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Abstract 

The purpose of this article was an attempt to compare selected calculation methods regarding shear strength in reinforced and 
prestressed concrete beams. Several calculation methods were tested. This included codes: PN-EN 1992-1-1:2008 [1], ACI 318-
14 [2] and fib Model Code for Concrete Structures 2010 [3]. The analysis also consists of methods published in technical 
literature. Calculations of shear strengths were made based on experimental works found in literature. The shear strength ratios 
Vtest/Vcalc were chosen to be the yardstick of comparison, where Vtest is the experimental shear strength and Vcalc is the calculated 
shear strength. A wide range of variables including shear span/depth ratio, compressive strength of concrete, longitudinal steel 
percentage helped to verify the applicability of calculation methods. Although most of authorial techniques proved to be unstable, 
they succeeded to show that codes' formulas for calculating shear strength could still be improved. 
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1. Introduction 

Over the years much research and many debates have taken place all around the world to explore the shear 
mechanism in beams [4,5,6,7]. Although many experiments and analysis have been carried out, the provisions 
regarding shear strength provide results that often differ from experimental data [8,9,10]. Therefore it seemed 
reasonable to assess if the observed growth in shear design equations [11] resulted in noticeable improvement.   

 
Nomenclature 

a shear span 
bw web width 
d effective beam depth 
fc compressive stress in concrete  
fy yield stress of steel 
s spacing of shear reinforcement 

w longitudinal reinforcement ratio 

1.1. Primary assumptions 

To ensure the coherence of the analysis, initial restrictions were taken: 

• Beams were either reinforced concrete or prestressed concrete; 
• All cross sections were either rectangular or T-beams; 
• All beams had stirrups as transverse reinforcement; 
• All beams failed in shear; 
• All beams were single – span; 
• No limit on material properties was imposed; 
• In order to compare analytical results with experimental data, all units were taken without reduction factors. 

2. Selection of calculation methods 

The fundamental approach to the shear problem is the truss analogy model presented by Mörsch [12]. Being 
modified many times it became a leading model in most European Codes. In the following analysis PN-EN 1992-1-
1:2008 [1] (eq. (1)) was chosen to be its representative. Eurocode 2 (with Polish Annexes) is based on evaluation 
of truss model with variable angle of inclination of the struts and without concrete contribution. Experiments held 
by members of the American Concrete Institute proved that the truss analogy model does not cover the concrete 
contribution that was observed during laboratory tests. Therefore a semi - empirical formula was developed and 
adopted in ACI 318 - 14 [2] (eq. (2, 3a, 3b, 4)). The last standard that was taken into consideration in the following 
analysis is Model Code 2010 [3] with its levels of approximation that each base on different shear model. The 
second (eq. (5)) and the third (eq. (6)) level of approximation were analyzed.  

In addition to the standards, three authorial methods published in technical literature were taken into 
consideration. All three pose an attempt to improve ACI 318-11 [2] provisions. Frosch Method [9] (eq. (7)) 
modified Standard's provisions in two ways. First it replaced the effective beam depth (d) with a cracked 
transformed section neutral axis depth (c). Secondly it eliminated longitudinal reinforcement ratio ( w) in the 
expression for Vc as it is already taken into account in calculating c. Another attempt to modify ACI 318-11 
provisions was carried at the University of Houston [13] (eq.(8)). The UH Method, dedicated to prestressed concrete 
beams, introduced a function of a shear span to depth radio ((a/d)-0,7) that reflects the arch action in the beam. The 
last method is a compound of the two former. Kuo, Hsu and Hwang [13], later called KHH method, ((eq. (9)) used 
shear span to depth radio ((a/d)-0,7) according to UH Method and the depth of uncracked compression zone.  
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Due to Author's prior analysis [14], based on formula presented by Weso owski [15], the angle of concrete 
compression strut  in eq. (1) was taken as .5.2=Θctg  
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Equation (3a) refer to RC beams and equation (3b) refer to prestressed beams.  
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3. Beams database   

The assessment of the effectiveness of the selected calculation methods was based on test results of beams 
published in technical literature and given to the author by Professors of Concrete Structures in Gda sk University 
of Technology. 53 reinforced concrete and 42 prestressed concrete beams were chosen to the analysis. Table 1. 
presents properties of the analysed beams that are known to affect shear strength.  

Table 1. Database of beams  

Author No. fc[MPa] fy[MPa] w [%] sw[%] bw [cm] a/d k 

Sarsam, Al-Musawi [16] 14 39.0 - 80.1 477 - 506 2.23 - 3.51 0.19 - 0.37 18 2.5 - 4.0 0 

Yoon [17] 9 36.0 - 87.0 400 2.28 0.08 - 0.21 37.5 3.3 0 

Lee, Kim [18] 10 19.7 - 40.8 525 - 550 0.93 - 2.79 0.10 - 0.18 35 3.0 - 5.0 0 

Tompos, Frosch [9] 2 36.4 - 72.3 483 - 552 0.05 - 0.12 22.9 - 45.7 3 0 

Moody [19] 2 21.9 302 4.25 0.27 - 0.47 22.9 1.5 0 

Soko owski [20, 21] 3 43.4 - 55.0 572 4.49 0.57 10 1.45 - 3.38 0 
Diab, Godycki- wirko 
[22, 23, 24] 2 41 - 43.2 254 4.29 - 4.36 0.48 9.92 - 10.2 2.41 - 3.21  0 

Hanoon, Jaafar, Abed [25] 11 19.9 - 60.1 420 1.05 - 3.50 0.29 - 1.00 18 1.89 - 2.09 0 
Elzanaty, Nilson, Slate 
[26] 16 40 - 73 434 0.26 - 0.8 5.1 - 7.6 3.8 - 5.8 1 1 

Soko owski [22, 23] 18 44.8 - 57.4 572 0.23 8.3 - 10.2 1.4 - 3.3 0.3 - 1 0.3-1 
Diab, Godycki- wirko 
[22, 23, 24] 6 37.4 - 42 254 0.48 - 0.51 20 - 20.2 2.5 - 3.5 0.3 - 1 0.3-1 

Silva et al. [27] 3 41.8 - 49.3 683 0.18 - 0.35 15 3 1 1 

 

4. Shear strengths analysis of  RC beams  

Fig. 1 presents distributions of shear strength ratios Vtest/Vcalc for RC beams where Vtest is the experimental shear 
strength and Vcalc is the calculated shear strength by each shear design procedure. Table 2 presents statistic date of 
the results. The University of Houston method was excluded from the analysis as it mostly demonstrated Vtest/Vcalc 
ratios significantly below the safety value of Vtest/Vcalc=1.  

The only method that never estimated shear strength to be greater than it appeared during tests was Frosch 
method [9]. However table 2 shows that it had the greatest variation coefficient of all the methods. The method 
to have the greatest number of exact shear strength ratios (Vtest/Vcalc=1) was the method of Korean scientists [13]. 
However it can be observed on fig.1 that it nearly had the same number of underestimations as the number 
of acceptable values, what makes it unlikely to rely on.  

Fig. 1 and table 2 also demonstrates the differences between the results using second (MC2010*) or third (MC 
2010**) level of approximation of Model Code 2010 [3]. The accuracy and variety of the shear strength ratios using 
more detailed approach proved to be significantly higher than while using the simpler approach.  

Both PN-EN 1992-1-1:2008 [1] and ACI 318-14 [2] provided acceptable results, with low number 
of underestimations and good statistics shown in table 2.   
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Fig. 1. Distributions of shear strength ratios for RC beams 

 

Table 2. Statistic data for RC beams 

  Vtest/ 
 VPN-EN 

Vtest/ 
VACI 

Vtest/  
VMC,II 

Vtest/  
VMC,III 

Vtest/  
VFrosch 

Vtest/  
VKHH 

Number of beams 53 53 53 53 53 53 

Average 1.62 1.54 2.39 1.87 1.34 1.11 

Standard deviation 0.59 0.63 0.92 0.44 0.60 0.46 

Variation coefficient 36.5% 40.9% 38.5% 23.8% 44.5% 41.7% 
 

5. Shear strengths analysis of prestressed beams  

Fig. 2 presents distributions of shear strength ratios Vtest/Vcalc for prestressed beams where Vtest is the 
experimental shear strength and Vcalc is the calculated shear strength by each shear design procedure. Table 
3 presents statistic date of the results. 

The method to have the greatest number of exact shear strength ratios (Vtest/Vcalc=1) in case of RC beams, the 
KHH method [13], proved no to have much use in case of prestressed beams with the average ratio of 3.99 and 
variation coefficient of 60%. The other authorial method, the UH method [13] also didn't show to be a significant 
improvement of code's requirements.  

Although the second level of approximation was the only method that never estimated shear strength to be greater 
than it appeared during tests, it had much higher variety of the results than the third level of approximation. It can be 
also seen in table 3 that the statistics for second level of approximation are worse than for the third level of 
approximation. Both PN-EN 1992-1-1:2008 and ACI 318-14 provided acceptable results, with low number 
of underestimations, however it was the third level of approximation of Model Code 2010 that had the most accurate 
results.  
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Fig. 2. Distributions of shear strength ratios for prestressed beams 

  Table 3. Statistic data for prestressed beams  

  
Vtest/ 

 VPN-EN 
Vtest/ 
VACI 

Vtest/  
VMC,II 

Vtest/  
VMC,III 

Vtest/  
VUH 

Vtest/  
VKHH 

Number of beams 42 42 42 42 42 42 
Average 1.66 1.56 1.98 1.55 1.73 3.99 
Standard deviation 0.61 0.56 0.69 0.51 0.92 2.40 
Variation coefficient 36.7 % 35.6 % 35.0 % 33.1 % 53.2 % 60.0 % 

 

6. Partial factor covering uncertainty in the resistance model according to European standards 

 The ratio of experimental to calculated load bearing capacity η =Vtest/Vcalc for RC beams ranged from 
1.1 to 2.4 depending on the standard. As for prestressed beam it was from 1.55 to 3.99.According to EN 1990 [28] 
the design resistance Rd is expressed as 

 
( )mtest

Rd
md fRfR

γ
1( ) =          (10) 

where 
 γRd is a partial factor covering uncertainty in resistance model, 
  
The verification result may be considered – following formula (10) – as positive, if the ratio Rtest,mean to Rd(fm) 
is greater than a defined γRd value. 
 Lewicki suggests [29] to define γRd  as ratio of 5% fractile of statistical distribution of material strength 
fm,exp and of test results Rexp. For practical application this ratio may be reduced to 

 R

m

R

m
Rd η

η
ν
ν
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−
−

=
64.11
64.11

         (11) 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


142   Krystyna Nagrodzka-Godycka and Marta Wiśniowska  /  Procedia Engineering   193  ( 2017 )  136 – 143 

where 
 νm and νR – respectively – coefficient of variation of material strength and of test results. 
 
 If derived γRd value is lower than the ratio η it can be assumed that the calculation formulas are correct and 
are fully applicable for structural design. 
 Assuming in lack of precise data (when test results are coming from different researchers) for concrete 
strength νm  =0.12 - what leads to ηm = 0.80 - one gets for ν=νR = 0.385 for results acc. to MC II, as shown in Fig. 1 
and Tab. 2. 

39.217.2
385.064.11

80.0 =<=
⋅−

= ηγ Rd  

 For the IIIrd level of approximation according to MC with respect to the reinforced concrete beams the 
value of γRd coefficient is 1.31 and the relationship ηγ <Rd  is also fulfilled. The values of γRd obtained from other 

procedures are higher than the adequate valuesη . As for prestressed beams only MC IInd  level of approximation 

procedure fulfils this condition ηγ <Rd . 

98.188.1
35.064.11

80.0 =<=
⋅−

= ηγ Rd  

The calculations for all procedures are presented in Table 4.  
 

Table 4. Values of a partial factor covering uncertainty in resistance model, ratio of experimental 
to calculated load bearing capacity and variation coefficient 

RC beams 

Calc. method Vtest/ 
 VPN-EN 

Vtest/  
VACI 

Vtest/  
VMC,II 

Vtest/  
VMC,III 

Vtest/  
VFrosch 

Vtest/  
VUH 

Vtest/  
VKHH 

η  1.62 1.54 2.39 1.87 1.34 0.53 1.11 

ν 36.5 % 40.9 % 38.5 % 23.8 % 44.5 % 52.6 % 41.7 % 

γRd 1.99 2.43 2.17 1.31 2.96 5.82 2.53 

Prestressed beams 

Calc. method Vtest/ 
 VPN-EN 

Vtest/  
VACI 

Vtest/  
VMC,II 

Vtest/  
VMC,III 

Vtest/  
VUH 

Vtest/  
VKHH  

η  1.66 1.56 1.98 1.55 1.73 3.99  

ν 36.7 % 35.6 % 35.0 % 33.1 % 53.2 % 60.0 %  

γRd 2 1.92 1.88 1.75 6.3 52  

 

7. Conclusions  

The purpose of this article was an attempt to compare selected calculation methods regarding shear strength 
in reinforced and prestressed concrete beams. The analysis was limited due to the number of beams and variety 
of properties affecting shear strength. Nevertheless it succeeded to prove that the provisions regarding shear strength 
could still be improved to give more accurate and reliable results. It should be stressed that the aim of the article was 
not to decide which method is the most accurate, but rather if the available methods provide us with reliable results.  
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