD POINT

( inches )

DEFOzulATTONS
( inches )
30 kips

A

B

c

D

E

H

I

J

K

F

G

6

B

10

L2

L4

16

18

20

22

24

26

0.01-000

0.01105

0.00380

0.00675

0.00435

0.00285

0 " 00375

0.00450

0 .00080

-0.00065

0.00000
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FTGURE 6B

LOAD 7I K.
DEFL. = ,298 in.

FIGURE 69

LOAD = 7I K.
DEFL. = .298 in.
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FIGURE 7O

LOAD = 50 K.
DEFL. i .832. in.

FIGURE 7T

LOAD = 62 K.
DEFL. = 1.159 in.
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TIGURE 72

LOAD = 44 K.
DEIL. = 7,469

FIGURE 7 3
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CLOSE UP OF BUCKLED
COMPRESSIVE BARS
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FIGURE 7 5

BEAM AFTER BROKEN CONCRETE REMOVED



BEAM 3 A

FIGURE 7 6

FAILURE

FTGURE 77

FAILURE
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BEAM 38

FIGURE 79

LOAD = 65 K.
DEFL. = .2L3 ín.

78

FIGURE 78

LOAD '= 65 K.
DEFL. = .2l-3 l_n.



BEAM 38

FIGURE BO

LOAD = 75.4 K
DEFL. = .694 ir,.

FIGURE 81

LOAD = 75.4 K

DEFL. = .694 i".
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BEAM 38

FIGURE B5

CLOSE UP OF BUCKLED COI'IPRESSIVE BARS
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FIGURE 84

LOAD ,= 32 K.
DEFL. = I.728 in.
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TABLE

TOTAL HORTZONTAL DEFORI4À,TIONS

BEAM 38

LOCATÏON DISTANCE TO
PANEL TOP

( inches )

DEFORMATÏONS
( inches )

30 kips 72 kíps

L

P

O

R

S

T

I

3

'5

7

9

11

13

15

L7

19

27

-0.00480

-0.002r5

-0.00065

0.0010s

0.00290

0.01245

0.01460

0 .01825

0.02000

0.02170

0.02425

-0.0L265

-0.00825

0.00140

0.00705

0.02695

0.0s960

0.07010

0.07s70

0.08955

0.09405

0 ,10265

M

N

o

U

V
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TABLE 9

TOTAL VERTICAL DEFOR.¡{.AT]ONS

BEA¡î 3B

LOCATION DISTANCE TO
LOAD POTNT

( inches )

DEFOR¡,{ATTONS
( inches )

30 kips 72 kips

A

B

c

D

E

F

G

H

ï

J

K

6

B

10

L2

I4

16

18

20

22

24

26

0.00100

0.00205

0.00270

-0.01610

0.00410

0.00250

0.00280

0.00315

0.00220

0.00080

-0.00010

0.01370

0.00745

0.01060

0.0r_355

0.01720

0.01320

0.01235

0.01r90

0.01145

0.00545

0.00250
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. 4. qJ_SCUSSION 0F TEST RESULTS

4.1 DE¡IEC READÏNGS

In a report on anchor block s,tresqes by Zielinski and F-oroe27, Dentec

gauges rvele.used to stuciy stress natterns. A statistical stucly for tlte

: 1O-6 strain.accuracy of the 2 inch Denec gauqes slror'red an accuracy of 9.3 x

A sltort study of aicuracy of the Denec cauges shor+ed this vaLue to be rcason-

ablc. For all strains sholrn the expected accuracy r*'ith the' t 10 x 106 strain.

Very early in the test of Beam lB it becarne obvious that r,,'ith this

accuracy the strains in the tensile zone rvould be Ìrard to read before cracl<ing.

The gauges did.give a useful picture of the novenent patterns'of the panel.

After the test of 3ea¡ 18 the attention of the stucly tr,as focussecl on

the cornpressive zone close to the load. At tliis point nore reliable strain

readings coulcl be obtainecl in a shorter ti¡rre. The cor.rpression zone t*as also

the centre of attention since past studies had shot,'n that the failure is

often initiateci by the cracks entering the connressive zone.

'l'he rearling of tire Demec points r.,'as slorv and teclious, often taking

2 to 5 hours. The load dropped during this period as shown in Figtrre 97.

The load regainecl its value as soon as loading rtas tesumecl and since the test

machine used rr'as very rigid this period of tine had little effect on the out-

come of the test

In spite of the problems of tìre Derncc gau,ges discussed in this section,

the Denec gauge proved to be quite versatile. Even after cracking hàd taken

place, inforrnation could be gathered.

4.2 DISCUSSION OF IIESIILTS OF DE]fEC READINGS

analytically useful as a rosette of Demec points, interesting information is
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brought to light by these reaclinss. Since the Denec gives change of length over

2 inches of the concrete, both average strains and deformation information can

be gathered.

For Beam 18 the results rvere quite valuable. Strain distribution

across the depth of the beam is hard to plot as the accuracy of the reaclings

at lorv loads does lrot allorv thi-s. At hi.qhe::1oads the cross sectíon is craci<ed

causing large, inconsistent 
_values

Once the cross section hacl cracketl hor,rever, the rate at rvhich the

cracl<s open can often be measnred by usi.ng Demec gauges to measure deformation.

These readings, in particular the total defornations of 10 gauge lengths, give

insi¡1ht into the panel rnovement. For lleam 1A the horizontal cleformations of

the compressive zone becane r¡ery large. A close stucly of the deforrnations in

this zone shorvs that the tensile steel is deforming over most of its length.

At the same time there is 1itt1e movement in the upper corner of the panei

rvhich is furthest arvay from the load.

'In Beams 28 and 38 large deformations do not a.ppear to take place,

4lthough not enough information rvas gathered on Bean 28 due to the sudclen failure.

The first set of readings shorvecl very little defornration over the extent of

the panel. At the same time the readings of 38 tencl to shol sone compressíon

in a line from the load to the reaction rvhich tends to support the tied-arch

analogy

'Ihe results of the rosette readings, when pr:incipal strains are

calculatecl and plotted, are of great value. In general , except tr'here in-

fluenced by cracking, the principal con¡rressive strains are inclined-to the

horizontal, often by as much as 30o to 45 o. This fa.ct tends to be consistent

with the tied-arcir analogy. 'l'here is also a tendency for cracks and principal

strains to take the sa¡ne line of action. These will be díscussed later in

Chapter 5.
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There htas a tendency, hoivever, to a lack of sJnlnetry on ei.ther side

of the loading head. I'iiis could be due t'o a lack of precision in placing the

beam in the test becl. The load may not have been exactly center:ed in the

pilaster in spite of the care talcen. The failure rvas then concentratecl on

one panel. 'In general, the sicle tliat had a more inclined principal strain was

the sicle more affected by inclinecl cracl<ing. The other side of the loacl then

became the centre for crushing and conrpressive failure

Another discrenancy in these results rr'as the principle strains found

at location N4 of Beam 38. I-lere there rsas a tcnsile st::ain at an angle of 42"

to 50 o in the direction of the loacl and a high compressir¡e strain at riqht

angles. This is contrary to wltat is exirected bv tied-arch analogy ancl other

readings found in the test. A check of readings showed no obvious er::or in-

volvecl in reacling or reducing the readings. The best explanation is that a

palabolic reinforcing bar near this noint is in compressi.on and influencing ttre

concrete strain at this point, causing cornpression in the direction of the bar.

4.3 STRAIN GAI.IGE READTNGS

The nrain purpose for placing electric resistance strain gauges on

the rqeb reinforcing r{as for qualitative stucly of the effectiveness of this rc-

inforcing. A great deal of care rvas requirecl to ensure that the gauges tvere

not clamaged by the t^;ater or aggregate during.the placirig of concrete. As a

restrlt of this care I out of 10 of the.gauges r+orliecl properly. IJnfortunately,

the only trvo gauges tltat failed rvere placed 8 to 10 inches from existing

gauges in an attenìÐt to shotr'.stlain clifferentials in the same bar, or the

effect of bolrd o¡r these rveb reinforcing bars.

In lleam 28 the rej.nforcing slloived little increase in strain as tlie

loaci increased in the uncra.cl<ed state. As soon as the first crack appeared

there r\tas a sudclcn increase in strain (approxirnately 10 to 30 times the value



9e,

just before cracking). Tlie reinforcing strains then increased as the load but

dícl not reach thei:: yield points. The conclusion drarvn is the position of the

reinforcing is effective for the nurpose intended. The reinforcing became too

effecti.ve in holding thê panel together and does not allow general deformation

of the tensile steel, possibly due to too high a percentage of r+eb reinforcing.

In'the case of Beam 3l] the reinforcins did not shor,r a defínite

strain increase at cracking but a general increase over the loading of the

bea.m. The reinforcing did reach yield values even before the ultimate load.

This tyne of reinforcing appears to have too much influence on the tensile ca-

pacity of the beam, as the parabolas are affected as much by bending as by

crack progression.

4,4 DISCUSSION OF IìEINFORCING PATTERNS

a) REINFORCING PATTERN #I

Since the reinforcing of Beans 1A and 18 are used only

standarcl vertical stirrups these beans t{ere exoected to fail in shear.

Using tlie 2 #3 bars for main steel as I'lal¡s dids,the beams were

extremly under-reinforced. The ultimate moment capacity r'ras thus

reached before the "diagonal tension" capacity, he¡rce a tensile

failure occureä

One interesting point that follorvs from the results of

the test of Be.a¡n 18, rvas the large deformation of the panels in the

plastic range, The large cracks formed throughout the central area

of the bearn affor<leci the optimum use of the full length of the

tensile reinforcernent. Thus a Iarge anount of energy rvas absorbecl .

The- ultinrate load rvas quite small for a beam this size yet a type

of "plastic hinge" rvas formed.
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b). RE TNFgRCiNG PATTrirli',] _?
l'Ihen compared rr'ith reinforcing {ll it beconlcs obvious that

not only does the inclined reinforc.illg Ðrevent thc sheal cr:aclcs fro:n

opening it also increases the tensj.le capacitl' of the beanr. the

ultinate load l.¡as increasecl by 15 ki.ps, holever the final cieflection

h:aS reduced to half that of g"¿¡r ífl. There lvas a -start of a corn-

pression failure fo11or,,'erl by a sudden unexpectecl tensile failure.

This sudden tensile failure can be attributed to the rveb

reinforcing being so ef:fective that a Iocal failure of thc nain steel

r,¡as forced. fte Bea.m 28 horvever, may have failecl clue to a local

deficiency in the steel as there r\ras very little necking of the bar

rvhich broke.

c). REINFORCING PATTERN #3

The parabolic rveb reinforcing carriecl almost 90e¿ more load

than even the 45o rveb reinforcing ivhich testifies to the utility of

the parabolas not only as "shear" reinforcing but as moitìent

reinforcing.

The strengËh of this type of reinforcing lecl horr'ever to

a corflpressive type of faihlre rvith the accompanying rapid fall of

load and vast clestruction of the conp::essive zone. Such a- failure

is no rnore desir:able than a shear failure. 'l'his failure dirl pro-

vide the opportunity to study a compressive failure quite closely.
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5. SUMÌqARY A,\D CONCTUSIONS

5.1 COì\IPARISON OF TIIS'| RESULTS TO PAST RESEÀRCI'I

As discussecl in the Introdr:ction, the Dast Tesearch has nainly in-

rrolvecl precliction of cracltin3¡ ancl ultimate loacls. Thcse studies have prociuced

furtl,er understancling of the behavior of deep rcintorced concrete beanls, At

the sane time a number of thought provoking thcories otì the failtrre nlechanisms

have been introclucecl .

One of the most interesting developments i¡: the attemnt to understancl

the failure mecltanisrn is the fornlation of the tied-arch analogy. This analogy

has often l-leen used to explain shear behavior or deep bealn behavior. This

analogy tvas often referred to in the series of tests at the University of

Illinois16' 17 ' 18. ¡\lthouqh Kani rr,as nainly clealin¡4 rvith shear beÌlavior, he

used tlte tiecl-arch analogy in an enlighteninr¡ discussion on shear n,"cllanis*22.

F]GURE 9B

TIED-ARCH ANALOGY



Briefly, Kani suggests after initial cracking the beam can

siderecl to act as a. tied-arch as shorvn in Figure 98. 
'rn" 

t",nrining

concrete carries the compressj.on as if it were an arch. In this state

carrying capacity of the beam is not irnpaired by the crackin.g.

LO2

be con-

uncracl<ed

the load

Tl-re load carrying capacity of the remaining arch can be reduced in

the folloruing nays. If the tie:leaches the point rutren it can no longer carry

1oad, tirat is the tensile steel yields, the beam deflects in a ductile manner

until a fracture of one or more of the tensile bars. Often before the tensile

capacity of the bars are reached the arch rnay fail. This failure of the arch

nray take the form of a splitting caused by a progression of the cracks across

the arch, orî a shear failure. If these cracks are not allorved to split the

compressive zone, it is possible the compressj-ve forces can increase until a

cracking of the arch takes place, with'loss of loacl carrying capacity.

At present, at least with bea:ns of normal depth, the action of the

tensile and crushing type of failures are fairly rvell understood. The shear

mechanism has not been fully cliscovere<J as yet. The results of the test per-

formed irr this study tend to confinn the arch analogy. The compressive tra-

jectories shown for Beams 2B and 38 tend to follor,r the line of this arch. Un-

fortunately the extent of the zone studied was not enough to drarv firn con-

clusions. Future stuclies should include beans r,¡ith the possible line of the

arch illstrumented. in an attempt to confiym the presence of high conpressive

strains and the direction of the comnressive trajectories.

In the same paper Kani attenpts to examine the dia.gonal tension

cracking nechanism22. .lle suggests the diagonal .cracks line up rvith the com-

pressive trajectories. In studying the results of Beans 28 and 38 one can see

a definite tencìency for the principal compressive strains ancl the cracks to

follorr' thc sarte direction. Further: study of this phenomen6n is warranted.
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s.2 plssussioN 0F rtrE DUCrq_9L[

Althorrgh Beams 1A ancl ill failed at a relatively lor,r ultimate 1oad,

they failed in an extretnely ductile rnanner. These beams colrtained a very lol

percentage of tensile steel, ancl their behavior is quite consistent r*'ith the

rcsults of DePaivalB rvho found that cìeep bearns with a lotv percentage of tensile

reinforcing fai lecl in a ductile manner. Those beams ruitÏr larger amounts of

reinforcíng failed in shear. The placing of rveb reinforcing to prevent the

shear failure rvill often lead to such an increase in noment capacity that the

bean then fails in compression.

5.3 RECO¡NIENT)ATIONS AND COI'ICLUSTONS

At present little can be suggestecl for nractical use in design of

deep beams. If a ductile l¡eam is desired then the reinforcing percentage shotrld

be kept low even at a reduction of ultimate loacl. Since the cracking load

does not vaïy appreciably rr'ith the amount of tensile rej.nforcing the rvorking

loafl range of the stTucture rvi11 not be adversty affected. Unfortunately,

there is a lack of conclusive knor.rleclge of r,¡hat percentage of reinforcing will

insure a ductile behavior of a cleep beam. IlePaiva used varying percentages

of reinforcing in his tests and his results can be helpful. To follorv this

idea, a number of tests on different sizes of l>eams, and different arnounts of

reinforcing rr,ould be required. At the same time analytical approaches rvould

be desired.

To increase tire ultimate load a number of lines of investigation can

be follorr'cd. The first could involve intensive tests of a senventionally re-

inforced concrete deep bean with enottsh main tensile rei¡tforcing to ðause a

shear failure. The experirnents could involve beams instrumented rvith Detnec

points or even electri.cal resistance strain gauges. Sucli a procedure could

hopefully give more insiglit into the mechanisrn in a shear failure of a deep
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reinforced concrete lleam 
L

T¡is test series coú]d be coupled to an extensive analytical study

involving the finite element technique. l{ith the hel¡r of sonie knorvledge of

fracture rneciranics of cdncrete a series of anal¡'ses could be carried out in-

volving concïete clecn bearns with clifferent stages of cracking. Coupled rvith

the exoerinrental test series a great deal of insight cotrlcl be gained in the
:'

failure mechanis¡n for a cleep iream

er ggg"rtecl in section 5.1, the ultirnate loacl of the ductile beam

could be increasecl by increasing the strength of the rernaining arch. At the

saile time the tie must be allorved to be effectir¡e over its length. One possible

net¡od of accorn¡lishing this r*oulrl be to allorv the initial cracks to move to

the neutral. axes to allorv the te¡rsile reinforcing to be éffective. Ilese axis

rilust not be al.lorved to enter the cornpressive zone. At tlte same tine the com-

pressivc zone rnust be nrevented fron cracking

. FTGURE 99

SUGGESTED PATTERN OF RETNFORCEMENT
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The resulËs of the experj-menËs presented he.rein have shor,m Ëhe

effects of different reinforcemenË paËËerns on Ëhe behavior of a deep re-

inforced concrete beam. trrlhile the basic Èensíle reínforcing has been kept

constant, changes ín web reínforcing have broughË about differences not

only in ulËimate load but mode of failure

The beams containing reinforcement pattern //1 failed at lor¿ l-oad

but in a ductile manner. hlhen changes were made to this basic pattern such

as found in paÊterns lf2 and, lf3, the ultimate load increased but a ducËile

mode was not esËablíshed. The reínforcement patterns, while proving

effectíve Ín retardÍng or prevenËing a shear Ëype of faílure, proved to be

deËrimental to other aspects of the beamts behavior.

These results point ouL that in consideríng possible patterns

of web rðinforcing for deep beams all aspects of deep beam behavior musË be

considered.

One possible pattern of vreb reínforcing is shown ín Figure 105.

A horizontal bar is placed near the neutral axis Ëo prevent or slor^r cracking

from entering Ëhe compressive zone. The cr:mpressÍve is tied heavily as a

col-umn and then tÍed again at 30o Ëo meet stress tragectories. üIhile tests

invol-víng Ëhis web reinforcj-ng would be Ínterestíng, the ansü¡er to the

probl-em likel-y l-ies in Ëhe solutíon of the fallure mechanisms.
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