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ABSTRACT

The shear strength of NSC (Normal Strength Concrete) has been extensively
researched. However, very little data is available on the shear strength of HSC
beams for fc'> 6000 psi ( 40MPa). In this research, 35 beams with five values of
longitudinal steel ? and seven values of shear span to depth (a/d) ratio have been
tested, to study the effect of longitudinal steel and shear span to depth ratio. The
results have been compared with the provisions of ACI 318-06 as well.

The results have shown that shear failure is anticipated when the longitudinal
steel ratio for p>1%. The shear strength of HSC normally increases with the
increase of longitudinal stecl and decreases with the increase in shear span to
depth ratio, as exhibited in normal strength, but the failure is more sudden and
brittle. The ACI 318 provisions for shear strength of beams are normally good
predictors but for a/d >S5,
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1. INTRODUCTION

istorically Ritter [1] idealized the shear cracks
in reinforced concrete beams due to diagonal
tension stresses as parallel chords truss with

to 0.03fc’ and max of 0.62 MPa. ACI318-51, however,
adopted the uniform values of max shear stress as 0.03fc’
w' i the conditions that plain bars must be hooked and

compression diagonals inclined at 45° and later Morsch
[2] used the concept of truss model for the design of shear
reinforcement in RC beams. The allowable shear strength
of concrete was thus mainly based on 45° truss model.
ACI standard specification No.23 permitted the maximum
shear stress of concrete as 0.025f¢”, but not more than
0.41MPa (3] for beams without web reinforcement and
no mechanical anchorage of longitudinal steel. However,
for anchorage of 1800 hooks, the value was increased up

detyrmed bars must meet the requirements of ASTM A
305 |4]. Earlier Talbot [5] in 1909 had pointed out on the
basis of tests of 106 beams, that the shear stress of concrete
also depends on the longitudinal steel, shear Span to depth
ratio but the same couldn't reflect in the codes at that time.
Kani [6] developed a rational model called Kani's Tooth
Model in 1964. However, extensive research has been
carried out on the shear properties of NSC in the last three
decades.
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EFFECT OF LONGITUDINAL STEEL, SHEAR SPAN TO DEPTH RATI0 ON THE SHEAR STRENGTH OF HIGH STRENGTH CONCRETE BEAMS.

The shear strength of concrete beams mainly depends on
the following variables [7]:

* Depth of member or size effect.

o Shear span to effective depth a/d or moment to

L shear ratio.

. Longitudinal Reinforcement or dowel action.

* Axial Force.

¢ The tensile Strength of concrete.,

* Crushing strength of the Beam web.

° Yielding of stirrups.

@ The aggregates sizes leading to aggregates
interlocking,

+ Failure of Tension chord.

. Failure of Stirrups anchorage.

+ Serviceability failure due to excessive crack

width at Service load.

The loading position and pattern has direct relationship
with the shear strength of RC beams. Brown, et. al, [8]
has studied the effect of loading conditions on the shear
strength of RC beams and have reported on the basis of
1200 tests data of beams, that the shear strength of beams
subjected to uniformly distributed loads is more than the
beams subjected to concentrated loads, In this research,
the concentrated load at the main point has been selected
mainly to study the shear span to depth ratio a/d >3.

More recent approaches for the shear design of RC
beams include CFT (Compression Filed Theory), MCFT
(Modified Compression Field Theory), Rotating-angle
Softened Truss Model, shear friction theory, truss
approaches including the STM (Truss and Tie Model)
{9]. These approaches have been adopted by different
building codes around the world and based on
experimental evidence; empirical equations have been
developed to address the problem of shear design of NSC

beams, But most of the test data relates to the normal
strength concrete beams [10]. Hence the use of these
provisions for high strength concrete beams raises many
questions, It has been reported in some research [11],
that most of these provisions are un-conservative for
beams with large sizes and lower values of longitudinal
reinforcement. The sudden and brittle failure of HSC
beams further influences the degree of reliability and
safety of HSC in actual practice. Reduction in the shear
capacity of NSC beams has also been reported in some
latest research for slender beams with a/d>3.

Zararis [12] researched on the shear strength of slender
beams with shear span to depth ratio a/d >3 and proposed
a new equation to determine the shear strength of RC
beams, both for the cases without and with web
reinforcement.

Eric, et. al. [13] studied the influence of beam size,
longitudinal reinforcement and stirrups on the shear
strength of RC beams and reported that the provisions of
ACI-318 are un-conservative for such beams particularly
where the longitudinal steel ratio is less than 1% .i.e
(p <1%).

Bentz, et. al. [14] worked on further rationalizing and
simplifying of the shear design concept to make it more
convenient for the designers. They suggested Simplified
MCFT for quick use. The simplified version of the MCFT,
also gave reasonably closed results when compared with
the actual test data,

In recent years, STM has been used as an alternative for
the design of deep beams, pile caps, corbels and brackets
usually referred as disturbed (D-region) in concrete
structures. This concept visualizes the RC structures as
composed of compression struts and tension ties and then
the structures is analyzed, to check the capacity of these
struts and ties against the external loads. Stephen, et. al.
[15], Hamed, et. al. [16] and Shyh-Jiann Hwang, [17]
worked on rationalizing the concept of STM.
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*__muirez, et. al. [18], has reported that for a constant low

- 227 reinforcement, the overall reserve shear strength
.—zr diagonal cracking diminishes with increase in the
.- =pressive strength of concrete mainly due to loss in
LrITegate in(crlocking. But this fact according to Duthin
.= Z Carino [19] is not well acknowledged by most of the
- _:iding codes, which makes these provisions less
- :mservative and rather unsafe, particularly for practical
133N purposes.

= :-lier the contribution of the longitudinal steel also called
-2l action was assumed as independent of shear

-=:77orcement, but later research by S.Sarkar, O.Adwan
=1 Bose [20] proved that it was an incorrect assumption,

T2 stress strain curves of normal and high strength
s 2acrete exhibit very differently as shown in Fig. 1 [20].

Tae main variations in these curves are illustrated as

Tliows:
| The stress strain curve is getting more linear with
the increase of compressive strength of concrete,

2 A relatively higher strain is observed for
corresponding values of stress, which is more
pronounced at the maximum stress.

c °r o4 o on ”» 12
Svaln. persent

/G |. COMPLETE STRESS STRAIN CURVES FOR NORMAL AND)
HIGH STRENGTH CONCRETE [19]

(3) The descending part of the curve after the peak
is steeper in case of HSC.

The high strength concrete thus exhibits ductile behavior
as compared to normal strength concrete, as already
explained, which can be explained as follows:

(1) The difference in rigidity between cement paste
and aggregates leads to concentration of stresses
at the contact zones of the two ingredients of
HSC and at certain overall stress level, a
distributed micro crack pattern forms at the
contact points.

(2) When the overall stress level further increases;
a substantial part of the increased energy is used
in developing a clearer crack pattern. The stress
strain curve at this stage tends to deviate from
linear elastic line.

(3) With further increase of siresses, the micro crack
pattern will provide an efficient re-distribution
of the stress and a tough and brittle failure is
obtained,

As the compressive strength of concrete increases, the
difference in the strength of aggregates and cements
matrix decrcases and the HSC behaves like a homogenous
material and the stress-strain curve becomes more linear
as compared to NSC, This relatively uniform re-
distribution of stresses leads to sudden failure of HSC.

Duthinh, D., and Carino, N.J,, {21] while dealing with
the problem of shear design of high strength concrete,
pointed out the following facts:

(i) The current provision and empirical equations
used for the shear design are mostly based on
the research carried with concrete of 40 MPa or
less. Again these cquations proposed by
researchers are both complex and difficult to
understand. Hence there is a need to further
simplify these equations for better undersiznding
and easy application by the designars.
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(i1) The minimum shear reinforcement for HSC
beams needs to be rationalized to avoid brittle
failure of the beams and adequate control of the
shear cracks.

(1ii) The relatively little role of the aggregate
interlocking in HSC due to stronger matrix, the
shear friction of HSC can be expected 30-35%
less than the NSC.

(iv) The compression capacity of the cracked web is
reduced due to transverse tension, which is
sometimes referred to as "Softening of concrete”,
and depends on the concrete strength,

The shear capacity of concrete beams without stirrups as
given by ACI-318-06 is as follows [20]:

: Vud
Ve= [Imf Je' + 2500pw7:|bwd <35\ fe'bwd (1)
u
or simply

Ve = (2y/fe')bwdin-lbs units @)

However, no special treatment has been proposed by the
ACI-318 to deal with the above cited problems.

In this rescarch, the effect of shear span to depth a/d
ratio, the longitudinal reinforcement p, on the shear
properties of high strength concrete has been studied.

35 beamshave been tested in this rescarch with five
values of longitudinal steel and seven values of shear
span to depth ratio (p=0.0033,0.0073,0.01, 0.015, 0.020
and a/d = 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0) The beams
have been tested under concentrated load at the mid span.
The details of beams and loading arrangements have
been shown in Fig. 2. The test results and beam failure
mechanism of beams has also been observed. The effect
of longitudinal stecl and shear span to depth ratio has
been studied and theoretical failure values are compared
with the with the provision of ACI-318 .

2, RESEARCH OBJECTIVES AND
SIGNIFICANCE

The research is aimed at addressing the following
questions,

(1) To study the effect of longitudinal steel and shear
span to depth ratio (a/d) on the shear strength of
high strength concrete beams.

(2) To check the adequacy of the ACI-318 Building
Cede Provisions for the shear strength of HSC
beams.

3. MATERIAL

Deformed steel of 60 grade (410 MPa) of nominal sizes
#3 (9.5mm), #4 (12.70mm), 6 (19 mm) and #7 (22mm)
have been used and all beams were cast from the same

<€—— Proving Ring

Hydraulic Loading

FIG 2. TYPICAL SECTION OF BEAMS AND LOADING ARRANGEMENT ARRANGEMENT
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mix design shown in Table 1. The High Range water
Reducers Conforming to ASTM C-494 type F standards
was used at 1.70% by weight of cement to control the
\vater cement ratio. The design strength of 7500 psi (51.71
MPa) was used; however the average concrete strength
was achieved as 8200 psi (56.54 M Pa). The details of
Mix design of Concrete are given in Table 1.

4., OBSERVATIONS OF STRUCTURAL

BEHAYIOR OF BEAMS

The typical section and loading arrangements have been
shown in Fig. 1. When tload is applied and gradually
increased, flexural cracks appear in the beams which are
more or less vertical in nature and mostly concentrated at
the second middle third region of the beam. With further

extends further across the section and meeting the load
pointat the mid span, leading to the Collapse of the beam.
The nominal shear stress at the diagonal tension cracking
at the development of the second branch of inclined crack
is taken as the shear capacity of the beams. The typical
shear failure has been shown in Fig, 3.

5. RESULTS AND DISCUSSION

The failure of the beams is caused either by flexural failure
or shear failure; hence besides the generation of secondary
failure crack, we also need to check the theoretical flexural
capacity of the beams as well. For fc' = 7500 psi, fy = 60
ksi,

As the load P is applied at the midspan, therefore the
midspan bending moment M=PV/4, and

increase of load, secondary branch of crack appears from _AM
the primary cracks developed near the supports, which % Span (n
TABLE 1. MIX PROPORTIONING/ DESIGNING OF HIGH STRENGTH CONCRETE
Material Proportion
Type-1 Cement 1058 |bs/yd’ (628 kg/m?)
Fine Aggregates 815 Ibsyd® (484 kg/m’)
Coarse Aggregates 1900 Ibsfyd’(1128 kg/m?)

HRWR @ 1.7% by weight of cement

18 Ibsiyd3(10.70 ke/m?)

Water @ 0.25 w/c ratio

164.5 Ibslyd3(97.65 kg/m?)

Design Compressive Strength (28 cays)

7500 psi (51,71 MPa)

Actual Average Sirength

(28 days)

8200 psi) (56,54 MPa)

AVOID THE SPLITTING OF BEAM. THE FAILURE IS MORE

! :
| { i ® TR |
i { 5
A% P o S ¥

FIG 3. THE SHEAR FAILURE OF BEAM BS-6, WITHOUT WER REINFORCEMENT. THE BRICK HAS BEEN PLACED UNDER THE BEAM TO

|

BRITTLE AND SUDDEN (p=1.5 %, A/D=5.5 SPAN=8FT-2%)
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For given section and area of steel provided, the flexural
capacity of the beam

Asfy
081

2= Asﬁ{d » 3)
2

Substituting the value of M in equation (1), we get the
ultipmate load

as=

a

P=44sfy d——2—

Span (3)

When the actual failure loads are compared with the
theoretical flexure strength of the beams, as given in
Tables 2-3, it appears that the failure of 21 beams for
p<1%, the failure is mainly caused by the, whereas for 14
beams of p>1%, the failure has been caused due to shear
cracks. It is also witnessed from the crack pattern in the
failed beams shown in Figs. 4-5.

Effect of longitudinal steel and shear span to depth ratio
on the shear stress of concrete:

As discussed in the preceding paragraph, the shear failure
is more prominent when the longitudinal steel p>1%. The
shear stress induced in the beams is worked out by
dividing the failure shear by the effective shear area of
bd. The shear strength are shown in Figs. 6-7.

The actual values and ACI code values are falling in very
close proximity to each other and the coefficient of
variation is 1.04 for the observed values, Hence the
general impression that the ACI-318 code (Table 4) is
conscrvative for the shear strength of beams without
transverse steel is not exhibited by the results,

6. CONCLUSIONS

(1) The failure of the beams with longitudinal steel |
ratio p<1% is mainly caused by the flexure.

(ii) The shear failure is more anticipated in the HSC

beams with p>1%.

The shear failure of HSC beams is sudden and
brittle as compared to NSC beams. Hence great
care is required for shear design of HSC beams.

(iii)

TABLE 2. COMPARISON OF THEORETICAL FLEXURAL CAPACITY OF BEAMS AND ACTUALLY OBSERVED VALUES OF
FAILURE LOAD FOR P<1% FOR 14 BEAMS WITHOUT TRANSYERSE STEEL

Flexural Failure Loads (KN)
Beam Steel Ratio Span
¥ Y Ry
Title (pK%) (em) L Acwal Theory el
Bl-1 0.33 152 3.0 6343 057.20
Bl-2 033 178 35 54.49 049,02
Bi- X 45,18 2
13 943 23 &0 519 bl The theoretical and values are falling very close
Bl-4 0.33 229 4.5 43.06 038,12 and the failure is mainly caused by flexure for
P =200y
BI-5 0.33 254 5.0 37.%0 034.29
Bl-6 0.33 279 5.5 3398 031.18
BI1-7 0.33 308 60 28.87 028.60
B2-1 0.73 152 3.0 110.6 124,10
- B2-2 0.73 178 3.5 102,1 106.40
B2-3 0.73 203 40 93.14 093.10
The failure is mainly caused by flexure as the
B2-4 0.73 229 4.5 84.20 082,73 valdss aro closer
B2-5 0.73 254 5.0 75.62 074.46
B2-6 073 279 5.5 66.54 067.70
B2-7 0.73 305 6.0 48.13 062.05
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) The shear strength of HSC beams increases (vi) The provisions of ACI-318 building code for
with the increase of longitudinal steel as NSC shear design are less conservative for p<1%.
beams. (vii)  The ACI-318 provision for shear strength of

beams without transverse reinforcement are

reasonably correct for p<1% having very little
the increase of shear span to depth ratio. coefficient of variation.

v) The Shear capacity of the beams decreases with

TABLE 3, COMPARISON OF THEORETICAL FLEXURAL CAPACITY OF BEAMS AND ACTUALLY OBSERVED VALUES OF
FAILURE LOADS FOR P>1% FOR BEAMS WITHOUT TRANSVERSE STEEL (21 BEAMS)

Flexural Failure Loads (KN)
Beam Steel Ratio Span u Horsa
| Title (p) %) (em) s Actual Theory
| B3-1 1.0 152 3.0 115.10 167.80
[
B3-2 1.0 178 3.5 11130 14330
| B3-3 1.0 203 2.0 102.60 125.80
I The failure loads are less than the theoretical
Bi-4 1.0 229 45 093.94 111.8C values of flexure loads. Hence the failure has been
sed by shear fail
835 1.0 254 50 085.00 Tk, B N
B3-6 1.0 219 $.S 076.42 091.54
A3-7 1.0 305 6.0 067.34 0R3.89
B4-1 1.5 152 0 195.20 245.50
|
| B4-2 1.5 178 as 185.00 210.50
843 1.5 203 4.0 179.70 184.10 The difference between the observed and
B theoretical values is increasing and as steel, with
B4-4 L3 229 43 15930 163.70 the increase of longitudinal steel and shear failure
B4-S 1.5 254 5.0 14269 14730 |is more obvious
’ B4-6 1.5 279 55 134.60 13390
B4-7 1.5 a0s 6.0 125.00 122.80
‘ BS-1 20 152 30 21630 319.10 ‘
Bs-2 20 178 35 195.5 273.50
B5-3 2.0 203 4.0 188.4 239.30 The difference between the two values is
enormous for sll seven observations, when the
Bs-4 20 229 4.5 161.1 212,70 value ef p=2%, which mean thut the shear failure
is more prominent when the longitudinal steel ratio
BS-$ 2.0 254 5.0 152,5 19140 |is 2% or more
BS-6 20 279 55 1358 174.10
BS-7 2.0 365 6.0 125.0 159,50
1G 4. TYPICAL FAILURE MODE OF THE BEAM B1-1, AT MINIMUM LONGITUDINAL STEEL ANGNO WEB REINFORCEMENT. TYPICAL
i FLEXURE FAILURE DUE CRACKS IN THE MIDDLE THIRD REGION (p=0.33%, A/D=3.00, SPAN=3-0")
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FIG 5. TYPICAL FLEXURAL FAILURE OF BEAM B2-1 WITH QUT WEB REINFORCEMENT AT p<1% (p=0.73%, A/D=3 SPAN=5FT)

Effact of longitudinal steel on the shear capacity of beams without transverss
reinforecement for sane value of a/d
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FIG 6. EFFECT OF LONGITUDINAL STEEL RATIO ON THE SHEAR STRENGTH OF BEAMS WITHOUT STIRRUPS
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TABLE 4. COMPARISON OF THE ACTUAL SHEAR STRENGTH OF THE BEAMS WITH ACI-318 PROVISIONS FOR P21%

Shear Streagth(KN)
“ Beam Title Steel Ratio (p) Span (cm) a/d oral ACI Ver/Vaci
l B3.1 1.0 152 3.0 $57.55 67.08 0.86
B3-2 1.0 178 35 55.9 69.21 0.81
B3.3 1.0 203 4.0 513 68.73 0.75
| B34 1.0 229 4.5 46,97 68.37 0.69
B3.5 1.0 254 5.0 425 68.09 0.62
Bl.6 1.0 279 5.5 38.21 67.87 0.56
| B3-7 1.0 305 6.0 33.67 67.69 0.50
| | B4-1 LS 152 30 9.5 70.72 1.37
! B4.2 1.5 178 as 9177 70.06 1.40
B4-3 1.5 203 4.0 94.21 69.52 1.36
B4 1.5 229 4.5 80.55 69.12 1.17
B4.S 1.5 254 5.0 76.28 68.81 L1l
B4-6 15 279 5.5 67.79 68.54 0.99
B4.7 1.5 ans 6.0 62.54 68.32 0.92
BS-1 20 152 3.0 97.59 72.50 1.35
BS-2 2.0 178 35 92.52 7.57 1.29
B5-3 2.0 203 . 4.0 89.85 70.86 1.27
BS-4 2.0 229 4.5 79.66 70.28 1.13
B5-5 2.0 254 5.0 ' 71.35 69.83 1.02
BS5.6 20 279 55 67.30 69.48 0.97
BS-7 2.0 305 6.0 62.54 69.17 0.90
Mean 0.96
Standard Deviation 1.00
CoV 1.04
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