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ABSTRACT 10 

Strut-and-tie models are often used for the design of shear critical deep members since they 11 

can rationalise the shear transfer within discontinuous or disturbed regions in RC structural 12 

elements. Most current codes of practice adopt the strut-and-tie method but provide very little 13 

guidance on how to select appropriate strut-and-tie layout and dimensions. Furthermore, the 14 

effectiveness factors used to account for the biaxial state of stresses in struts of deep beams 15 

are not reliable. This paper reviews the application of strut-and-tie models for the design of 16 

RC deep beams and evaluates current formulations of the effectiveness factor. Experimental 17 

and numerical studies are used to assess how the effectiveness factor is influenced by 18 

different parameters including concrete compressive strength, shear span to depth ratio and 19 

shear reinforcement ratio and to arrive at a more reliable strain based effectiveness factor. 20 

Various effectiveness factors are examined against an extensive database of experimental 21 

results on RC deep beams with and without shear reinforcement.  The results show that the 22 

proposed effectiveness factor yields the most reliable and accurate predictions and can lead to 23 

more economic and safe design guidelines.  24 
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INTRODUCTION 25 

RC deep beams where behaviour is predominantly controlled by shear are used in a wide 26 

range of structures, such as transfer girders in tall buildings and bridges. It is crucial to 27 

predict their capacity accurately as the safety of the entire structure relies on their 28 

performance. However, the shear behaviour of RC members is a complex phenomenon, 29 

which is influenced by a large number of parameters (Tan and Lu 1999, Collins et al. 2008). 30 

This complexity is more pronounced in deep beams as the applied load is transferred mainly 31 

through the formation of arching action which causes a highly nonlinear strain distribution in 32 

the cross section.  33 

Most codes of practice rely on empirical or semi-empirical equations for design; however, 34 

these equations are limited by the extent of the experimental results used for their calibration. 35 

Although designing RC deep beams based on these empirical approaches is generally very 36 

conservative, they can also lead to very unsafe results (Collins et al. 2008). Collins et al. 37 

(2008) examined the accuracy of the shear approaches available in codes of practice such as 38 

EC2 and ACI, against and extensive database of RC beams, it was found that shear strength 39 

prediction of vast number of the beams are unconservative. There are also unsafe results even 40 

after application of the safety factors (Collins et al. 2008).  Approaches based on finite 41 

element analysis can account for the nonlinearities that describe the behaviour of this type of 42 

members, and can lead to good results if an accurate concrete material model is used; 43 

however, their implementation is not always practical for design purposes. Thus, design 44 

approaches based on the implementation of strut-and-tie mechanistic models have been 45 

adopted by modern design codes such as EC2, ACI 318-14 and Model Code 2010 since they 46 

appear more rational and relatively simple to apply. 47 
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The use of strut-and-tie models (STM) dates back to the pioneering work of Wilhelm Ritter 48 

(1899) who tried to explain the contribution of shear reinforcement to the shear strength of 49 

beams. Ritter’s truss mechanism was later modified by Morsch Morsch (1902) to better 50 

represent the shear behaviour of RC beams. The design of RC members by STM relies on the 51 

lower bound theory of plasticity and assumes that both concrete and steel are perfectly plastic 52 

materials. As this is not true, there is a need to implement modification factors to adjust both 53 

dimension and strength of the strut elements. However, existing guidelines do not provide 54 

sufficient information on the effect of all important parameters or the size and strength of the 55 

strut elements (Park and Kuchma 2007). This paper aims to develop a unified procedure for 56 

using the STM for the design of RC deep beams and predict accurately the size and strength 57 

of each element.   58 

STRUT-AND-TIE MODEL 59 

Strut-and-tie models attempt to represent the stress field that develops in the D-regions of 60 

concrete elements by approximating the flow of internal compression and tension stresses by 61 

means of struts and ties, respectively. The selection of an adequate strut-and-tie model is 62 

necessary to capture the strength of RC deep beams with acceptable accuracy. It is commonly 63 

accepted that the strut-and-tie mechanism is the basic load transfer mechanism in RC deep 64 

beams (Tuchscherer et al. 2014); however, in some cases the truss action mechanism is also 65 

thought to contribute to the transfer of the applied load (Bakir and Boduroۜlu 2005, Brena 66 

and Roy 2009). The type of load transfer mechanism that develops in RC deep beams is 67 

mainly controlled by the shear span to depth ratio (a/d) and amount of shear reinforcement. 68 

For beams with a/d less than 1.0, the applied load is transferred to the support through the 69 

formation of one concrete strut regardless of the amount of shear reinforcement. The adoption 70 

of the STM (Figure 1-a) is therefore suitable for the design and analysis of such elements. 71 
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Beams with a/d between 1.0 and 2.0 and with shear reinforcement, can develop a 72 

combination of both tied-arch and truss action mechanism (Brena and Roy 2009). However, 73 

estimating the percentage of load transferred by each of these mechanisms is quite 74 

challenging as this varies based on a/d and amount and spacing of shear reinforcement (Brena 75 

and Roy 2009). For the sake of simplicity, the adoption of a model based on the development 76 

of either a single strut-and-tie (Figure 1-a) or a truss (Figure 1-b) is generally adopted. The 77 

ability of these models to capture the real structural behaviour of RC deep beams is assessed 78 

in this paper with the aim of developing enhanced design equations.  79 

The current codes of practice do not provide adequate guidance on selecting the size of the 80 

elements in the STM. ACI 318-14 provides Eq. 1 and 2 for estimating the width of the 81 

inclined strut at the top (WST) and bottom nodes (WSB) (Figure 1-a), respectively. However, 82 

there is no guidance on how to estimate the independent parameters (hCS, hTie and ) in these 83 

equations. Therefore designers are free to choose the size of the elements in the model; 84 

however, this could lead to unsafe or over conservative design solutions (Brown and Bayrak 85 

2008, Collins et al. 2008, Sagaseta and Vollum 2010).  86 

 cossin CSPTST hlW                                                                                            (1) 87 

  cossin TiePBSB hlW                                                                                             (2) 88 

In the current research programme the width of the strut in the top compression zone (hcs) is 89 

assumed to be equal to the depth of neutral axis as determined by section analysis (Eq. 3) 90 

(Park and Kuchma 2007).  91 

   dnnnhCS 




   2                                                                                         (3) 92 
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where lPT and lPB are the width of the loading and support plates, and  is the angle of the 93 

strut with respect to the horizontal axis of the beam (Eq. 4). 94 

 
a

hd CS 2
tan 1 

                                                                                                       (4) 95 

where d is the effective depth and a is the shear span of the beam. 96 

The height of the bottom node (hTie) is taken as twice the distance from the centre of the main 97 

longitudinal reinforcement to the outer tensile face of the beam as shown in (Figure 1-c). The 98 

width of the strut at the top (WST) and bottom (WSB) nodes can be determined by the ACI 318-99 

14 Eq.s 1 and 2 respectively. 100 

In the case of the truss model shown in Figure 1-b, the width of the strut in compression (hcs) 101 

and the height of the bottom node (hTie) remain the same for both diagonals. The intersections 102 

of strut, ties and applied loads or support reactions are termed nodes and their capacity is 103 

critical when assessing a given STM.  104 

CONCRETE EFFECTIVENESS FACTOR 105 

Node Strength Factor 106 

Nodes are generally named according to the type of interconnected members, i.e. C-C-C 107 

(Compression-Compression-Compression), C-C-T (Compression-Compression-Tension) and 108 

C-T-T (Compression- Tension -Tension), and their strength is a function of the state of stress 109 

they are subjected to. C-C-C nodes are located in well confined regions and their strength can 110 

generally exceed the uniaxial strength of concrete, but the latter can be conservatively used 111 

for design. In this paper, with the exception of EC2, ACI 318-14 and Model Code 2010, 112 

which they provide strength factors for the C-C-C nodes, to assess other strut effectiveness 113 

factors available in the literature the uniaxial concrete strength is adopted.  114 
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Owing to the existence of tension forces in C-C-T and C-T-T nodes the maximum stress that 115 

can be developed in such nodes is generally lower that the uniaxial concrete strength and 116 

reduction factors are used to take this into account. Based on the test results of isolated C-C-T 117 

and C-T-T nodes, Jirsa et al. (1991) concluded that by using 80% of the uniaxial concrete 118 

compressive strength, the prediction of the nodal zone strength is conservative. Unless it is 119 

provided, a reduction factor of 0.8 is used to determine the strength of all C-C-T and C-T-T 120 

nodes in the assessment of STM with different strut effectiveness factor.  121 

Effectiveness Factor for Inclined Strut 122 

The presence of a transverse tensile field within the shear span weakens the resistance of the 123 

concrete struts. This is taken into account through the use of a concrete effectiveness factor 124 

(v). In 1985, Marti (1985) proposed the use of  a simple reduction coefficient (v=0.6) as 125 

effectiveness factor, whilst Collins and Mitchell (1986) proposed Eq. 5 for their modified 126 

compression field theory (Vecchio and Collins 1986).  127 

 
11708.0

1


v                                                                                                            (5)         128 

  2
1 tan/)002.0(  ss                                                                                    (5a) 129 

where 1 is the principal tensile strain, s is the longitudinal tensile strain at mid-depth of the 130 

beam, which can be estimated assuming that plane sections remains plane (Collins et al. 131 

2008). 132 

In 1993, Vecchio and Collins (1993) proposed a refined equation for the concrete 133 

effectiveness factor as shown in Eq. 6. 134 

 
fcKK
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0.1

1
                                                                                                           (6) 135 
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 0.11825.0  cf fK                                                                                               (6b) 137 

where 1 and 2 are the principal tensile and compressive strain, respectively, and fc is the 138 

concrete compressive strength. 139 

Foster and Gilbert (1996) argued that concrete compressive strength and shear span to depth 140 

ratio (a/d) influence the effectiveness of concrete cracked in tension and modified Collins and 141 

Mitchell’s equation (Eq. 5) to integrate the effect of these two parameters. This modified 142 

equation (Eq. 7) was calibrated against a database of beams with concrete compressive 143 

strength ranging from 20 to 100MPa.   144 

 
2)/)(470/64.0(14.1

1

daf
v

c
                                                                               (7) 145 

Based on a series of nonlinear finite element analyses, Warwick and Foster (1993) proposed 146 

the following concrete effectiveness factor (Eq. 8) for concrete compressive strength ranging 147 

from 20 to 100MPa 148 

0.118.072.0
500

25.1
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d

a

d

af
v c                                                                (8) 149 

EC2 provides Eq. 9 to calculate the effective concrete strength of the inclined concrete strut 150 

 cdce ff '6.0                                                                                                                          (9)  151 

where v’ can be calculated according to Eq. 9a and fcd is the design concrete compressive 152 

strength.   153 
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250
1' ckf

v                                                                                                                             (9a) 154 

According to ACI 318-14, the effective concrete strength (fce) can be calculated using Eq. 10  155 

csce ff '85.0                                                                                                                     (10) 156 

where s is 0.75 for strut with shear reinforcement satisfying Eq. 10a, else s is taken as 0.6. 157 

  003.0sin i
is

si

sb

A
                                                                                                        (10a) 158 

where Asi is the area of the reinforcement at spacing si in the i-th layer of reinforcement 159 

crossing a strut at an angle Įi to the axis of the strut. 160 

Model Code 2010 use Eq. 11. 161 

cdcce fkf                                                                                                                              (11) 162 

55.0
30

55.0
31











ck
c f

k                                                                                                  (11a) 163 

The above effectiveness factor models are assessed in this paper through a parametric 164 

investigation to gain additional insight on the role of each of the considered parameters and 165 

inform the development of a more accurate model.  166 

ANALYSIS AND DISCUSSIONS 167 

An extensive database of 519 RC deep beam specimens (Clark 1951, Moody et al. 1954, 168 

Moody et al. 1955, Morrow and Viest 1957, Chang and Kesler 1958, Watstein and Mathey 169 

1958, Rodriguez et al. 1959, de Cossio and Siess 1960, Mathey and Watstein 1963, 170 

Leonhardt and Walther 1964, de Paiva and Siess 1965, Krefeld and Thurston 1966, Kani 171 
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1967, Ramakrishnan and Ananthanarayana 1968, Kong et al. 1970, Manuel et al. 1971, 172 

Manuel 1974, Niwa et al. 1981, Smith and Vantsiotis 1982, Mphonde and Frantz 1984, 173 

Rogowsky et al. 1986, Subedi et al. 1986, Ahmad and Lue 1987, Lehwalter 1988, Walraven 174 

and Lehwalter 1994, Xie et al. 1994, Tan et al. 1995, Tan et al. 1997, Foster and Gilbert 175 

1998, Kong and Rangan 1998, Shin et al. 1999, Tan and Lu 1999, Adebar 2000, Pendyala 176 

and Mendis 2000, Oh and Shin 2001, Lertsrisakulrat et al. 2002, Yang et al. 2003, Tan et al. 177 

2005, Seliem et al. 2006, Zhang and Tan 2007, Tan et al. 2008) (Table 1) was used to 178 

evaluate the performance of the STM, and examine the effectiveness of existing approaches 179 

in determining the concrete effectiveness factors. 180 

Suitability of models 181 

As discussed earlier a combination of arch and truss action can develop in beams with shear 182 

reinforcement and shear span to depth ratio between 1.0 and 2.0. The specimens within the 183 

database that satisfy these conditions (136 RC deep beams) were used to assess the accuracy 184 

of the STM (Figure 1a) and Truss Model (TM) (Figure 1b) in predicting shear strength. The 185 

strut effectiveness factor was taken as equal to one at this stage of the comparative study. The 186 

results (Figure 2) show that the TM yields very conservative results in almost all of the 187 

analyzed cases. In addition, the highly scattered results obtained from the implementation of 188 

a TM suggest that such an approach cannot be used for the design of RC deep beams. Figure 189 

2 shows that using the STM generally leads to more consistent and accurate results and is 190 

more suitable for the design of RC deep beams with and without shear reinforcement. This 191 

agrees with the findings of other researchers (Kani 1979, Tuchscherer et al. 2011). However, 192 

the result of STM can be further improved if an appropriate effectiveness factor is adopted. 193 

Therefore, STM (Figure 1a) will be used for the purpose of evaluating of the existing 194 

effectiveness factors and proposing new effectiveness and node factors. 195 
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Evaluation of existing effectiveness factors 196 

The eight different formulations for effectiveness factors presented in the previous section 197 

earlier are assessed in the following. The results are shown in Figure 3 and Figure 4; and the 198 

statistical analyses are summarized in Figure 5 and Figure 6 for RC deep beams with and 199 

without shear reinforcement, respectively. Overall, for all eight effectiveness factors the 200 

predictions for beams with shear reinforcement are more conservative than those without 201 

shear reinforcement. The effectiveness factors proposed by Collins and Mitchell (Eq. 5), 202 

Vecchio and Collins (Eq. 7) and Modified Collins and Mitchell (Eq. 10) lead to very 203 

conservative results. This is most probably due to the fact that, in these equations, the tensile 204 

strain in the concrete needs to be calculated based on the assumption that plane sections 205 

remain plane after bending. However, this assumption is far from accurate for deep beams. 206 

The effectiveness factor proposed by Marti (i.e. 0.6) (Marti 1985) can lead to very unsafe 207 

results for RC deep beams without shear reinforcement, as the single factor proposed cannot 208 

account for all parameters. Additionally, experimental and numerical investigations 209 

conducted by the authors (Ismail et al. 2015, Ismail et al. 2015) show that in many cases the 210 

effectiveness factor is lower than 0.6, especially for RC deep beams without shear 211 

reinforcement. Although the effectiveness factor proposed by Warwick and Foster (Eq. 11) 212 

accounts for the effect of concrete compressive strength and shear span to depth ratio, the 213 

non-uniform performance of this model shows that other parameters affect shear behaviour 214 

and their effect should be taken into account.  215 

The models proposed by EC2, ACI 318-14 and Model Code 2010 also lead to very unsafe 216 

results especially for RC deep beams without shear reinforcement. This can be attributed 217 

again to the fact that these codes do not account for all the important influencing parameters 218 

such as shear span to depth ratio and shear reinforcement (EC2 and Model Code 2010); or 219 

concrete compressive strength and shear span to depth ratio (ACI 318-14).   220 
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The safety of the above models was further checked by introducing the appropriate material 221 

partial safety factors (1.5 for concrete and 1.15 for steel) for all models except for ACI 318-222 

14 which is strength reduction factor (0.75). With the exception of the predictions by 223 

equations of Collins and Mitchell and Vecchio and Collins for RC deep beams without shear 224 

reinforcement, which are over conservative and uneconomic, all other models do not yield an 225 

adequate level of safety for all RC deep beams with and without shear reinforcement. The 226 

result of the analysis is summarised in Table 2. Therefore, a more sophisticated effectiveness 227 

factor model that accounts for all influencing parameters and yields conservative and 228 

economic results is required for design purposes. This paper aims to propose new node 229 

strength factors and effectiveness factor that account for all influencing parameters and yield 230 

more accurate results.   231 

PROPOSED EFFECTIVENESS FACTOR 232 

Equations describing the development of biaxial stress fields, such as those included in the 233 

modified compression field theory (Vecchio and Collins 1986) can be used to determine the 234 

effective compressive strength of concrete subjected to lateral tensile strain.  Bazant and 235 

Xiang (1997) derived a simple equation (Eq. 12) based on the theory of fracture mechanics to 236 

predict the compressive strength (c) of a concrete specimen subjected to lateral tensile strain.  237 

 2/12  DshEGfc                                                                                                (12) 238 

where E and Gf are the modulus of elasticity and fracture energy of concrete, respectively; h 239 

is the width of the crack band, s is the spacing of cracks in the crack band and D is the width 240 

of the specimen.  241 

Equation 12 can be used to estimate the effectiveness factor of an inclined strut. Model Code 242 

2010 equations are used here to determine the modulus of elasticity and fracture energy of 243 
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concrete and D is taken as the width of the strut (WS). The effectiveness factor v (Eq. 13) can 244 

be expressed as the ratio between Eq. 12 and the uniaxial strength of the concrete (fc) to 245 

obtain:  246 

 c
s

f f
s

h

W

EG
v

2
                                                                                                    (13) 247 

According to Bazant and Xiang (1997), in the crack band the intact concrete between cracks 248 

behaves as columns of width s. The strain energy in the crack band releases due to buckling 249 

of these columns and failure occurs once the released energy reaches the fracture energy of 250 

the concrete.  The presence of lateral tensile strain increases the crack width in the crack band 251 

which in turn increases the energy release rate and decreases the compressive capacity. This 252 

means that the value of h/s is directly affected by lateral tensile strain. Since the value of h/s 253 

needs to be determined by calibration of experimental results, the authors propose a more 254 

direct approach where h/s in Eq. 13 is replaced by lateral tensile strain and the equation needs 255 

to be calibrated by a factor () as shown in Eq. 14. 256 

c
s

f f
W

EG
v

1

2


                                                                                                      (14) 257 

Although lateral strain is a more rational quantity to use, it still needs to be quantified either 258 

by calculation or calibration of date.  259 

Lateral Tensile Strain in Shear Span 260 

Experimental and numerical data from the finite element model developed and validated by 261 

the authors (Ismail et al. 2016a, Ismail et al. 2016b) was used to determine the lateral tensile 262 

strain in the shear span of RC deep beams. Figure 7 shows the effect of concrete compressive 263 

strength, shear span to depth ratio and effective depth on the lateral tensile strain obtained 264 
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using finite element analysis for beams with and without shear reinforcement. It can be seen 265 

that shear span to depth ratio and effective depth influence the lateral tensile strain whilst 266 

concrete compressive strength has almost negligible effect. Therefore, in estimating the 267 

lateral tensile strain in the shear span of RC deep beams, shear span to depth ratio and 268 

effective depth need to be accounted for. For dimensional purposes, the effective member 269 

depth (d) can be normalized by 150mm (based on the experimental results of Walraven and 270 

Lehwalter (1994), at the effective depth of 150mm, size effect is effective). Hence, based on 271 

best fit analysis, Eq. 15 is proposed to estimate the lateral tensile strains (1) in the shear span 272 

of RC deep beams.  273 

ଵߝ             ൌ ͲǤͲʹ ሺ ௗΤ ሻబǤఱሺௗ ଵହΤ ሻబǤయఱ                                                                                (15) 274 

From a direct comparison with the finite element analysis results it can be seen in Figure 8 275 

that this equation leads to a reasonable prediction of lateral tensile strain in the shear span of 276 

RC deep beams.  277 

Determination of Factor  278 

Back analysis was adopted to determine the value of in Eq. 14 from experimental and 279 

numerical data on RC deep beams. The finite element model was used to determine the 280 

maximum principal concrete compressive strength in the shear span of the beams (see Table 281 

3 and Table 4 more details of the used beams can be found elsewhere (Ismail et al. 2016-a, 282 

Ismail et al. 2016-b, Ismail 2016-c)). The effectiveness factor (v) was calculated as the ratio 283 

of the maximum principal compressive strength and uniaxial compressive strength of the 284 

concrete. To account for the effect of shear reinforcement, two different values of  need to 285 

be adopted as shown in Table 3 and Table 4 for RC deep beams with and without shear 286 

reinforcement. An average value of 400 can be used as  for RC deep beams without shear 287 
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reinforcement or with shear reinforcement ratio less than 0.1%, whilst for RC deep beams 288 

with shear reinforcement ratio greater or equal to 0.1% a value of 450 can be used as . In 289 

this context, the shear reinforcement can be taken either as the vertical or horizontal shear 290 

reinforcement or a combination thereof.  291 

Node Strength Factor 292 

An accurate estimation of node strengths is also crucial for safe design solutions. For the 293 

bottom node which is C-C-T, most codes of practice recommend using a strength which is 294 

lower than the uniaxial concrete strength due to presence of a tie in this node. In reality, 295 

concrete strength reduces due to the presence of lateral tensile strain and cracks. However, in 296 

this region there is no cracking, which means that the tensile stress is always below the 297 

concrete tensile strength. Hence, it is still safe to use the uniaxial compressive strength of the 298 

concrete without any reduction in estimating the strength of the node. 299 

The strength of the top node (C-C-C) is expected to be higher than the uniaxial concrete 300 

strength because it is fully confined when the load is applied through a bearing plate. 301 

Therefore, a factor with a value higher than one can be used to account for this confinement. 302 

However, for the case when the load is applied through a concrete column, the degree of 303 

confinement is lower than applying through bearing plates and the node is under biaxial 304 

compression. Therefore, to safely estimate the strength of the C-C-C nodes, the uniaxial 305 

concrete strength is used in this paper.  306 

Evaluation of Proposed Model 307 

The shear strength prediction according to the implementation of the STM using the proposed 308 

concrete effectiveness factor (including lateral tensile strain predictions) and the factors for 309 

estimating the strength of the nodes is shown in Figure 9 and summarized in Figure 5 and 310 
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Figure 6 for RC deep beams with and without shear reinforcement, respectively. The use of 311 

the proposed model yields overall less conservative predictions with lower standard 312 

deviations. This can lead to more economical design solutions, yet maintaining an appropriate 313 

level of safety as shown in Table 2 and Figure 10 and 11 show the accuracy of the model for 314 

different case scenarios for both beams with and without shear reinforcement respectively.  315 

Figure 12 and Figure 13 show the effect of shear span to depth ratio, concrete compressive 316 

strength and member depth (i.e. size effect) on the performance of the three codes of practice 317 

discussed in this paper, along with the proposed effectiveness factor for RC deep beams with 318 

and without shear reinforcement, respectively.  It can be seen that ACI 318-14 which neglects 319 

the influence of both shear span to depth ratio, concrete compressive strength and member 320 

depth, offer the less reliable predictions. The EC2 and Model Code 2010, though they include 321 

the effect of concrete compressive strength, do not sufficiently account for the effect of this 322 

parameter and they do not account for the effect of shear span to depth ratio, as evidenced by 323 

their variable degree of conservatism. The use of the proposed effectiveness factor accounts 324 

for the effect of these parameters more accurately and leads to a more uniform performance 325 

level for both RC deep beams with and without shear reinforcement.        326 

CONCLUSIONS 327 

The main conclusions of this research study can be summarized as follows: 328 

1. A tie-arch mechanism is the main resisting mechanism in RC deep beams with and 329 

without shear reinforcement and can be best represented by the strut-and-tie model.  330 

2. The selection of an appropriate strut-and-tie model and size of its elements is critical 331 

for accurate shear capacity predictions. 332 
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3. The effectiveness factor models based on the modified compression field theory show 333 

poor correlation against the experimental results, with a large scatter and high 334 

coefficients of variation. 335 

4. The STM provision and the effectiveness factors of EC2, ACI 318-14 and Model 336 

Code 2010 do not ensure adequate safety levels (after application of safety factors) for 337 

RC deep beams without shear reinforcement. 338 

5. A new model which utilises a concrete effectiveness factor based on predicted lateral 339 

strain is proposed. The use of the proposed model leads to less conservative yet safe 340 

predictions, and can accurately account for the effect of concrete compressive 341 

strength, shear span to depth ratio, shear reinforcement and member depth.   342 
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 491 

 492 

 493 

 494 

 495 

Table 1 Summary of the RC deep beams in the database 496 

  
RC deep beams without 
shear reinforcement 

RC deep beams with 
shear reinforcement 

Number of the beams 295 224 
Concrete strength (MPa) 11 to 87 14 to 90 
Shear span to depth ratio 0.25 to 2.0 0.27 to 2.0 
Effective depth (mm) 151 to 1750 160 to 1750 
Main reinforcement ratio (%) 0.26 to 6.64 0.16 to 4.25 
Vertical shear reinforcement ratio (%) ---- 0 to 2.45 
Horizontal shear reinforcement ratio (%) ---- 0 to 3.17 
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Table 2-Percent of safe shear strength prediction by STM after application of safety 497 

factors 498 

 

Beams without shear reinforcement 
(295 beams) 

Beams with shear reinforcement 
(224 beams) 

Safe 
prediction 

(%) 

Mean of 
safe 

results 

Mean of 
unsafe 
results 

Safe 
prediction 

(%) 

Mean of 
safe 

results 

Mean of 
unsafe 
results 

Marti 1985 88.3 1.93 0.86 99.6 2.28 0.87 

Collins and Mitchell 1986 96.0 2.34 0.90 98.7 1.96 0.92 

Vecchio and Collins 1993 100 3.32 --- 99.6 2.97 0.87 

Warwick and Foster 1993 91.0 1.91 0.88 99.6 2.68 0.87 
Modified Collins and 
Mitchell 1996 97.1 2.53 0.95 99.6 3.21 0.87 

EC2 90.9 1.92 0.91 99.6 2.59 0.75 

ACI 318-14 79.3 1.76 0.85 93.3 1.95 0.84 

Model Code 2010 88.7 1.99 0.88 99.6 2.69 0.79 

Proposed 100 1.63 --- 100 1.59 --- 
Table 3 Summary of finite element analysis of RC deep beams with shear reinforcement  499 

Specimen 
fc 

(MPa) 
b 

(mm) 
d 

(mm)  (%) a/d 

Bearing 
Plate 
width 
(mm) 

Principal 
concrete 
strength 
(MPa) 



E
xp

er
im

en
ta

l (
Is

m
ai

l e
t 

al
. 2

01
6b

) 

A2 85.7 100 330 3.655 1.67 100 28 435 

A
verag

e =
 452  

A3 85.1 100 330 3.655 1.67 100 29 451 

B2 86.6 100 330 3.655 1.29 100 32 462 

B3 88.1 100 330 3.655 1.29 100 34 489 

D2 59.7 100 330 3.655 1.67 100 24 410 

D3 58.1 100 330 3.655 1.67 100 25 430 

E2 59.1 100 330 3.655 1.29 100 26 416 

E3 59.2 100 330 3.655 1.29 100 29 463 

F2 60.6 100 330 3.655 0.91 100 34 488 

F3 59.5 100 330 3.655 0.91 100 34 490 

G1 30.9 100 330 3.655 1.67 100 23 467 

G2 30.5 100 330 3.655 1.29 100 24 457 

G3 31.3 100 330 3.655 0.91 100 25 429 

dy
 

(I
s m BH-S-30 30 200 710 1.300 0.75 150 25 396 
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BH-S-55 55 200 710 1.300 0.75 150 36 476 
 

BH-S-80 80 200 710 1.300 0.75 150 39 466 
 

BH-M-30 30 200 710 1.300 1.3 150 23 449 
 

BH-M-55 55 200 710 1.300 1.3 150 28 451 
 

BH-M-80 80 200 710 1.300 1.3 150 32 471 
 

BH-B-30 30 200 710 1.300 2 150 19 407 
 

BH-B-55 55 200 710 1.300 2 150 25 472 
 

BH-B-80 80 200 710 1.300 2 150 27 458 
 

 500 

Table 4 Summary of finite element analysis of RC deep beams without shear 501 

reinforcement 502 

Specimen 
fc 

(MPa) 
b(mm) 

d 
(mm) 

 
(%) 

a/d 

Bearing 
Plate 
Width 
(mm) 

Principal  
concrete  
strength 
(MPa) 



E
xp

er
im

en
ta

l (
Is

m
ai

l e
t 

al
. 2

01
6b

) 

A1 85.2 100 330 3.655 1.67 100 27 420 

A
verag

e =
 398  

B1 86.9 100 330 3.655 1.29 100 31 447 

C1 85.7 100 330 3.655 0.91 100 34 444 

D1 58.8 100 330 3.655 1.67 100 21 360 

E1 58.2 100 330 3.655 1.29 100 24 385 

F1 60.5 100 330 3.655 0.91 100 28 402 

H1 35.8 150 449 1.399 1.67 80 21 356 

H2 35.8 150 328 1.378 1.65 80 18 307 

H3 35.8 150 219 1.376 1.64 80 17 290 

P
ar

am
et

ric
 s

tu
dy

 (
Is

m
ai

l 
et

 a
l. 

20
16

a)
 

BN-S-30 30 200 710 1.300 0.75 150 23 365 
 

BN-S-55 55 200 710 1.300 0.75 150 32 431 
 

BN-S-80 80 200 710 1.300 0.75 150 38 451 
 

BN-M-30 30 200 710 1.300 1.3 150 22 421 
 

BN-M-55 55 200 710 1.300 1.3 150 25 413 
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BN-M-80 80 200 710 1.300 1.3 150 30 434 
 

BN-B-30 30 200 710 1.300 2 150 18 385 
 

BN-B-55 55 200 710 1.300 2 150 23 423 
 

BN-B-80 80 200 710 1.300 2 150 26 436 
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