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Abstract

Currently, there is no general agreement on a theory describing the response of reinforced
concrete members without web reinforcement. Many structural systems rely on design is usually
performed using empirical or semi-empirical expressions provided by codes of practice that do
not consider the influence of many governing parameters. In this paper, a comparison between
values of current experimental shear strength and those of various international design
approaches have been calculated and analyzed on 18 simple span HSRC deep beams without
web reinforcement were tested under monotonic two point loads at the mid span to examine the
contribution of various parameters on the shear capacity of HSRC beams like; f.,=60 MPa, three
values of tension reinforcement (0.73%,1.21% &1.83%) and shear span to effective depth ratio (
2,1.5 &1) were selected to mainly study the behavior of deep beams, where typical shear failure
can be anticipated.

Keywords: deep beams, HSC, tension reinforcement ratio, shear span to effective depth ratio and shear strength.

. Introduction

There is a general agreement among the researchers in the field of Structural Engineering and
Concrete Technology that the shear strength of HSRC beams, unlike the Normal Strength
Reinforced Concrete (NSRC) does not increase, in the same proportion as the increase in the
compressive strength of concrete, due to brittle behavior of the High Strength Concrete. Hence
the current empirical equations proposed by most of the building codes for shear strength of
HSRC beams are less conservative as compared to the Normal Strength Reinforced Concrete
(NSRC) beams. This major observation by the researcher is the main focus of this research.
Extensive research work on shear behavior of normal as well as high-strength concrete beams
has been carried out all over the world. The major researchers include Ferguson [11],

Taylor [12], Cossio [13], Berg [14], Mathey and Watstein [15], Zsutty [16], Kani [17], Elzanaty
[18], Roller and Russel [19], Ahmad and Lue [20], Barrington[21], Shin et al. [22], Kim and
White [23], Tompos and Frosh [24], Ahmad [25], Reineck [26], and many more [27-46]. Despite
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the extensive research work, shear behavior of high-strength reinforced concrete beams is still
controversial and needs further research.
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In this paper, shear span to effective depth ratio, tensile steel ratio and beam size effect were the
main variables considered.
A. Shear Span to Effective Depth Ratio (a/d)

Many researchers have shown that failure mode is strongly dependent on the shear span to depth
ratios (a/d). Berg [13] finds increase in shear capacity with decrease of a/d ratio. However
Ferguson [10] describes this increased resistance to diagonal tension with small a/d, a local
loading effect due to direct transfer of load to supports through concrete compression. Taylor
[11] found increase in diagonal cracking load with increase in shear span for concrete
compressive strength up to 27.59 MPa.

B. Tensile Steel Ratio (p%)
The shear strength of a beam increases with increase in longitudinal steel ratio. Barrington [21]
confirmed a strong relationship between cracking shear and steel ratio in lightly reinforced
beams having steel ratio < 0.015. Berg [14] found a highly significant correlation between the
nominal shear strength and the percentage tension reinforcement. Ahmad and Lue [20] carried
out a research and found that for very low steel ratios, the relative flexural strength increases as
the tensile steel ratio decreases.

C. Beam Size Effect

the basic theory of size effect in the shear failure of reinforced concrete beams was formulated
more than two decades ago and experimental evidence has become great, ACI 318-14 Code has
not adopted size effect provisions for beams of depths d up to 0.6 m and even 1 m. The ACI-
445F database [26] for shear strength of longitudinally reinforced concrete beams with no
stirrups (ACI Committee 445), obtained mostly under three or four-point bending (beams under
distributed load are excluded), has a bias of two types: 1) crowding of the data in the small size
range: 86% of the 398 data points pertain to beam depths less than 0.5 m and 99% to depths less
than 1.1 m, whereas only 1% of data pertains to depths from 1.2 to 2 m; and 2) strongly
dissimilar distributions, among different size intervals, of the subsidiary influencing parameters,
particularly the longitudinal steel ratio, shear span ratio (a/d).

Il.  Experimental Work
After the text edit has been completed, the paper is ready for the template. Duplicate the template
file by using the Save As command, and use the naming convention prescribed by your
conference for the name of your paper. In this newly created file, highlight all of the contents and
import your prepared text file. You are now ready to style your paper; use the scroll down
window on the left of the MS Word Formatting toolbar.
A. Test Specimens
Eighteen high strength reinforced concrete deep beams, two groups; nine deep beams each,
without web reinforcement, summarized in Table 1 and dimension details shown in Fig. 1, was
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tested. the first group h=700 mm, 3600 mm length, the second group h=400 mm, 3000 mm
length, and all groups with three values of tensile reinforcement (0.73%,1.21% &1.83 %) and
three values of shear span to effective depth ratio (2,1.5 &1) were selected to mainly study the
behavior of short beams, where typical shear failure can be anticipated. These beams were tested
under monotonic two point loads at the mid span to examine the contribution of various
parameters like longitudinal steel, shear span to depth ratio, and beam span, on the shear capacity
of HSRC beams.

Fig. 1 Details of Specimen

B. Materials

The beams are constructed using concrete provided by a local ready-mix supplier. The concrete
mix was placed in the forms and vibrated to ensure workability of the concrete. Concrete
cylinders 150300 mm are cast during casting the beams and cured under the same conditions, at
room temperature for 28 days, as the tested beams. The concrete strength was monitored by
compression testing of the cylinders. The strength of the concrete ranged from 48 MPa to 52
MPa with an average value of 50 MPa at the age of 28 days. Four diameters of high strength
deformed bars 10, 12, 14, 18, and 20 mm and of 765, 650, 670, 670, and 670 MPa proof
strengths respectively were used for longitudinal reinforcement. 8 mm plain bars were used for
transverse reinforcement.

C. Test Procedure
Each specimen was tested as a simply supported beam under four point loading, Fig. 2. Two
point loads were applied by hydraulic jacks in a load frame. In testing, four LVDT was
calibrated, two at middle of span and one at each of middle of shear span. Specimens were
loaded at a constant rate and deflection was recorded. The cracks and crack pattern was noted at
each increment of load. The test was continued in the same manner until the specimen failed. On
the day of testing, all cylinders were also tested in accordance with ASTM C39-86.
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Fig. 2 Test setup of Specimens

I11.  Results and Discussions

A. Results
The measured load, deflection, crack development and failure of each of the eighteen tested
specimens were recorded. Cracks were marked on each of the beams throughout testing to
failure. All the calculations have been done based on the compressive strength of concrete
cylinders. Moreover, the shear strength of the concrete beams has been calculated using different
design approaches and compared with the experimental results. The tests results for the
experimental program are summarized in Table 2; numbering and beam designation refer to
beam depth, shear span to effective depth ratio, concrete comp. Strength and reinforcement
model.

B. Mode of failures
Four failure modes are identified, Fig. 3, diagonal splitting (shear) failure, shear-flexure failure,
flexure and shear compression failure. The diagonal-splitting failure, characterized as shear
failure, is brittle, sudden and hence treacherous. A critical diagonal crack joining the loading
point at the top and support point at bottom is developed. In the shear-compression mode of
failure, a/d =1.5, after the appearance of the inclined crack, the concrete portion between the top
load point experiences high compression and it then finally fails. This mode of failure is equally

a brittle mode of
failure. The
shear- flexure
mode of failure is
the
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combined failure in shear and flexure. Flexural cracks are formed followed by the partly
diagonal crack. This is ductile mode of failure in which the beam deflects at the center and no
explosive sound was heard at the time of failure.
C. Load-Deflection Curves

The load-deflection responses of all the beams appear to be non-linear. The deflection increases
at beginning linearly then trend be non-linear with loading. Some of the load deflection curves
have been given in Figs.4 & 5 —a) ,b) show the mid-span & mid-shear span deflections against
the applied loads for beams having varying steel ratio of ps % and constant a/d ratios. The load-
deflection curves for beams with a/d = 1 are steeper than those with a/d of 1.5 and 2. The
deflections at ultimate loads of beams with a/d of 1.5 and 2 are greater than those when a/d = 1.
Thus stiffness, as represented by the load deflection curves, reduces as a/d increases. The
ultimate load decreased as the a/d increased. This is due to the strut and tie action (tied-arch
action) effect which becomes greater as the a/d gets smaller.

Fig. 3 Failure modes of some tested beams
a) at mid-span b) at mid-shear span
Fig.4 Load-Defl. relationship for Beams 1,2 & 3

a) at mid-span b) at mid-shear span
Fig.5 Load-Defl. relationship for Beams 10,11 & 12

D. Effect of (a/d) on Vtest
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depth a/d ratio has a strong influence on the shear strength of HSRC beams like NSRC beams.
The shear strength decreases with the increase of a/d values for the same longitudinal steel. The
increase in shear span increases the number of cracks formed and as result more cantilever force
applied at the cracked concrete, reducing the shear strength of concrete to greater extent. The
effect of a/d values on the shear strength of HSRC beams has been shown in Fig.6 a), b).

a) B1-BY b) B10-B9
Fig. 6 (V es-a/d)

E. Effect of (p%) on Vi

The tests have demonstrated that the beams reinforced with higher ps % exhibited fewer strains
in the longitudinal steel than those reinforced with lower ps % due to increases in the ultimate
shear capacity and reduces the deflection. An increase was recorded in values of Viest /V coge aS
the steel percentage was increased, Table 3&4. The increase is mainly due to the dowel action
which improves with the amount of longitudinal steel crossing the cracks. Hence, it may be
noted that the tensile reinforcement significantly affects the deflection of a beam, thus this is the
most important parameter in controlling deflections of HSC beams as be shown in Fig. 7(a),(b).
The shear carrying capacity of HSC beams was observed to decrease at a greater rate with the
increase in a/d ratio, and thereafter a gradual decrease was noted. Fig. 8 (a) to (f) shows the
variation in Vexp/V code With a/d ratio for different tensile steel ratios.

a) B1-B9 b) B10-B9
Fig. 7 (V es-a/d)

a) h=400mm,ps%=0.73

1400 I 900 -
- - =0.
Vtest - a/d, p=0.74 200 4

—=—\Vtest - ald, p=0.74
1200 p=01.82 p=01.82 ——Vlest - ald, p=0.1.22

—+—Vtest - ald, p=0.1.22 700
1000
"PQZZ\ Vtest - a/d, p=1.82 600 |
800 1 ' | Z 500+
0,74 =
500 - — | 5 400

> 300
0 Vpred / Vexsp—a/dfor  h5400 mm , ps%=0.73 i

200 0w Vecp/Vexp, ps%=0.73 100

0 +— Tard 1V, 05— ———HN 0 - . ' T T 'J/x- ' - . . r .
05 05 07 g ==Vaci/Vexp, ps%=0.73 19 2 24 05,06 0.7 08 08 .ﬁ/*.at 15 16 1.7 1.8 19 |2 241
. . a
o

epmVcsa/Vexp, ps¥=0.73

Vtest - ald, p=1.82

Viest (KN)

1400 == 1800
1 gl —_—
g 12 VebTe Viip/Vexp, ps%=0.73
==\Vtegls py afd=1
’sin/V %=
1000 "“::; Viest. o == Vsip/Vexp, ps%=0.73
= ot - v is/Vi 0=
Zow | & = ===V zararis/Vexp, ps®%=0.73
% 600 - ] Vbazant/Vexp, ps%=0.73
z 0431 Vzsutty/Vexp, ps%=0.73
400 5
05-2 VrussoVexp, ps%=0.73
200 nan
0.1+ Vshah/Vexp, ps%=0.73
0

05 06 DOTOU.B 09 1 114 12 13 14 15 16 1.7 18 1972 05 06 07708 09 1 1..1 1.2 1;'3 1.4 1;5 1.6 1.7 1.8 1.
0 % 0.5 1 o 15 o% 2 2.5



Proceedings of the 11™ ICCAE-11 Conference, 19-21 April, 2016

Vpred / Vexp - a/d for h=400mm , ps%=1.21

CS

12
Vecp/Vexp, ps%=1.21
104 —®—Vaci/Vexp, ps%=1.21 )(
eV csa/Vexp, ps%=1.21 /
§ 084 —=—Viip/Vexp, ps%=1.21 - &
E =i Vsip/Vexp, ps%=1.21 / /
i 0.6 7 ==V zararis/Vexp, ps%=1.21 ~ o /
- 0.4 ==t==Vbazant/Vexp, ps%=1.21
) Vzsutty/Vexp, ps%=1.21 x’_/ /
0.2 - Vrusso/Vexp, ps%=1.21
Vshah/Vexp, ps%=1.21
0.0 T T T T
0 0.5 1 a/d L5 2 25
b) h=400mm,ps%=1.21
L0 Vpred / Vexp - a/d for h=400mm , ps%=1.83
0- 0 . Vecp/Vexp, ps%=1.83
0.8 - == Vaci/'Vexp, ps%=1.83 /
0.7 || =—¢=Vcsa/Vexp, ps®%=1.83 /
e | —#=Vfip/Vexp, ps%=1.83 _
0.6 - e p —
= 0.5 = Vsip/Vexp, ps%=1.83 F—X
— . b -
= ==fe=Vzararis/Vexp, ps%=1.83
S 0.4 ’ ~
§. 0.3 =0-Vbazant/Vexp, ps%=1.83 i
) Vzsutty/Vexp, ps%=1.83 /.
0.2 -
Vrusso/Vexp, ps%=1.83
0.1 1 Vshah/Vexp, ps%=1.83
0-0 T T T T
0 0.5 1 a/d 1.5 2 2.5
¢) h=400mm,ps%=1.83
Vpred / Vexp - a/d for h=700 mm , ps%=0.73
L4
Vecp/Vexp, ps?=0.73
1.2 | e=l==Vaci/Vexp, ps%=0.73
10 4 == csa/Vexp, ps%=0.73
o ==te=V{ib/Vexp, ps%=0.73
i
S 0.8 9| —==Vsip/Vexp, ps®%=0.73
H‘;‘, 0.6 eV zararis/Vexp, ps%=0.73
5 -0 g
>& ==0==Vbazant/Vexp, ps%=0.73
04 7 Vzustty/Vexp, ps%=0.73
0.2 - Vrusso/Vexp, ps%=0.73
Vshah/Vexp, ps%=0.73
0.0 T T T T
0 0.5 1 a/d 15 2 2.5

d) h=700mm,ps%=0.73



Proceedings of the 11™ ICCAE-11 Conference, 19-21 April, 2016

Vpred / Vexp - a/d for

b=700 mm ., ps%=1.21

CS

1.2
Vecp/Vexp, ps%=1.21
1.0 7 =l=Vaci/Vexp, ps%=1.21 -
—4=—Vcsa/Vexp, ps%=1.21 /
0.8 Viip/Vexp, ps%=1.21 S
>§ 0.6 - —===Vsip/Vexp, ps%=1.21 =
77 | =#=Vzararis/Vexp, ps%=1.21 //
2 044 Vbazant/Vexp, ps%=1.21 — L
. Vzsutty/Vexp, ps%=1.21 /
0.2 Vrusso/Vexp, ps%=1.21 — =
Vshah/Vexp, ps%=1.21
0-0 T T T T
0 0.5 1 a/d 1.5 2 2.5
e) h=700mm,ps%=1.21
» Vired / Vegp - a/d for  h=700 mm , ps%=1.83
’ Vecp/Vexp, ps?%=1.83
1.2 § == Vaci/Vexp, ps%=1.83
——Vcsa/Vexp, ps®%=1.83 /
e 1.0 >
>§ Vip/Vexp, ps%=1.83 /
- 0.8 q ==—Vsip/Vexp, ps%=1.83
=
Eﬁ_ «=te==\Vzararis/Vexp, ps%=1.83 / e
e 0.6 - /
Vbazant/Vexp, ps%=1.83 / \z/—""' A
0.4 1 Vzsutty/Vexp, ps%=1.83 )K/ =
Vrusso/Vexp, ps%=1.83 s »
2 f’
02 Vshah/Vexp, ps%=1.83 &
0.0 . . . .
0 0.5 1 a/d 15 2 25

f) h=700mm,ps%=1.83
Fig- 8 (Vpred/Vtest 'a/d)

Comparison of the experimental results with ACI, Canadian, FIP, and the equations proposed
by SIP, Zararis, Bazant, Zsutty, Russo, and Shah show that the a/d ratio significantly effects the
shear carrying capacity and mode of failure of the tested beams. The shear strength of the beams
decreases on increasing the shear span to depth ratio (a/d), where shear strength increased as
compared to the various design approaches and brittle failure of the beams was observed.

It can be observed that the average values of Vexp/Vcode increases steadily with increasing in
longitudinal reinforcement ratio, which shows that, there is a pronounced effect of tensile steel
on the ultimate load and shear capacity of members without shear reinforcement. For a constant
value of a/d ratio, the relative flexural strength decreases and failure load increases with an
increase in longitudinal reinforcement ratio therefore, quantitative effect of tensile steel was
observed on shear capacity of reinforced concrete beams.

ACI 318-14 shows underestimate on shear capacity of a beam without web reinforcement,
where experimental results show that the tensile steel has significant effect on shear carrying
capacity. Also, it can be observed that the current ACI shear provision is unconservative for HSC
beams without web reinforcement with lower values of longitudinal reinforcement ratios. It can

8
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be observed that Canadian and FIP codes also underestimate the shear strength of reinforced
concrete beams for lower a/d ratios up to 2, and thereafter overestimate.
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IV.  Conclusion
In this study eighteen HSRC deep beams were tested to evaluate the contributions of a/d and

ps% on the global behavior in shear. Based on the experimental results obtained, the following
conclusions are drawn:

1)

2)

3)

4)

5)

6)

7)

8)

HSRC deep beams without stirrups exhibit a brittle behavior;

The mode of failure was significantly altered by changing the beam depth. Sufficient
ductility was achieved in small size beams, whereas relatively very high brittleness
was observed in large size beams.

The failure in most of the beams has been caused due to diagonal tension cracking;
however it was more dominant failure mode for beams without web reinforcement and
having p=1.21&1.83%. For beams with p=0.73%, flexural shear failure was obvious
failure mode.

For beams have large values of longitudinal steel, the shear failure is more brittle and
sudden, giving no sufficient warning.

An increase in longitudinal steel ratio increases the ultimate shear capacity and
reduces the deflection at mid-span; an increase of 73% was recorded between beam
B700-1-50-r1 and beam B700-1-50-r3 where the steel percentage increased from 0.73
to 1.83%;

Ultimate load decreases as a/d increases. In the same manner, mid-span deflections at
ultimate load increase as the values of a/d increase; flexural behavior is more
associated with a beam action as a/d increases.

The three major code provisions for shear in HSC are safe for use with the exception
that CSA should be used with care, it might have a tight safety margin against brittle
shear failures;

The different design equations considered in this study do not accurately reflect the
increase in shear capacity of beams with shorter shear spans (a/d = 1.5). Most of the
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design models are excessively conservative, and the code predictions only seem to be
more accurate as a/d increases beyond a value of 2.0.
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NOTATIONS

a = Shear span, distance between concentrated load and face of support, in mm
ap, = distance between two concentrated loads , in mm

a, = distance between end of beam and face of support, in mm

b = Beam width, in mm

d = Effective beam depth, in mm

d, = maximum aggregate size, in mm

f’¢ = Cylindrical compressive strength of concrete, in MPa

ps = Ratio of Longitudinal reinforcement ratio; = As /bd

S, = distance between two stirrups under concentrated loads, in mm
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TABLE 1. Specimen Details

No Des? g 2er3ion mhm mam d a/d | an ar S| T mLm (‘:’2) fKC;V
1 B700-2-50-r1 700 1224 660 2 500 | 326 200 | 1] 3600 | 0.73 51.8
2 B700-2-50-r2 700 1224 660 2 500 | 326 200 | 2] 3600 | 1.21 51.8
3 B700-2-50-r3 700 1224 660 2 500 326 200 3| 3600 1.83 51.8
4 B700-1.5-50-r1 700 918 660 15 | 1100 | 332 800 | 1] 3600 | 0.73 51.8
5 B700-1.5-50-r2 | 700 918 660 15 | 1100 | 332 800 | 2| 3600 | 1.21 51.8
6 B700-1.5-50-r3 700 918 660 15 | 1100 | 332 800 3| 3600 1.83 51.8
7 B700-1-50-r1 700 1600 660 1 674 | 326 | 1000 | 1| 3600 | 0.73 51.8
8 B700-1-50-r2 700 1600 660 1 674 | 326 | 1000 | 2 | 3600 | 1.21 51.8
9 B700-1-50-r3 700 1600 660 1 674 326 | 1000 | 3 | 3600 1.83 51.8
10 B400-2-50-r1 400 670 360 2 1000 | 330 800 1| 3000 0.73 48.35
11 B400-2-50-r2 400 670 360 2 1000 | 330 800 2 | 3000 121 48.35
12 B400-2-50-r3 400 670 360 2 1000 | 330 | 800 | 3| 3000 | 1.83 48.35
13 | B400-1.5-50-r1 400 502.5 360 1.5 | 1300 | 348 | 1000 | 1 | 3000 0.73 48.35
14 | B400-1.5-50-r2 400 502.5 360 1.5 | 1300 | 348 | 1000 | 2 | 3000 121 48.35
15 | B400-1.5-50-r3 | 400 502.5 360 15 | 1300 | 348 | 1000 | 3| 3000 | 1.83 48.35
16 B400-1-50-r1 400 335 360 1 1600 | 365 | 1000 | 1 | 3000 0.73 48.35
17 B400-1-50-r2 400 335 360 1 1600 | 365 | 1000 | 2 | 3000 | 1.21 48.35
18 B400-1-50-r3 400 335 360 1 1600 | 365 | 1000 | 3 | 3000 | 1.83 48.35

TABLE 2. COMPARISON OF VTEST RESULTS WITH PROPOSED EQUATION AND SHEAR DESIGN EQUATIONS
Beam Test Beam Shear Strength (KN)

N 0. Des I g n atl on VACI VCSA VFIB VSIP VZarnn‘s Vanant VZsu!ty VRIISSO VShﬂh VTest
1 B700-2-50-r1 | 197.7 | 2333 | 1434 | 3472 | 2849 | 1231 | 2776 | 1338 | 2069 | 2810
2 B700-2-50-r2 | 205.0 | 2333 | 1697 | 4470 | 2053 | 1464 | 3285 | 181.9 | 2471 | 4985
3 B700-2-50-r3 | 2144 | 2333 | 1047 | 5408 | 3013 | 1690 | 3771 | 2359 | 2089 | 4609
4 B700-15-50-r1 | 201.4 | 2333 | 1541 | 4009 | 3050 | 1259 | 4073 | 1951 | 2241 | 5035
5 B700-1.5-50-r2 | 2111 | 2333 | 1823 | s162 | 3161 | 1510 | 4821 | 2752 | 2642 | 6990
6 B700-15-50-r3 | 223.6 | 2333 | 2002 | 6348 | 3225 | 1787 | 5533 | 3675 | 3161 | 6441
7 B700-1-50-r1 | 1951 | 2333 | 1341 | 3037 | 3251 | 1504 | 2675 | 3345 | 2412 | 7218
8 B700-1-50-r2 | 200.7 | 2333 | 1587 | 391.0 | 3370 | 2000 | 3166 | 3677 | 2814 | 9745
9 B700-1-50-r3 | 207.9 | 2333 | 1821 | 4808 | 3438 | 2621 | 3634 | 6664 | 3333 | 12462
10 B400-2-50-r1 | 107.8 | 1273 | 880 | 1801 | 1753 | 673 | 1967 1129 | 2081
11 B400-2-50-r2 | 111.8 | 1273 | 1041 | 2434 | 1817 | 800 | 1785 | 1177 | 1348 | 2257
12 B400-2-50-r3 | 116.9 | 1273 | 1195 | 2993 | 1854 | o926 | 2049 | 1527 | 1631 | 3723
13 B400-15-50-r1 | 109.8 | 1273 | 945 | 2183 | 1813 | 691 | 2214 | 1263 | 1222 | 2804
14 B400-15-50-r2 | 1151 | 1273 | 1118 | 2811 | 1879 | 837 | 2620 | 1781 | 1441 | 4430
15 B400-15-50-r3 | 121.9 | 1273 | 1284 | 3456 | 1427.7 | 990 | 3008 | 2379 | 1724 | 5377
16 B400-1-50-r1 | 1138 | 1273 | 1046 | 2674 | 1873 | 855 | 3802 | 2165 | 1316 | 4314
17 B400-1-50-r2 | 121.7 | 1273 | 1238 | 3442 | 1941 | 1158 | 4499 | 3154 | 1535 | 5880
18 B400-1-50-r3 | 131.9 | 1273 | 1421 | 4233 | 1980 | 1545 | 5164 | 4313 | 1818 | 7652
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