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Abstract— Shear capacity of concrete (V.) in reinforced concrete members depends on a number
of influencing parameters including compressive strength of concrete (f), ratio of tension
reinforcement (p), shear span to depth ratio (3), size effect or depth factor (£), size of the aggregate
in relation to the minimum size of the member (aggregate interlock aspects). Over the last several
decades, researchers have tested reinforced concrete beams (without web reinforcement) to study
these parameters over a range limited by the breadth and depth of their experimental investigations
and, on the basis of their experimental results, proposed empirical equations for predicting the
shear capacity of concrete in reinforced concrete beams.

In this paper a relational database using ACCESS software is developed. The database
contains experimental results of 2145 shear critical reinforced concrete beams without web
reinforcement.

Using the ACCESS shear database developed in this study, an evaluation was conducted to
assess the predictive accuracy of shear design equation of Euro Code EC2. The results indicate
that the Euro Code EC2 design equations are found to be adequately conservative to predict the
shear capacity of reinforced concrete beams over the range of variables considered in this study.
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1. INTRODUCTION

Extensive research has been carried out in the area of shear strength of reinforced concrete [1-19],
however, there is no consensus among researchers regarding the relational theory for shear failure as in the
case of flexure.

Over the years, researchers have selected different influencing parameters in their empirical
expressions (on the basis of the variable considered in their experimental program) and also because there
is no general theory or approach accepted for predicting the ultimate shear capacity of reinforced concrete
beams without web reinforcement. This has been stated in the two state- of-the art reports published by
joint ACI-ASCE Committee 445[20] and CEB Bulletin 237 [21]. These empirical equations are derived
from set of reinforced concrete beams without web reinforcement and are limited by the range of variables
considered in their respective experimental programs.

In this study a relational database is developed and populated with test data of shear critical
reinforced concrete beams without web reinforcement. The database is populated with the experimental
results of 157 [22-27] shear critical reinforced concrete beams (without web reinforcement) that were
tested between 2002 and 2009. The database is further populated with experimental results of 439
reinforced concrete beams (without web reinforcement), tested prior to 2002, contained in the Database of
Karl-Heinz Reineck et al [28] and 1849 reinforced concrete beams (without web reinforcement), tested
prior to 2002, contained in the database of Michael P. Collins et al [29].
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Since there is no consensus regarding an accepted theory for predicting the shear failure of reinforced
concrete beam as in case of flexural failure, Codes of practice provide empirical equations for estimating
the shear strength of reinforced concrete. Euro Code of practice EC2 [30] also provides empirical
equation to predict the shear capacity of reinforced concrete beams. Using the ACCESS shear database, an
evaluation was conducted to assess the predictive accuracy of shear design equation of Euro Code EC2.
The results indicate that equation in the Euro Code EC2 is adequately conservative to predict the shear
capacity of reinforced concrete over the range of variables considered in this study.

2. CRITERIA FOR SETTING UP THE ACCESS SHEAR DATABASE

The shear capacity of concrete (V,) in reinforced concrete beams without web reinforcement is influenced
by number of parameters including the major influencing factors such as compressive strength of concrete
(f”,), shear span to depth ratio (g), ratio of tension reinforcement (p), size effect or depth factor (&), size of
the aggregate in relation to the minimum size of the member (aggregate interlock aspects).

The purpose of developing the ACCESS shear database was to collect in one place the test results of
reinforced concrete beams without web reinforcement, so that it can be used not only for evaluating the
design equations in the Codes [30, 31], but could also be used for accessing the predictive index (Vi
/V ) of proposed empirical equations for predicting the shear strength of reinforced concrete beams. The
shear database can also be used for possible development of a comprehensive empirical equation for
estimating the shear strength of reinforced concrete beams.

In the shear database, fields are allocated for storing the experimental information for 6 major
influencing factors, concrete compressive strength f’,, shear span to depth ratio (%), ratio of tension
reinforcement (p), width (b) and depth of beam (d), and measured ultimate shear load (V,). These six
parameters also form the basis of the number of empirical equations proposed in the literature [32-36]
since the 1960’s for estimating the shear capacity of concrete (V.). The information on the depth of the
beam (d) could be used to study the size effect or the depth factor (§). Using the ACCESS shear database
an empirical equation was proposed [37] to predict the shear capacity of deep beams.

3. DEVELOPMENT OF SHEAR DATABASE

The ACCESS data base developed has 8 fields, one field for  authors name along with year of
publication, one field for beam designation, and 6 fields for storing the experimental information for 6
major influencing factors. The factors used in the database are concrete compressive strength f ’, shear
span to depth ratio (%), ratio of tension reinforcement (p), width (b) and depth of beam (d), and measured
ultimate shear load (V).

The database is populated with test data for reinforced concrete beams without web reinforcement
and tested under the typical two point load arrangement. The data in the ACCESS Shear database is in SI
units.

The ACCESS Shear database developed in this study is initially populated with test results of 157
[22-27] reinforced concrete beams without web reinforcement tested from 2002 to 2009. The 157 beams
that were used initially in the development of the ACCESS shear database have an effective depth of 300
mm and have high strength concrete. Out of these 157 test beams, 35 beams have width of 230 mm and
the rest have a width of 150mm. The ratio of tension reinforcement (p) is < 2% and the shear span to
depth ratio (a/d) varies between 1 and 6. The database was further populated with published test results of
439 reinforced concrete beams without web reinforcement, contained in the database of Karl-Heinz
Reineck et al [28] and 1849 reinforced concrete beams without web reinforcement contained in the
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database of Michael P. Collins et al [29]. Thus the experimental data and results of 2145 reinforced
concrete beams without web reinforcement are contained in the ACCESS shear database.

Of the 2145 reinforced concrete beams without web reinforcement in the database, 1959 beams are
simply supported rectangular reinforced concrete beams, 8 are continuous reinforced concrete beams and
178 are T- beams. The database contains test data of 1478 beams with % < 2.5, and 667 beams With% >
2.5. There are 629 beams with high strength concrete (f 7. > 40MPa) and 1516 beams with normal
strength concrete (f 7, < 40MPa).

Figures 1 to 4 show the number of beams included in the ACCESS shear database for each of the
major influencing parameters, i.e. concrete compressive strength f 7, shear span to depth ratio % , ratio of
tension reinforcement p, and effective depth (d).

f'c> 100

80<f'c<100

70<f'c<80

Compressive

Strength(f'c
MPa)

60<f'c<70
50<f'c<60
40<f'c<50

30sf'c<40

f'c< 30 993

0 200 400 600 800 1000 1200

Number of beams

Fig. 1. Data of number of beams for various f /. included in the ACCESS shear database
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Fig. 2. Data of number of beams for various a/d included in the ACCESS shear database
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Fig. 3. Data of number of beams for various p included in the ACCESS shear database
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Fig. 4. Data of number of beams for various d included in the ACCESS shear database

4. MAJOR INFLUENCING PARAMETERS

In order to study the influence of major parameters on shear strength of reinforced concrete beams, a
dimensionless factor termed (ESI), experimental shear index (v = de' is used. Figures 5 to 8 show the
effect of concrete compressive strength f 7, shear span to depth ratio g , ratio of tension reinforcement p
and effective depth d on the experimental shear index (ESI).

Figure 5 shows the effect of concrete compressive strength f . on the ESL. Out of 2145 beams, 1520
(71%) beams are with normal strength concrete (f 7, < 40 MPa) and 625 (29%) beams are with high
strength concrete (f 7> 40MPa). From Fig. 5 it can be seen that ESI decreases non-linearly with increase
in concrete compressive strength f /. thus indicating that the shear force V does not increase linearly with

increase in concrete compressive strengthf 7.
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Fig. 5. Influence of f’, on ESI for various d, p and a/d

Figure 6 shows the effect of shear span to depth ratio% on the ESI. Out of 2145 beams, 743 (35%)
beams are for shear span to depth ratio % < 2.5 and 1492 (65%) beams are for shear span to depth ratio
% >2.2. From Fig. 6 it can be seen that ESI decreases non-linearly with increase in shear span to depth
ratio - thus indicating that the shear force V does not increase linearly with increase in shear span to
depth ratio % . The increase in ESI for beams with lower shear span to depth ratio % may be attributed to
the beneficial influence on the ultimate shear capacity due to direct compressive force path associated with
arch action.
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Fig. 6. Influence of a/d on ESI for various d, f 7, and p
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Figure 7 shows the effect of ratio of tension reinforcement p on the ESI. Out of the 2145 beams,
1266 (59%) beams are with p < 2%, and 879 (41%) beams are with p > 2%. From Fig. 7 it can be seen
that there is no obvious trend in the variation of ESI with the change in the ratio of tension reinforcement

p.
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Fig. 7. Influence of p on ESI for various d, f /. and a/d

Figure 8 shows the effect of effective depth of beam (d) on the ESI. Out of 2145 beams, 1548 (72%)
beams are with effective depth (d) < 300mm, 597 (28%) beams are with effective depth (d) > 300mm.
From Fig. 8 it can be seen that the ESI decreases with the increase in the effective depth (d) of beam. This

indirectly shows the size effect on the shear capacity of reinforced concrete beams. The larger the depth

of the beam, the smaller the value of ESI, indicating a relative reduction in the shear capacity of concrete

with increase in the depth of the member. It is also noted that for beams with concrete compressive

strength f /. > 40 MPa, the values of ESI are relatively smaller as compared to ESI values for beams with

concrete compressive strength f 7. <40 MPa.

February 2015

1JST, Transactions of Civil Engineering, Volume 39, Number C1



58 S. F. A. Rafeeqi et al.

2145 test beams with different f'c, p and a/d

0.40

0.35 +

0.30 - @ £c<40MPa, p<2&a/d<2.5

0.25 X fc<40MPa, p<2&a/d>2.5
ESI= Vtest/bdf fc<40MPa, p>2&a/d<2.5

0.2

'c

f'c<40MPa, p>2&a/d>2.5
0.15 - Afc>40MPa, p>2&a/d<2.5

fc>40MPa, p>2&a/d>2.5
0.10

fc>40MPa, p<2&a/d<2.5

0.05 *fc>40MPa, p<2&a/d>2.5

0.00
0 500 1000 1500 2000

Effective depth (d)mm

Fig. 8. Influence of d on ESI for various f 7, p and a/d

5. COMPARISON WITH DESIGN EQUATION
a) Euro code EC2

The design equation in Euro Code EC2 (Eq.6.2a) for predicting the shear capacity of reinforced concrete
beams without web reinforcement is:

V= (° 2 K(100p,fe) /3 + 0.150, ) bd Sl units (EC2 Eq.6.2.a)
Vinin = (0.035k /27, 72 )bd

Where
Y. = material constant,

200
k=1+ ’TSZ’

p;= longitudinal steel ratio

0¢p = Axial stress in case of pre-stressed members.
fer = Concrete characteristic strength

b= width of beam

d= depth of beam

In order to evaluate the predictive accuracy of Euro Code EC2 Eq. (6.2.a), 1034 test beams with
effective depth d = 200 mm, concrete compressive strength f’< 106 MPa and ratio of tension
reinforcement p < 0.02 were selected from ACCESS r database. The variable k and f,; in Euro Code
EC2 Eq. (6.2.a) must satisfy the relations k = 1 + ﬂ < 2 and f., < 100 MPa respectively. For the
Euro Code EC2 Eq. (6.2.a), material constant y, has been taken as 1.40 [38] characteristic cylinder
strength f¢; as per Reineck [28] is taken equivalent to concrete cylindrical strength as f=f 7.-1.60 MPa,
and the term 0.150;, is taken as zero because all the beams that were used for evaluation are non-
prestressed reinforced concrete beams.

In order to evaluate the predictive accuracy of Euro Code EC2 Eq. (6.2.a), 928 reinforced concrete
beams with shear span to depth ratio ( > 1.0) and 108 reinforced concrete beams having shear span to
depth ratio ( < 1.0) were selected from ACCESS shear database. Figure 9 shows the plot of the measured
ultimate shear force (Vep) and predicted ultimate shear force (Vpe)eco, along with the threshold line
(Vexp/Vpre = 1). Out of 928 test reinforced concrete beams, 840 (90.5%) test results were above this
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threshold line and 88 (9.5%) of the results were below this threshold line. The average (VEXP)ECZ termed

Margin of Safety for all the 928 reinforced concrete beams without web reinforcement havzfrrleg shear span
to depth ratio §> 1.0 comes out to be 1.77 as shown in Table 1 which shows the summary of the results.
Thus the Euro Code EC2 Eq. (6.2.a) is conservative for the test data of 928 beams with shear span to
depth ratio %> 1.0 and with different concrete compressive strength f . and ratio of tension reinforcement
p.

Out of 108 reinforced concrete beams having shear span to depth ratio (—< 1.0), test results of 107

beams were above this threshold line and 1 beam was below this threshold llne The average L P
termed Margin of Safety for all the 108 reinforced concrete beams without web reinforcement flrevmg
shear span to depth ratlo 2 < 1.0 comes out to be 6.65 (Table 1). Thus the Euro Code EC2 Eq. (6.2.a) is
conservative for the test data of 108 beams with shear span to depth ratlo =< 1.0 and with different

concrete compressive strength f 7. and ratio of tension steel p.

Table 1. Summary of results

Strength of concrete Size Effect
No. of
Normal Beams
Strength d fe
Average | Concret Evaluation No.of |
Shear Verage Average Average Beams verage
span to No. of Margin (NSC) . . Margin
Margin of Margin of | used for
depth Beams of d<300mm . of
a d £ Safety Safety Evaluation
ratio (=) used tor Safety v No. of ; Safety
a Evaluation Vexp High (ﬂ) Beams (ﬂ) Vexp
—=F Vpre VUpre d <1200 —_
Vpre Strength used for Vpre
. mm
Concrete Evaluation
(HSC)
d>300mm
623 1.89 423 1.56
&>1 928 1.77
a 305 1.50 505 1.85
19 1.08
a 87 6.94 21 4.91
(%)<t 108 6.65
d 21 5.45 87 7.07
1304 test beams with different f'c, a/d p and d
o 0
800 ﬁéﬁ
600 N
Vexp 500
400 ®a/d>1
300 \
2 Threshold Tine Aafdsl
0 — T T T T T T
0 100 200 300 400 500 600 700 800 9001000
(V pre)ec,

Fig. 9. Comparison of prediction of Euro Code EC2 Eq.6.2.a with experimental results
b) Influencing Parameters

1. Concrete strength: Figure 10 shows the effect of concrete compressive strength f 7, on the Margin of
Safety (— ec2- Figure 10 contains data of 928 reinforced concrete beams with shear span to depth ratio (
E> 1.0) and 108 reinforced concrete beams having shear span to depth ratio ( < 1.0). Out of 928
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reinforced concrete beams, 623 (67%) beams were with concrete compressive strength f’ <40MPa and
305 (33%) beams were with concrete compressive strength f”. >40 Mpa. Out of 623 normal strength
concrete (NSC) beams (f /.<40MPa), test results of 600 were above the threshold line (Vexy/Viee = 1) and
test results of 23 beams were below the threshold line (Vexy/Vyre = 1). For NSC Beams, with shear span to
depth ratio $> 1.0, the average margin of Safety when using Euro Code Eq. 6.2.a is 1.89 (Table 1). For
the 305 high strength concrete (HSC) beams (f’, >40 Mpa), test results of 240 beams were above the
threshold line (Vexy/Vpre = 1) and test results of 65 beams were below the threshold line. For HSC beams,
with shear span to depth ratio %> 1.0, when using Euro Code Eq. (6.2.a), the average Margin of Safety for
Euro Code is 1.50 (Table 1).

1304 test beams with different f'c, a/d p and d

18.00

15.00

Marginof 12,00
Safety
(Vexp/Vpre),, 9.00

®a/d>1

Aa/d<1
6.00 - ine

Vexp/Vpre=1

0 20 40 60 80 100 120
Compressive strength (f'c) MPa

Fig. 10. Influence of f’c on (Veﬂ>
Vpre/ gcy

Out of 108 reinforced concrete beams having shear span to depth ratio ( %S 1.0), 87 (81%) beams
were with concrete compressive strength f7 <40 MPa and 21 (19%) beams were with concrete
compressive strength f . >40 MPa. Out of 87 normal strength reinforced concrete beams (f /< 40 MPa),
all the test results of 87 beams were above the threshold line (Veyy/Vpe = 1). For NSC Beams with %S

1.0, the average Margin of Safety when using Euro Code Eq. (6.2.a) is 6.94 (Table 1). For the 21
reinforced beams of high strength concrete (f 7, =40 MPa), the test results of 20 beams were above the

threshold line (Vexy/Vpre = 1) and test result of 1 beam was below the threshold line. For HSC beams with
%S 1.0, when using Euro Code Eq. (6.2.a), the average Margin of Safety is 5.45 (Table 1).

2. Effective depth: Figure 11 shows the effect of effective depth (d) on the Margin of Safety (?)Ea.
pre

Figure 11 contains test data of 928 reinforced concrete beams with shear span to depth ratio ( %> 1.0) and
108 reinforced concrete beams having shear span to depth ratio ( %S 1.0). Out of 928 reinforced concrete
beams with g > 1.0, 423 (46%) beams were with effective depth (d) <300 mm and 505 (54%) beams were

with effective depth (d) > 300mm. Out of the 423 beams (with d <300 mm), test results of 401 beams
were above the threshold line (Vexy/Vpre = 1) and test results of 22 beams were below the threshold line
(Vexp/Vpre = 1). For beams with % > 1.0 and effective depth (d) <300 , the average Margin of Safety when
using Euro Code Eq. (6.2.a) is 1.56 (Table 1). Out of the 505 beams with d > 300 mm, test results of 439
beams were above the threshold line (Vex/Vpre = 1) and test results of 66 beams were below the threshold
line. For beams with %> 1.0 and effective depth (d) > 300, the average Margin of Safety when using Euro

Code Eq. (6.2.a) is 1.85 (Table 1).
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Out of 108 reinforced concrete beams having shear span to depth ratio ( %S 1.0) , 21(20%) beams were
with effective depth (d) < 300mm and 87 (80%) beams were with effective depth (d) > 300mm. ). Out of
the 21 beams (with d <300 mm), test results of all 21 beams were above the threshold line. For beams
with % < 1.0 and effective depth (d) < 300 , the average Margin of Safety when using Euro Code Eq.
(6.2.a) is 4.91 (Table 1). Out of the 87 beams with d > 300 mm, the 86 test results were above the
threshold line and test result of 1beam was below the threshold line. For beams with %S 1.0 and effective
depth (d) > 300, the average Margin of Safety when using Euro Code Eq. (6.2.a) is 7.07 (Table 1).

It can also be seen from Fig. 11 that, irrespective of ratio of tension reinforcement p, shear span to
depth ratio 7: and concrete compressive strengthf 7, Euro Code Eq. (6.2.a) is conservative (with reduced
margin of safety) for shear capacity of reinforced concrete beams having effective depth (d) > 1200 mm
without web reinforcement and hence safe (with reduced margin of safety) for reinforced concrete beams
with d > 1200 mm. For beams with effective depth (d) >1200, the average Margin of Safety when using
Euro Code Eq. 6.2.ais 1.08 (Table 1).

6. SUMMARY AND CONCLUSION

In this study an ACESS data base containing the experimental results for shear capacity of 2145 reinforced
concrete beams has been developed.
From the study of the influence of major parameters on shear strength of reinforced concrete beams, the
following conclusions can be drawn;
1. The shear capacity of concrete (V.) does not increase linearly with concrete compressive strength
and does not increase linearly with shear span to depth ratio. (Figs. 5 and 6)
2. The shear capacity of concrete (V.) reduces with increase in the depth (size) of the member, thus
indicating a size effect.

From the evaluation study of design equation in Euro Code EC2 (Eq.6.2a) for predicting the shear
capacity of reinforced concrete beams without web reinforcement, it was found that the Euro Code EC2
design equations are found to be adequately conservative as:

1. For NSC Beams, with shear span to depth ratio %> 1.0, the average Margin of Safety when using

Euro Code Eq. (6.2.a) is about 1.89 and for beams with a/d %S 1.0, the average Margin of Safety
is about 6.94. (Table 1)
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HSC beams, with shear span to depth ratio g> 1.0, when using Euro Code Eq. (6.2.a), the average

Margin of Safety for Euro Code is about 1.50 and for beams with %S 1.0, the average Margin of Safety is
about 5.45. (Table 1)

LIST OF ABBREVIATIONS

V. shear capacity of concrete

. concrete compressive strength

p ratio of tension reinforcement

% shear span to depth ratio

& size effect or depth factor

b width of beam

d effective depth

\'A ultimate load

Vexp shear force observed

Vore shear force predicted

ESI experimental shear index
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