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In the current study, nineteen reinforced concrete beams were tested to
investigate the static shear behavior of high strength concrete beams as
compared with normal strength concrete beams. The concrete
compressive strength of the beams at the age of the tests ranged from 300
to 800 kg/cr?. The parameters of the study included the concrete strength,
shear span to depth ratio a/d, the amount of shear reinforcement (stirrup
spacing S and the inclination of the stirrups with the horizontal axis of
the beam. The details of the beam specimens, material properties,
instrumentation and the testing procedure are described in this paper. The
test results are presented and discussed, and the influence of each design
parameter is investigated. Furthermore, parametric analysis was carried
out to deduce equations for predicting the cracking and ultimate shear
strength and the ratio between them for both normal and high strength
concrete beams. Test results are also compared with different existing
approaches.

KEYWORDS: Normal and High-strength concrete; Beams; Shear
reinforcement; Spacing of stirrup; Shear span to depth ratio; Cracking
and Ultimate shear strength.

1. INTRODUCTION

The use of High-Strength Concrete (HSC) has ineg@®nsiderably during the last
decades, since it can be produced reliably initié @ising low water—cement ratios in
addition to high-quality water-reducing admixtureSurthermore, HSC is more
frequently used in columns, in precast elementsimsttuctures where durability is an
important design parameter. To give a simplifieghlamration, HSC is obtained by
improving the compactness of the concrete mix, wihncreases the strength of both
the paste and the interface between the pastehandobirse aggregate. However, an
increase in the strength of the concrete producefmerease in its brittleness and
smoother shear failure surfaces leading to someerar about the application of high-
strength concrete.

Since most of the current shear procedures aredb@seests carried out on
beams with a concrete compressive strength lovaar 40 MPa, and one of the shear
transfer mechanisms is shear-friction across theks:, the failure shear strength needs
to be re-evaluated. Moreover, shear failure in anbsvithout web reinforcement is
sudden and brittle. Therefore, it is necessary tovige an amount of shear
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reinforcement, which must prevent sudden sheaurtaibn the formation of first
diagonal tension cracking and, in addition, musécagtely control the diagonal
tension cracks at service load levels.

Due to the higher tensile strength of high-strengthcrete, a higher cracking
shear is expected and hence, would require a largeunt of shear reinforcement. In
some codes of practice, the shear strength oh#oreed concrete beam is taken as the
sum of the shear force that is carried by the atecfVc) and the web reinforcement
(Vs). The term (Vc) in a diagonally cracked beanthwireb reinforcement represents
the sum of three separate components. These comfgoaee: (a) dowel action
resistance of the longitudinal reinforcement, (gyragate interlock resistance along
the diagonal crack, and (c) the shear resistanogedaby the uncracked concrete
compressive zone. The term (Vs) represents thicakadomponent of the shear force
carried by the vertical (shear) reinforcement ¢stnechanism).

2. RESEARCH SIGNIFICANCE:

This research was carried out for the followinggmses:

1. To study the effect of compressive strength, atid,rahear reinforcement and
the inclination of the stirrups with the horizontakis of the beam on the
cracking and ultimate shear strength of reinfortegh strength concrete
beams of rectangular cross section, and

2. To compare the obtained test results and propogedtiens results with the
ACI Code.

3. PREVIOUS WORKS

Extensive experimental tests were carried out tbagbetter understanding of the
fundamental behavior of shear strength of highhgtite concrete beams and to estimate
the amount of the shear reinforcement requiredigh Btrength concrete beams in
order to prevent sudden failure of the beam anohpoove its ductility. In ref.(3), the
author carried out a theoretical study on shearaieh of R.C beams with high
strength concrete using finite element program. mhe parameters of his study were:
shear span to depth ratio, compressive strengtiormérete, main reinforcement ratio,
and spacing of stirrups. He noticed that the emtsteof stirrups increases the shear
strength and ductility of beams. The ductility @ams with small shear reinforcement
is less than that of beams of higher shear reiefoent. He stated that beams with
higher main reinforcement ratio and concrete cosgive have greater shear strength
than that of low main reinforcement and concretersjth.

In ref. (4), the authors carried out an experimestady on high strength
beams failing in shear. They tested eighteen retefb concrete beams. The main
objectives of the experimental campaign carriedvegrie to study the influence of the
concrete compressive strength on the shear stremdtbams with and without shear
reinforcement and to propose and verify a minimunoant of web reinforcement for
high-strength concrete beams in accordance withibeease in concrete tensile
strength for high-strength concretes. They conalutat:
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= High-strength concrete beams with stirrups preseatess fragile response
than similar beams without web reinforcement,

= For beams with the same geometric amount of trassweinforcement, the
higher their concrete compressive strength, thesraffective stirrups are, and

» For high-strength concrete beams with stirrupsjithigation of the amount of
longitudinal reinforcement to 2% is not experimdgtaustified.

In ref. (5), an experimental investigation was amtdd to study the ductility
of shear critical reinforced concrete beams of rabrms well as high-strength concrete.
The experimental variables were concrete compresstiiength, shear span-to-depth
ratio, and the amount of shear reinforcement. Ththaas stated that for the range of
variables tested, the results indicate that shearfarcement improves the shear
ductility index of reinforced normal and high stgtm concrete beams. High-strength
reinforced concrete beams with a/d =3 exhibit @asfit post-peak response, when
shear reinforcement provided is about twice theimum recommended by the ACI
Building Code. For beams with shear reinforcemém¢, shear ductility index for
beams with a/d of 1 decreases with an increaserorete strength, whereas for beams
with a/d of 2 and 3 there is an significant chamgehe shear ductility index due to an
increase in the concrete strength.

In ref. (6), the authors carried out a study todfmiethe effect of stirrups on
shear strength of reinforced normal strength cdadqfdSC) and high strength concrete
(HSC) slender beam. They stated that the effe¢tehah of the basic shear design
parameters exerts on the shear capacity of reifoooncrete (RC) beams without
shear reinforcement Y is still unclear. A parametric study revealed: tine effect of
shear reinforcement on the shear strength of ROm&edecreases at higher
reinforcement ratio. It was also observed that tbecrete contribution to shear
resistance (¥) in RC beams with shear reinforcement is noticeédriger than that in
beams without shear reinforcement.

4. EXPERIMENTAL PROGRAM:

4.1. Tested Beams

Nineteen reinforced concrete beams were testedesiéd beams have over all depth
30cm and 12 cm width. All beams were tested under fioints static loading up to
failure. Steel reinforcement of all beams was twesld 0 mm diameter as compression
reinforcement, three bars 12 mm diameter as maforeement and the stirrups was 8
mm diameter having variable spacing. The yieldngftles of the 8mm, 10mm and
12mm bars are 3060 kg/ém4249 kg/crh and 4330 kg/cirespectively. The test
beams have concrete strength 300, 500 and 80@nkarw a/d ratio from 1 to 4 and
have shear reinforcemeng,(f, )12.74, 19.61 and 25.48 kg/mnd variable angle of

inclination ().
Details of the tested beams are given in Figs.,(11ap) and (1.c). The test
program is given in table (1). The test programsstis of three series |, II, and Ill.

Within each series, a number of cubes were cadttermine the compressive strength
of the concrete at 28 days. After 24 hours of ogstconcrete cubes were put into a
rectangular tank for curing. The concrete compwessirengths at 28 days of age were
300 kg/cm, 500 kg/cm and 800 kg/crh
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Fig. (1.a): Details of beams having vertical sfisu
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Fig. (1.b): Details of beams having inclined sfasu
2# 10

e s 3712

~12.0~
Fig. (1-c): Cross section of test specimens
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Table (1): Test specimens
Series| Group| Beam| f S a/o! Length o,-f " Config- Variables
(kg/lem) | (cm) | ratio | of ka/cn? iguration
beam (kgic (a)
Al 300 20 1 105 12.74 90 deg
A2 300 20 2 160 12.74 90 deg a/d
Al-4 | A3 300 20 | 3 215 12.74 90 deg
Ad 300 20 4 270 12.74 90 deg
A5 300 10 2 160 25.48 90 deg
A5-6 | A6 300 13 2 160 19.61 90 deg| Shear reinf.
A7 300 20 2 160 12.74 45 deg Inclination
A7-8 | A8 300 20 | 2 160 12.74 60 deg, (a)
B1 500 10 2 160 25.48 90 deg|
I B1-3 | B2 500 13 | 2 160 19.61 90 deg| Shear reinf.
B3 500 20 2 160 12.74 90 deg.
C1 800 20 1 105 12.74 90 deg.
C2 800 20 2 160 12.74 90 deg. a/d
Cl-4 [c3 800 20 | 3 215 12.74 | 90 ded.
Cc4 800 20 4 270 12.74 90 deg.
i c5 800 | 10 | 2 | 160 | 25.48 | 90 deg.
C5-6 | C6 800 13 2 160 19.61 90 deg. Shear reinf.
C7 800 20 2 160 12.74 45 deg. Inclination
C7-8 | cs8 800 20 2 160 12.74 60deg. (a)
Where f. is the concrete compressive strength (kgfgnS is stirrup spacing (cm),

P fyW is the shear reinforcement index, amds the angle of inclination of stirrups

4.2 Materials

The cement used in the beam specimens is the oydi@atland cement which is
usually used in normal practice. The propertiethefused materials were as shown in

table (2).

Property

Table (2) properties of used aggregate

Basalt

Gravel

3

Volume weight(t/m)

1.58

1.66

Specific gravity

2.6

2.65

Three concrete mixes were made to produce norncbhigih strength concrete
having a 28 days cubic strength of about 300, 56@, 800 kg/crh Normal strength
concrete mix proportion is given in table (3), dngh strength concrete mix proportion
is given in table (4).In order to obtain high sggmconcrete, low water cement-ratio
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was used which led to concrete with low workabilify improve the workability of
the concrete mix, a superplasticizer has been kisedn as ADECRETE BVF. Also
the Silica fume was used in high strength conarete

Table (3):Normal strength concrete mix proportion by weight

Cement Sand Gravel. Water

(kg/n®) (kg/n?) (kg/n?) (Liter/n?)

350 670 1200 165

Table (4):High strength concrete mix proportion by weight

Crushed

Cement.
(Kg/m®)

Basalt
(Kg/m?®)

Additives
(Liter/m°)

Water
(Liter/m?)

450

1200

14

165

550

1200

20

140

4.3. Instrumentation and test setup

Beam specimens were simply supported and testad twgd concentrated point loads.
One end of the beam was hinged and the other esdoNer.

A testing machine of 60 tons capacity was usegpdyathe load. Dial gauges
were fixed at mid span of the beam. The straineviged in the positions shown in
Figs. (1.a) and (1.b).

Details of the beam instrumentation, the testinghitee are shown in Fig. 2.

Fig. (2): The beam instrumentation and testing rmech
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4.3. Test Procedure

All the beams were loaded symmetrically with twaiaigpoint loads. The load was

applied in increments of about 0.5 ton till the wecence of the first crack. Thereafter
the increments were increased to 1.0 ton. At eaald increment, all displacement

readings were measured, the beam was carefullyedtesp, and all cracks were

observed. With each beam test, cubes taken frorsaime concrete mix were tested to
determine the compressive strength of the conci¢te.average compressive strength
of cubes were 300, 500 and 800 kgfcm

5. TEST RESULTS AND DISCUSSIONS
5.1. Crack pattern and general behavior

Tested beams of a/d =3, 4 failed in flexure buséhof a/d = 1, 2 failed in shear or
shear compression. The cracking pattern of theambavas almost similar. Initially,
cracks started either vertically at the mid spartefsion of existing cracks and
appearance of new flexural cracks in the shearssppread from the load application
points towards the supports. The flexural crackshi shear spans tend to become
inclined as the load was increased. With furtharease in the applied load, the
diagonal shear crack between the loading pointthadsupport and in some cases a
new shear crack was initiated as an extension @xesting flexural crack. The crack
angle varied between 30 °© and 60° with the axithefbeam. The failure cracks in
beams with the highest concrete strength tenddueteteeper than those of normal
strength concrete. Generally, the cracks were dpeel in the shear spans and then
propagated upward towards the load bearing platelawnward towards the supports.
Typical failure crack patterns for some beams &@ve in Fig. (3). The number of
inclined cracks in beams with high amount of shre@rforcement was more than that
of lower amount of shear reinforcement, indicating enhanced redistribution of
mternal forces in the beam with hlgh shear remment
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Fig. (3): Photos of some tested beams
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5.2. Test results

Table (5) shows the test results of all tested Isediis table also shows the measured
diagonal cracking shear strength and the failuemisistrength and the ratio between
them for each beam specimen. It can be seen th#teashear reinforcement was

increased, the failure load also increased. Alsotteer important conclusion can be

drawn from the test results, which is as the cosgive strength increases, the failure
shear stress increased.

5.3. Load — Deflection and Load Strain Diagrams

At the position of mid-span, the deflection meadwalues have been plotted against
the corresponding applied loads from starting afliag up to failure as shown in Figs
(4) to (6). Also the main steel and stirrup straieasured values were plotted against
the corresponding applied loads from starting afling up to failure as shown in Figs
(7) to (10).

Table (5): Results of tested beams

Beam| f; S inclination | a/d | vy Vy Vv, Failure
(kglem? | (cm) | of stirrups | ratio | (kg/cm?) | (kg/en? | mode

Al 300 20 90 deg. 1 12.2 39.97 0.81 Shear
A2 300 20 90 deg. 2 8.6 24.38 085 S.F
A3 300 20 90 deg. 3 7.1 20.37 085 S.C
A4 300 20 90 deg. 4 3.9 11.27 0.34 Flexure
A5 300 10 90 deg. 2 11.6 27.01 043 S.F
A6 300 13 90 deg. 2 9.8 26.54 0.87 S.C
A7 300 20 45 deg. 2 10.8 26.22 041 S.F
A8 300 20 60 deg. 2 9.3 25.00 0.837 S.C
Bl 500 10 90 deg. 2 14.1 33.70 042 S.F
B2 500 13 90 deg. 2 12.00 31.94 0,38 S.C
B3 500 20 90 deg. 2 10.00 29.78 034 S.F
C1 800 20 90 deg. 1 18.50 83.95 0/22 Shear
C2 800 20 90 deg. 2 10.80 34.57 0/31 S.C
C3 800 20 90 deg. 3 7.7 23.74 032 S.C
C4 800 20 90 deg. 4 4.2 14.66 042 Flexure
C5 800 10 90 deg. 2 15.4 37.34 041 S.F
C6 800 13 90 deg. 2 13.9 36.26 0,38 S.F
C7 800 20 45 deg. 2 12.7 36.57 035 S.F
C8 800 20 60 deg. 2 11.7 36.11 032 S.F

S.F = shear flexure
S.C = shear compression
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Fig. (4). Load-Deflection relationship for beamghdlifferent a/d ratios
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Fig. (5). Load-Deflection relationship for beamghdlifferent spacing of stirrups
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Fig. (6). Load-Deflection relationship for beamghdifferent concrete strength.
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Fig. (7). Relationship of Load- Main steel straim beams with different a/d ratio.
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Fig. (8). Relationship of Load- Main steel straim beams with different concrete

strength.
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Fig. (9). Relationship of Load-Stirrup strain fagams with different a/d ratio
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Fig. (10). Relationship of Load-Stirrup strain fmams with different concrete
strength.

5.4. Effect of Compressive Strength

Increasing concrete compressive strength incraasesracking load and ultimate load
for concrete grades C300, C500 and C800 (tabl&Hg.concrete strength affects the
deflection as it can be noticed that the measuedi@ation at a certain load decreases
as the compressive strength increase see fig.k@ nfaximum measured stirrup strain
increased as the concrete strength increased géE0Ji All stirrups crossed by the
main diagonal crack showed high strain readingb@imaximum measured load, this
high stirrup strain resulted from the small conitibn of aggregate interlock in
resisting load which resulted in an increase onstiere of the load of the remaining
components of the shear failure mechanism.

5.5. Effect of Shear Reinforcement

It is obvious that the cracking and ultimate loadiues decreases with the increase of
spacing of stirrups (table 5). Increasing of thacsng of stirrups leads to a decrease of
the maximum measured deflection for beams of eithemmal or high strength
concrete. This means that as the stirrups increaséte beam, the ductility of that
beam increases. Also, a decrease of the spacingtiolips (increasing shear
reinforcement) leads to a decrease of the maximwasored stirrup strain for the
beams of grade C300, C500, and C800. As the stimumber in the beam increases,
the share of load for one stirrup decreases asdthall share of load cause the stirrup
not to be highly stressed.
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5.6. Effect of Stirrups Inclination

The angle of inclination of the stirrups has a rewhble effect on both the cracking
and the ultimate shear strengths for either noonhligh strength concrete (table 5) for

example the cracking and ultimate shear strengtharfgler = 45’ is bigger than that

of a =60° and also bigger than that af =90°. Increasing of the angle of
inclination from 45 to 60 to 9C leads to an increase of the maximum measured
deflection for beams of either normal or high sgsthnconcrete (C300 and C800), this

means that beams with vertical stirrups= 90°is more ductile than that of beams
having inclined stirrupsyr = 60° and also more than that of beams having inclined
stirrupsa = 45°.

6. PROPOSED EQUATIONS FOR CRACKING AND ULTIMATE
SHEAR STRENGTH

From test results and the parametric analysispiears that the cracking shear strength
for R.C beams depends mainly on the concrete gtreffiy, the a/d ratio and the
amount of web reinforcement (spacing ang). Based on best fit method and using a
statistical program, the equation (1) is proposechiculate the cracking shear strength
for R.C beams

f
V,= 0.559 (/f, x4 ) +0.359 (OVYJ)-LSS kg/crh (1)
a

sina
Also from test results and the parametric analigsigpears that the ultimate
shear strength for R.C beams depends mainly ocaiherete strengthf, the a/d ratio,
the amount of web reinforcement and the stirrupBriation. Based on best fit method
and using a statistical program the equation (Prigposed to calculate the ultimate
shear strength for R.C beams.

f
Vo= 2.754 (| f, x% ) + 0.205 %) -3.71 kg/ch )

Where
fe the concrete compressive strength in kg/gm
d/a the depth to shear span ratio,
P fyW the shear reinforcement index ( kgfgm
a the inclination angle of stirrups .

Comparison between the predicted cracking and aténshear strength from
proposed equations (1) and (2) with the experinhetracking and ultimate shear
strengths is given in Figs.(11 ) and (12).
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Fig. (11): Experimental cracking shear strengtlsusrcalculated cracking shear
strength.
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Fig. (12): Experimental ultimate shear strengtlsuercalculated ultimate shear
strength
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7. ULTIMATE SHEAR CAPACITY ADOPTED BY THE ACI CODE
OF PRACTICE

The present ACI code of practice (3) assumes thaeams with web reinforcement,
the amount of shear stress resisted by the conaretémate is equal to the amount of
shear stress that would cause diagonal tensiokiogaclhe amount of shear strength
of the concrete was based and determined fromréssits on beams without web
reinforcement and with concrete compressive strengp to 41.1 MPa (6000 psi). The
shear strength of concrete without shear reinfoergns given by

v, = 1.94/f/ + 2500 .pW.VN“I'd

cr

(3)

u

And not greater than Byéfc/
A, .f (4)
v, =v, +—2

u cr b.S

wheref. cylinder compressive strength (Psg, main reinforcement ratio, /A area of
stirrups in spacing S, and v, are in Psi units

8. COMPARISON BETWEEN THE ACI CODE AND
EXPERIMENTAL CRACKING AND ULTIMATE SHEAR
STRENGTH

From Figs. (13 ) and (14), it can be noticed thatACIl code equations for predicting
cracking shear strength of R.C beams gives valuedlex than the experimental
values for beams of a/d = 1.0 and greater tharofiiaeams of a/d equal to 2, 3 and 4
for normal and high strength concrete beams. &kiscACI code equation
underestimate the effect of the concrete stremgltigh strength concrete.

9. CONCLUSIONS AND REMARKS

On the basis of the test results obtained in thudys the following conclusions have
been reached:
1- Increasing the compressive strength and the amwmiushear reinforcement
leads to an increase of the cracking and ultimageusstrengths.
2- Angle of inclination of the stirrups has a remaikaleffect on both the
cracking and the ultimate shear strengths for eitteemal or high strength
concrete for example the cracking and ultimate ishestengths for

angleo = 45’is bigger than that oix =60° and also bigger than that of
a=90.
3- Increasing the amount of shear reinforcement léads increase in the beam

ductility, so the minimum amount of shear reinfonest must be increased for
high strength concrete.
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4- The maximum measured stirrup strain in high stierogincrete beams has a
greater value than that in normal strength condsetens because of the small
contribution of aggregate interlock in resistingadowhich resulted in an
increase on the share of the load of the remainorgponents of the shear
failure mechanism.

30.0

25.0

20.0

e ACI
A proposed eqn.

15.0

—a—line 45

10.0

strength kg/cm” 2

5.0

Experimental cracking shear

0.0 T T T T T
0.00 5.00 10.00 15.00 20.00 25.00 30.00

proposed and ACI equations cracking shear strength
kg/cm” 2

Fig. (14): Comparisons between experimental andigted cracking shear strengths
based on proposed equation (1) and ACI codes

90.00

80.00 ¢ s A

70.00 e
60.00 e

50.00

40.00
30.00 A —=—line 45 deg.

20.00 A
A o
10.00 /°
0.00 ‘ T T T
0.00 20.00 40.00 60.00 80.00 100.00

proposed and ACI equations ultimate shear strength. kg/cm” 2

e ACI
A proposed eqn.

.\\

strength kg/cm” 2

Experimental ultimate shear

Fig.(15): Comparisons between experimental andigtesti ultimate shear strengths
based on proposed equation (2) and ACI code.
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