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Most design codes limit the amount of tensile reinforcement in beams to
avoid the brittle failure. However, sometimes a high percentage of steel
reinforcement is used in order to minimize structural depth and still
provide adequate stiffness. The objective of thiswork isto investigate and
evaluate the methods of improving the behavior of over-reinforced beams.
The effect of different types of techniques on the enhancement of strength
and ductility of such beams was presented. An experimental and
theoretical study of the behavior of fourteen over-reinforced, either
internally confined or externally plated C. beams with 240 cm length and
a cross-section of 15 x 23cm were carried out. Variables such as helix
pitch, helix diameter, concrete compressive strength, longitudinal
reinforcement ratio and confining with steel plate were considered. The
results were discussed, analyzed and compared with those obtained
theoretically. The results indicated the contribution of proposed
techniques to the structural ductility for improving behaviour of such
over-reinforced concrete beams. Finally some valuable conclusions and
recommendations were given.

KEYWORDS: over-reinforced, confining, helically reinforced,
ductility, plated beams.

INTRODUCTION

The brittleness of reinforced concrete membersesses with the use of high
percentages of longitudinal reinforcement. Ovenfigeiced sections fail suddenly by
crushing of the compression concrete when theiimate compressive strain has been
exceeded, while the strain in the longitudinal f@icement has not reached yield. The
limited extent of the deflection and cracking foummdover-reinforced beams gives
insufficient warning of impending failure. At prege in order to avoid brittle
compression failures, codes of practice sensibbhipit the use of over-reinforced
sections [1].

Previous researches had shown that the ductilidyflexural response of over-
reinforced and prestressed concrete beams canhamaad by the use of full-depth
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rectangular steel wire helical reinforcement [2,3{lowever, circular helical
reinforcement, located entirely above the longitatlireinforcement and enveloping
the entire compression zone, provides greater wemfent [4,5].

Whitehead and Ibell [6] concluded that, by placingteel helix of 3 or 4.8mm
wire diameter in the compression zone of heavilgreeinforced concrete beam
considerable ductility has been achieved, even whsing a longitudinal steel
percentage of about 7%. Providing a longitudinahpression reinforcement or using
randomly oriented steel fibers or by installingtesgular stirrups in the compression
zone which restrains the lateral expansion enh#mestrength and ductility of over-
reinforced beams. [5, 6, 7, 8, 9, 10, 11, 12]

However most of the previous works have dealt mgawith the internal
confinement in the compression zone of these menkempecially those of high
strength concrete. Few available researches hawdiedt the effect of internal
confinement with long and short stirrups togethethe external confinement in case
of the existing members such as glueded and bstead plates to the top surface of the
beams.

This paper presents an experimental study to imgagst the contribution of
some proposed techniques for improving behaviosuwh over-reinforced concrete
beams. The test program includes two main parts:fifbt one is that related to some
precautions provided internally during casting bleams by means of providing either
steel helix or short rectangular stirrups. The sdamne deals with that provided to the
external surface of the beams by gluing and bokiegl plates to the top surface of the
beams.

EXPERIMENTAL PROGRAM

Details of the tested beams

Fourteen rectangular beams were tested in this.widtkhe tested beams have the
same concrete dimensions. Beams of series A, BGnakere reinforced with six
bottom bars of 16 mm in diameter JAtwo top bars of 10 mm in diameter and steel
helix of 13 cm helical diameter with different vakiof wire diameter and pitch placed
in concrete compression zone. Beams of series Egdvided with short rectangular
stirrups instead of steel helix. Beams of seriepr@vided with upper steel plates.
Tables (1) as well as Fig (1) show the detaildhefrhain parameters considered in this
investigation.

Materials

All beams were made using normal concrete havingllsrange of variable concrete
compressive strength, see table (1). The used emnavas made from Ordinary
Portland Cement, local sand which has specific teigulk density and fineness
modulus of 2.5, 1700 kgfrand 2.43 respectively and Gravel of 20 mm maximum
nominal size. The water cement ratio w/c was 0di5afl batches. The high tensile
steel with about 4370 kg/énproof stress, was used as main reinforcementgevwhé
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steel used as stirrups was mild steel of about 3&gent yield strength, and for
helical steef, was 3890, 6360 and 5090 kgfcior ©6, ®4 and®3 respectively.

Preparation of test specimens and Test procedure

The concrete was batched in the laboratory usimrma mixer. Control specimens
including cubes of 15 cm side length were cast feanh batch. The concrete was
placed by hand in steel forms and compacted usih§ am diameter electric vibrator.
The tested beams and the corresponding controinspas were tested in the same day
after 28 days from casting. All the beams were Bingpported and the load was
applied to the beams through two points as showk igr(1). The loading was applied
in increments of 0.5 ton. The crack pattern, craghoad, mid-span deflection, failure
load and strains in longitudinal steel at mid-sp@ne measured and recorded.

Table (1): Details of tested beams

Series Beam feu ) S p pmax |Area of plates Type_ of

No. |Kglen? | mm | (cm)| (%) | (%) | A, (cnT) technique
Bspl 330 6 4 4,23 1.4p -

A Bsp3 265 6 4 423 1.14 -
Bsp2 225 6 4 4,23 0.9 -

B Bsp4 295 4 4 423 1.2f - Steel helix
Bsp5 265 3 4 423 1.14 -

c Bsp6 215 3 3 4,23 0.98 -
Bsp7 215 3 2 4,23 0.98 -
Bstl 265 - 10| 2.82 1.14 -

D Bst2 220 - 10| 4.23 0.9b - Short stirrupg
Bst3 265 - 10| 5.64 1.14 -

£ Bst4 265 - - 423 1.14 - -
Bstb 265 - 5 423 1.14 - Short stirrups

G Bst6 265 - - 282 1.14 12x0.6 steel plates
Bst7 265 - 10| 2.82 1.14 12x0.3

S : pitch of the spiral or spacing between shimups.
¢ : diameter of helical reinforcement.

TEST RESULTS AND DISCUSSION

Ductility

The displacement ductility index gjican be measured as the ratio between maximum
deflection Amad (corresponding to 90% of the maximum recordedlloapacity) and
the deflection corresponding to cracking load][ The ductility index ratio [R] is the
ductility index of the different tested beams conagla with the corresponding



620 M. M. Ahmed, O. A. Farghal, A. K. Nagah and A. A. Haridy

reference beam Bst4, table (2). It emerged thath lsonfined and plated beams
showed an acceptable increased ductility in coraparwith that of the corresponding
reference beam Bst4, particularly in case of beaawgng higher concrete compressive
strength and that having biggest wire diametepohs(Bspl, Bsp4 and Bsp3).
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Fig (1): Details of the tested beams
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For helically confined beams of series B, as theevdiameter of the spiral
increased the ductility index increased, see FigTBe ductility index for beams Bsp4
and Bsp5 was 108.2% and 141.8% of beam Bsp3 regglgcihe increase in ductility
index for beam Bsp3 having 6mm wire diameter ofradpwas relatively smaller
compared with the increase in Bsp4 with 4mm in vdi@meter of spiral due to the
smaller tensile strength of the confining steel @6rfrig (3) shows that, as the spiral
pitch decreases within the relatively small ranfyenf 4 to 2cm) the ductility index
slightly increases. The ductility index for beanspB and Bsp7 was 104.7% and 107%
of that of beam Bsp5 respectively. This result ¢atits again the fact that the increase
in volume of helical reinforcement [y within the studied range can increase the
ductility index. On the other side, as the concmpressive strength increases the
ductility index increases, as shown in Fig (4), vehpip] for beams Bspl and Bsp3
was 157% and 128%, of beam Bsp2 respectively

> 12 — >
= / = 9 —
3 / 3
2 3% 10 = x 8
3 / 3
SE 9 — A1 5E 7
3] 4 f,=265 kg/cm 8
s 8 Pich=40cm 2 ¢, =265 kglcm?
2 ~ 2 6 Diam of st. he=3mm
@) 7 [a)
6 v v L) T 5 v v T
2 3 4 5 6 7 1 2 3 4 5
Wire diameter of steel heligmm) Pitch of spiral(cm)
Fig. (2): Effect of values of spiral Fig. (3): Effect of values of spiral
diameter on ductility. pitch on ductility.

For beams confined with short stirrups, Fig (5)eduction in ductility occurs
with increasing the ratio of @A\:%). The ductility index for beams Bst2 and Bst3 was
96% and 93% of that of beam Bstl respectively. Tiniicates that the effect of the
same confining reinforcement decreases as the mage of longitudinal
reinforcement increases. Furthermore, the ductiligex for beams Bst2 and Bst5
having 10cm and 5cm spacing between short stirmwps 134% and 163%,
respectively of that of reference beam Bst4. Tleisult confirmed the benefit of
providing the over reinforced concrete beams witbrsstirrups in compression zone
as they increase the ductility index with decregdine spacing between the short
stirrups.

From table (2), it can be concluded also that coring ductility the
effectiveness of confining with steel helix is leetthan that of confining with short
rectangular stirrups. This can be attributed to fiet that, helices apply a uniform
radial stress to the concrete along the concretmlrae while short stirrups tend to
confine the concrete mainly at the corners. Moreavés obvious that, for beam Bst7
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provided with steel plates, the ductility index wBEE6% of that of reference beams
Bstl. The technique of providing steel plates om titp compression side seems to
have a significant effect on the ductility indexpwded that, the plates must be good
fastened to the upper side. Furthermore, the dyanldex for beam Bst6 in which the
short stirrups were replaced by additional anositeel plate was 105% of that of beam
Bst7 having short stirrups. From the previous ftestuils emerged that using additional
steel plate instead of short rectangular stirrigpsea slightly better ductility index.
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8 Pitch=40mm f o, =265kg/cm

7 v — 5.5 : . '

200 250 300 350 2 3 4 5 6

Concrete compressive strength kg/cm? (AslAc) %
Fig. (4): Effect of {.,) on ductility. Fig. (5): Effect of p%) ratio on ductility

Load Deflection Diagrams.

The results shows that confining the concrete imp@ssion zone with steel helix or
short stirrups or glued steel plates on to top faicever reinforced beams improve
their ductility. The flat Plato of the curves fdrese beams showed a considerable
increase. The maximum deflection decreases sligh¢lythe concrete compressive
strength increases. The maximum deflection for IseBep3 and Bspl was 90.3% and
120% of that of beam Bsp2 respectively, see Fig@) the other hand, the ultimate
mid-span deflection decreases as the volume otdieteinforcement decreases, as
shown in Fig (8). The deflection for beam Bsp6aads greater than 0.8B bigger
than the corresponding value of the reference déstth This can be attributed to the
fact that the effect of confining is more activatdigher load levels.

The maximum deflection for beams Bst7 provided witel plates was 195% of
that of reference beams Bst1 without steel pl&teghermore the maximum deflection
for beam Bst6 having steel plate with cross secfign720 mm and without short
rectangular stirrups was more than that of beani Baving A=360 mni and with
short rectangular stirrups, see table (2). Thislteonfirmed again that replacing the
short rectangular stirrups with steel plates gavéetter ductility.



EFFECT OF CONFINING METHOD ON THE DUCTILITY.....

623

Load ton

Load ton

Load ton

20

15 4

—e—Beam Bsp 1 (fcu =330 kg\cm?2)
—e—Beam Bsp 2 (fcu =225 kg\cm2)
—a—Beam Bsp 3 (fcu = 265 kg\cm?2)
—o—Beam Bst 4 (ref.)
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Fig. (6): Deflection curves for beams

with different values of,.
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Fig. (8): Deflection curves for beams
with different values of spiral pitch.
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Fig. (10): Deflection curves for beams

with different short stirrups space.
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Fig. (7): Deflection curves for beams
with different wire diameter.
20
15 ‘/‘_/—A—/_‘
10 4
—e—Beam Bst 2 (S=10 cm)
5 1 —e—Beam Bst 4 (-) B
—a—Beam Bst 5 (S=5 cm)
0 v v v v v
0 1 2 3 4 5
Mid-span deflection (cm)
Fig. (9): Deflection curves for beams
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Fig. (11): Deflection curves for beams

with different values of (4.
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Crack Patterns and Modes of Failure

The initiation and propagation of cracks for th&atent tested beams Fig (12), was
obtained visually with a magnifying glass. The &sawere first initiated at the bottom
fibers in the constant moment zone for all confirzedl plated beams. As the load
increased, new cracks were created along the bedrtha formed cracks propagated
towards the points of load application. The rateratks propagation was smaller than
that of the reference beam Bst4. Prior to failuteoazontal crack was initiated near
the upper side of the beam at the steel level baad¢dncrete cover began to spell off.
At failure the height of the cracked portion of tlested beams was some what more
than that of the reference beam Bst4, particularigase of beam Bst6 provided with
steel plates on to the top compression fiber. Thdarof failure for the different tested
beams is also included in Table (2). The referdyeam Bst4 (without any confining
reinforcement) failed in a brittle flexural compsesn by sudden concrete crushing in
the compression zone and the spalling off concoeteer occurred just prior to
crushing of concrete. For the confined beams, tbdew of failure were also flexural
compression, however they changed from a brittle teelatively ductile one in a
gradual manner through crushing in the compresgiore and buckling in upper steel
was observed. The spalling off concrete cover begalier than in the corresponding
reference beam Bst4. The obtained results shovegadikar trend as was observed in a
previous work bywhitehead and Ibell6]. The plated beams Bst6 and Bst7 failed in
flexural compression in a ductile way by gradualstiing of the compression zone and
local buckling of the fixed steel plate. The horit upper cracks were observed at
about 95% of its ultimate load, and then the |deaikling of steel plat occurred at the
instant of failure.

Cracking and Ultimate Loads

The cracking load was not influenced considerality the presence of steel helix or
steel plate. This can be attributed to the fact ti first crack was a flexural one and
had occurred at relatively low load before confgneffect took place.

From table (2), it can be seen that there wasraigdoad capacity for all beams
especially in case of beams Bspl, Bst3, Bst5 ané.BEhe increase in concrete
compressive strength or longitudinal reinforcenraio or glued steel plate showed a
considerable increase on the ultimate load as smowigs (13) and (15). The ultimate
load of beams in series D havifig = 330, 225 and 265 kg\érmwas 1.33, 1.17 and
1.18 times that of the corresponding reference bBaté respectively. The obtained
results confirm the previous results reported byité¥iead and Ibell [6]. However the
spiral pitch, diameter of spiral wire, and spacaighort stirrups, within the studied
range have not affected considerably $&e Fig (14). Beams Bst2 and Bst5 having
spacing of short rectangular stirrups equal torid%cm, the ultimate loads, were 1.11
and 1.27 times that of the reference beam Bst4&otisely.
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Fig (12):Pattern of cracks and modes of failuretésted beams.
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Table (2): Results of tested beams
Ductility
Bﬁg.m tF;crrl tzun Po/Per | PsdPu | Acr | Amax U R % Mode of failure
(cm) | (cm)
Bspl| 25| 174 694 086 014 20 148 26 Flex.€dqouctile)
Bsp3| 25| 155 6.2 09 018 1388 12.0 2p5 Flex. Cdoyctile)
Bsp2| 3 | 154| 513 093 018 145 94 1Y6  Flex. Cdouxtile)
Bsp4| 25| 14.7] 584 088 015 1.74 111 208 FlexEdductile)
Bsp5| 3 | 15.1] 5.094 0.92 0.2 1.7 8.6 1%9  Flex. Couhpct{le)
Bsp6| 25| 15.3] 6.14 091 0.12 1.14 8|9 166  Flex. | Cdductile)
Bsp7| 25| 152 6.1] 092 021 199 9]1 1y0  Flex. Cqoztile)
Bstl | 25| 124 49 0.84 0.1y 128 7.45 139 Flexm@dductile)
Bst2| 3 | 146] 486/ 092 0.1y 127 7.17 1B4 Flex. Cdnouyctile)
Bst3| 4 | 169| 42| 083 028 16 6.95 130 Flex. Cdihpctile)
Bst4 | 3.5| 13.1] 3.74 09% 0283 123 584 1D0 Flexn@dbrittle)
Bst5 | 25| 16.6/ 6.64 0.9 0.1f 155 8.5 1p3 Flex. gduductile)
Bst6 | 3 18 6 095 027 246 9.1 140 Flex. Compct{d)
Bst7| 3 | 153| 5.1 093 029 2% 8.65 116 Flex. Cdihpctile)
P : the Cracking load,P= spalling off concrete cover load.
P, : the ultimate loady = the Longitudinal reinforcement ratio.
Pmax . the maximum longitudinal reinforcement ratio.
18 18
16 _?4 16 _a
Y biamofst. h=emml | L) T—
s 12 pitch=40mm g 12 .
= 10 - 2 104 —e— cracking load |
g 84 - IR ultimate load |
S 6l —e—cracking load S g J]|fc=265kgeml T
4. —=— ultimate load p )
2  — s ad 2 M —
0 r T 0 r r r r
200 250 300 350 0 5 10 15 20 25

Concrete compressive strength kg /cm?

Fig. (13): Effect off,, on cracking
and ultimate load.

No of short rectangular stirrups /m

Fig. (14). Effect of No. of short stirrups
on cracking and ultimate load.

The ratio between the ultimate and the crackindsd&/P.,) for all the confined
and plated beams was bigger than that of the qmnekng reference beam Bst4,
which reflect also the improvement of their dutyiltable (2).
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8 4 S=10cm —a— yltimate load

qf Cu=265kg/cm2I
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Load ton
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2 2

Fig. (15): Effect of §%).on cracking and ultimate load.

PREDICTION OF THE BEHAVIOUR OF CONFINED BEAMS

The tested beams with helically confined concregzewtheoretically analyzed. The
ultimate load and the induced deflection at midrsf different helically confined
over reinforced beams were estimated at differémges of loading; non cracked,
cracked and ultimate stages. The following equationboth non linear and cracked
stage with respect to Figs (16), (17), (18) and &8 used.

fc [ 3 fs A
fsu ................................... I
kfcu onfinedcol Ecco — Eco k Ep :
Kafoul /8 Unconfined concrete v/ ' :
0.8Kf¢y 9 ! i
0.5y <, ; i
O.Zkfcu .......'.‘.',_.... e : 1
0.Zeufftid e . | ;
cu €ccu —>
€cc Eccc €501 €200E50ucE20uc Ec &y st &s

Fig (16): stress-strain model for concrete  Fig (17): Stress strain curve for steel
confined by circular spirals. [13]

fo=K f, [(26.16.,)—(£.1€4,)7],
whereK =1+ 205(7D¢ /(R, - D,)S,)(f,, / f,,)
fo=f +(es-gy) E

yh y p

E =K 02/W_ +£,)
Y, =tand./ f, = (K =05)/(&s, + 0750,4/R, /S, —£,K)
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WhereEp is modulus of plasticity of steelwﬁs value of the upper yield strengty,, is

[strain of concrete at compressive cylinder strewdtthe unconfined concretg, is
the compressive strength of unconfined concrte, ¢, are stress and strain in
concretegy is the yield or proof strain for sted,is confinement coefficient.

R < fCC
. by gc\o.oos bt 1o )
sc /ﬁ S —
Een X
_[¥X / d [h
Aslle L) i
b v fs
Beam cross section Strain distribution Stress distribution

Fig. (18): Section analysis for cracked stage

The Neutral axis position for the cracked nonlingage may be given as:

0.67bfch2 + (AscEsecc + AsEsecc )X'AsEseccd' AscEseccdc: 0 (46)
The flexural strengthM) is therefore:
M = Adf(d-0.375x) + Asfsc (0.375¢-d, ) 4.7)
+ﬂ! SCUZOOO3 d . 067fcu 0-67fCCu
Ase oo ] T 0.4 +d
\ Eoe X X 0.8x A
X 0.8%
- d h - -_) == - - - [
Ag 1
Beam cross section Strain distribution Idealized stress distribution

Fig. (19): Section analysis for ultimate stag

The equilibrium of internal forces at ultimate givihe neutral axis position:
0.536 f,x b +0.536 X' b' (foe - fo)+ Axfsc- Afs= 0

The ultimate flexural strengtihk) is therefore:

My = Afy(d-0.4x) + A f ) (0.4%-d; ) - 0.536 X' b (feey - feu) (0.4% +0-0.4X)
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A comparison between the load deflection curve iabth from experimental
work and that predicted theoretically, are prestritefigures (20 to 26), for beams
Bspl to Bsp7. The figures indicated that, the d&ft@ curves are typically similar and
there is almost full agreement between the themaedistimated up to about 50% of the
ultimate load. After this limit, there is a deviati between the experimental and the
theoretical curve. This deviation increased wittréasing the load up to failure. The
theoretical values of maximum deflection at ultiemate smaller than the experimental
values except for beams Bspl, Bsp2 and Bsp3. Theriexental measured ultimate
load for the tested beams was always slightly bigigen the corresponding predicted
values, see Fig (20). The maximum deviation betwieoretical and experimental

values reaches about 18% for beam Bspl1.

20
18 9
16 9
149

129

Load ton

—e—experimental

S F e —a—theoretical

0 0.5 1 15 2 25 3 3.5 4 4.5 5
Mid-span deflection (cm)

Fig. (20): comparison of experimental
and theoretical deflection of beam Bspl

Load ton

—e—experimental
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Fig. (22): comparison of experimental
and theoretical deflection of beam Bsp3
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0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
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Fig. (21): comparison of experimental

and theoretical deflection of beam Bsp2
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Fig. (23): comparison of experimental
and theoretical deflection of beam Bsp4
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—— experimental
—a—theoretical

0 0.5 1 15 2 25 3 3.5 4 4.5 5

Mid-span deflection (cm)

Load ton
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
L
|
|

—e—experimental

dL —a—theoretical

|
|
|
!
0 0.5 1 15 2 25 3 3.5 4 4.5 5

Mid-span deflection (cm)

Fig. (24): comparison of experimental Fig. (25): comparison of experimental
and theoretical deflection of beam Bsp5  and theoretical deflection of beam Bsp6

Load ton

—e— experimental

—a—theoretical

25 3 3.5 4 4.5 5

Mid-span deflection (cm)

Fig. (26): comparison of experimental and
theoretical deflection of beam Bsp7
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Fig. (27): Experimental versus
theoretical ultimate deflection
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Table (3): Comparison between theoretical and experimental results

Ultimate load Ultimate
Beam (ton) Exp/ | deflection (cm) | Exp/
No Exp | Theo Uy Exp Theo s
Bspl] 174 | 14.13 1.2 4.2 4.45 0.9p
Bsp3| 155 | 13.94 1.1 4 4.35 0.9p
Bsp2| 154 | 13.82 1.1 3.5 4.29 0.8
Bsp4| 14.7 | 13.89 1.05 3.5 2.7 1.2p
Bsp5] 15.1| 13.8] 1.09| 2.86 2.03 1.4
Bsp6] 15.3| 13.56 1.13] 4.13 3.47 1.1p

Bsp7] 15.2 | 13.58 1.12 4.46 3.45 1.28

CONCLUSIONS

Based on the results obtained in this work, thie¥dghg conclusions can be drawn:

Considerable increase in ductility has been ackiidwe providing the over-
reinforced concrete beams with steel helix in thiepgression zone, even when
using high longitudinal steel percentage of abo®4%. This increase in
ductility increases as the volume of steel heloréases.

The effect of the same helices decreases as theentage of the main
reinforcement increases. In addition to that, tharacteristics strength of the
confining steel influenced the behavior of the doed beam.

With the same confining reinforcement as the caecoempressive strength
increases the ultimate deflection at failure insesa

The structural ductility and the load capacity ofecreinforced concrete
beams can be increased by confining the concreteencompression zone
either internally with steel helix or short rectatay stirrups or externally by
glueded and bolted steel plate.

The external confinement by attaching steel platet the compression zone
of these beams can be as effective as the inteneaiff it is properly provided.
The flat portion of mid-span deflection curves fmer-reinforced beams were
significantly increased by the corresponding indé&iand/or external confining
techniques.

Both the internal and external confinement of tbepression zone for over-
reinforced beams can change the modes of failum fa brittle flexural
compression to a ductile flexural compression igradual crushing in the
compression zone.

Using helical confinement in the compression zoheeotangular beams is
more effective than short rectangular stirrupssTdan be attributed to the fact
that, helices apply a uniform radial stress to ¢dbacrete along the concrete
member, while short rectangular stirrups tend tafioe the concrete mainly at
the corners.
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10.

11.

12.

13.

The behavior of such over-reinforced beams, thénate load and the
corresponding deflection can be satisfactorily jted using the well known
formulas for the analysis of R. C. members besidegiven equations which
considered the effect of confinement. However, thsed equations
overestimate the ultimate deflection while undeneste the ultimate load.
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