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Abstract 

The main aim of this research was to study the effect of 

compressive strength of concrete ( ) and yield stress of 

reinforcing steel ( ) on the behavior of self-compacted 

concrete (SCC) deep beams when reinforcing their struts 

using the finite element program ANSYS 13 version. This 

work presents the results of the experimental tests conducted 

on nine specimens divided into three groups. The difference 

between the three groups was the type of loading; 2-

concentrated forces for the 1st group, 1-concentrated force for 

2nd group and uniformly distributed load for the 3rd group. The 

numerical results of this analysis showed good agreement 

with the experimental ones. It was found that the increase in 

( ) by about 33.3% led to increase both the ultimate capacity 

( ) and the midspan deflection ( ) about 7-13% and 20-

70%, respectively for the specimens in which only the struts 

and ties were reinforced, while for the RC frames, the increase 

in both the ultimate capacity ( ) and the midspan deflection 

( ) was about 5-11% and 15-41%, respectively. It was also 

found that the increase in ( ) by about 40% led to increase 

the ultimate capacity ( ) and decrease the midspan deflection 

( ) by about 22-38% and 8-15%, respectively for the 

specimens in which only the struts and ties were reinforced, 

while for the RC frames, the increase in the ultimate capacity 

( ) and the decrease in midspan deflection ( ) were about 

26-40% and 19-28%, respectively.  

Keywords: Deep beams, Finite element, Reinforced concrete, 

Strut and Tie Model. 

 

INTRODUCTION 

Deep beams are members that are loaded on one face and 

supported on the opposite face such that strut-like 

compression elements can develop between the loads & 

supports and that satisfy (a) or (b) [1]. 

a) Clear span ln does not exceed four times the overall 

member depth h. 

b) Concentrated loads exist within a distance 2h from 

the face of the support. 

The Strut-and-Tie Model (STM) is especially suitable in the 

strength estimate of discontinuity regions. The flow of forces 

can be easily imagined by classifying the discontinuity 

regions with compressive struts representing the flow of 

concentrated compressive stresses in the concrete, while the 

tension ties are representing the reinforcing steel [2]. Many 

researchers have shown that the Strut and Tie Method is 

conservative [3-10].  

Reinforcing struts and ties in order to form proposed frames 

were studied by the authors in a previous study [11] in which 

the struts and ties were reinforced as compressive and tensile 

members, respectively. These proposed frames showed good 

agreement in the ultimate capacity in addition to offering gain 

in weight, cost and front side area by 41-51%, 4-27% and 46-

56%, respectively in comparison with the conventional 

reference deep beams. Therefore, the present research is 

continuing the same research line started in the previous 

research.   

 

EXPERIMENTAL PROGRAM 

The experimental program consisted of constructing and 

testing of nine simply supported SCC specimens, which are 

divided into three groups (A, B and C) as shown in (Figure 1). 

Each group consisted of three specimens. The first specimens 

in each group were conventional deep beams (DB.2P, DB.1P 

and DB.U specimens). The second specimens in each group 

were deep beams in which only the paths defined by STM of 

ACI 318M-14 were reinforced (STM.2P, STM.1P and STM.U 

specimens) besides removing the shoulders of the specimens 

STM.1P and STM.U. Finally, the third specimens in each 

group were the reinforced concrete frames (FR.2P, FR.1P and 

FR.U specimens) that took their dimensions from the load 

paths defined by STM, then reinforced according to ACI 

318M-14.  

It is worth to mention that the struts in STM.2P, STM.1P, 

STM.U, FR.2P, FR.1P and FR.U were reinforced as 

compression members according to equation (22.4.2.2) of 

ACI 314M-14, while the ties were reinforced as tension 

members according to equation (22.4.3.1) of ACI 318M-14. It 

is also worth to mention that the section of every frame was 

unified; the width was b=150mm (the width of the reference 

beams) and height was wsb (STM section height at the bottom 

of the inclined struts) [11]. 
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Group A 

   

FR.2P 

(diagonal splitting failure) 

STM.2P 

(diagonal splitting failure) 

DB.2P 

(flexural-shear failure) 

Group B 

  

 

 

FR.1P 

(diagonal splitting failure) 

STM.1P 

(diagonal compression failure) 

DB.1P 

(nodal failure) 

 

Group C 

   

FR.U 

(diagonal splitting failure) 

STM.U 

(diagonal splitting failure) 

DB.U 

(flexural-shear failure) 

 

Figure 1: Specimens geometry [11] 

 

 

RESEARCH PROGRAM 

Finite Element Idealization of Specimens 

A finite element model was arranged by using ANSYS 13 [12] 

computer program to verify and idealize the nine reinforced 

self-compacted concrete specimens of the experimental work. 

ANSYS program was also used to study the effect of (f ć) and 

 on the behavior of the proposed reinforced SCC 

specimens. 

 

ANSYS Model 

Element types, Real constants, Material properties and 

Parameters 

Table 1 shows the characteristics of the finite element types 

that were used in modeling the nine tested specimens and the 

additional twenty-four specimens studied by ANSYS 

program. While the Parameters identifications and numerical 

values for element types are shown in Table 2. 

 

Table 1: Characteristics and identifications of the selected 

ANSYS finite element types representative of the main 

components for all specimens 

Beam components Selected element 

from ANSYS library 

Element 

characteristics 

Self-Compacted 

Concrete 

SOLID65 8-node Brick 

Element 

(3 Translation 

DOF per node) 

Reinforcing Bars 

(main, horizontal  

and vertical 

reinforcement) 

LINK180 2-node Discrete 

Element 

(3 Translation 

DOF per node) 

Steel Bearing Plate 

of loading 

SOLID185 8-node Brick 

Element 

(3 Translation 

DOF per node) 
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Table 2: Parameters identifications and numerical values for element types of the present ANSYS model for all specimens 

 

 

Modeling and Meshing of the Concrete Media and the 

Bearing Plates 

To get good results for the element Solid 65 in the present 

models, rectangular mesh has been used. In addition, 

triangular meshing was used in some models. To mesh the 

bearing plate at support regions and load points for specimens 

by Solid185 element, the volume sweep command was used. 

The meshing of concrete and bearing plates at load points and 

support regions for specimens are shown in (Figure 2).  

 

Modeling of Steel Reinforcing Bars 

LINK180 element was used for all arrangements of the steel 

reinforcing bars as shown in (Figure 3) for all specimens.  

 

  

DB.2P STM.2P 

  

FR.2P DB.1P 

  

STM.1P FR.1P 

  

DB.U STM.U 
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FR.U 

Figure 3: ANSYS modeling of reinforcing steel bars for 

specimens 

 

Loads and Boundary Conditions 

The right support was placed as a roller by restraining an only 

one line of bearing plate nodes along the width of the beam 

soffit in the y and z directions (Uy= Uz =0). The left support 

was placed as a hinge by restraining the x, y and z directions 

(i.e. Ux =Uy= Uz=0).  

 

Experimental and Numerical Load-Deflection Responses  

Table 3 shows the experimental and numerical results for  

and  for all specimens. The deflection profile for all 

specimens are shown in (Figure 4). 

 

 

 

  

DB.2P STM.2P 

  

FR.2P DB.1P 

  

STM.1P FR.1P 

  

DB.U STM.U 

 

FR.U 

Figure 4: Deflection profile for specimens 

 

Parametric Study 

The parametric study presented here comprised of analyzing 

twenty-four specimens which has been modeled using 

ANSYS 13. ( ) and ( ) are the parameters that were 

studied. The twenty-four specimens that were modeled by 

ANSYS had the same geometry and reinforcement of their 

experimental work counterparts. 

Table 3: Numerical and experimental results for all specimens 

Specime

n 

designati

on 

Experiment

al results 

Numerical 

results 

  
 

(kN) 

(

mm) 

 

(kN) 

 

(mm) 

DB.2P 262 2662 
242.7

2 
62 44 

1.024 1.02 

STM.2P 470 5.5 
454.9

9 
5.95 

1.032 0.92 

FR.2P 522 5.2 
50964

8 
4.32 

1.024 1.2 

DB.1P 355 5.73 743 62 23 1.023 1.09 

STM.1P 300 5.25 
281.2

4 
5.25 

1.066 1 

FR.1P 325 4.73 
315.3

5 
4.1 

1.030 1.15 

DB.U 
547.

8 
7.57 

274.4

7 
66 51 

1.025 1.16 

STM.U 
420.

2 
6.58 

398.7

2 
7.67 

1.053 0.85 

FR.U 505 6.3 496.5 5.81 1.017 1.08 
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Effect of Concrete Compressive Strength ( ) 

( ) used in the experimental work was about 35MPa. That is 

why 30 MPa and 40 MPa were numerically studied. The 

effect of the parameter (f ć) on  and for (STM.2P, 

STM.1P & STM.U) is shown in Table 4. The detailed effect 

of (f ć) can be summarized as follows:   
STM.2P, the decrease in f ć from 35 to 30 MPa (i.e. 14.2% 

decrease) led to decrease  and  by about (3.5% and 

9.5%), respectively, while, the increase in f ć from 35 to 40 

MPa (i.e. 14.2% increase) led to increase  and  by 

about (4.4% and 20.3%), respectively. Generally, when the f ć 

increased from 30 to 40 (i.e. % 33.3 increase).  

and  increased by about (8.2% and 33%), respectively. 

STM.1P, the decrease in f ć from 34.4 to 30 MPa (i.e. 12.7% 

decrease) led to decrease  and  by about (5.86% 

and 27.2%), respectively, while, the increase in f ć from 34.4 

to 40 MPa (i.e. 16.2% increase) led to increase  and 

by about (5.6% and 23.6%), respectively. Generally, it 

could be said that increasing f ć from 30 to 40 (i.e. 33.3% 

increase) it led to increase and  by about (12.2% 

and 69.8%), respectively. 

STM.U, the decrease in f ć from 34.1 to 30 MPa (i.e. 12% 

decrease) led to decrease  and  by about (3.5 % and 

9.9%), respectively, while, the increase in f ć from 34.1 to 40 

MPa (i.e. 17.3% increase) led to increase  and   by 

about (3.8% and 9.1%), respectively. That is to say, when f ć 

increased from 30 to 40 (i.e. 33.3% increase).  and 

 increased by about (7.6% and 21.1%), respectively. 

 

The load-midspan deflection curves for the (STM.2P-1, 

STM.2P & STM.2P-2), (STM.1P-1, STM.1P & STM.1P-2) 

and (STM.U-1, STM.U & STM.U-2) are shown in (Figures 2, 

6 and 3), respectively.  

 

Table 4: Effect of concrete compressive strength ( ) on the ultimate capacity and the corresponding deflection for the STMs 

specimens 

Specimen 

designation 
 

(MPa) 
 

(kN) 
 

(mm) 

Change in 

 

Change in 

 

STM.2P-1 30 438.99 5.38 -3.5 -9.5 

STM.2P 35 454.99 5.95 - - 

STM.2P-2 40 474.99 7.16 +4.4 +20.3 

*Comparing with STM.2P 

STM.1P-1 30 264.74 3.82 -5.86 -27.2 

STM.1P 34.4 281.24 5.25 - - 

STM.1P-2 40 296.99 6.49 +5.6 +23.6 

*Comparing with STM.1P 

STM.U-1 30 384.72 6.91 -3.5 -9.9 

STM.U 34.1 398.72 7.67 - - 

STM.U-2 40 413.92 8.37 +3.8 +9.1 

*Comparing with STM.U 

 

   

Figure 5:  Load-midspan deflection for  

(STM.2P-1, STM.2P & STM.2P-2) 

Figure 6: Load-midspan deflection for  

(STM.1P-1, STM.1P & STM.1P-2) 

Figure 7: Load-midspan deflection for  

(STM.U-1, STM.U & STM.U-2) 
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The effect of (f ć) on  and for (FR.2P, FR.1P & FR.U) is 

shown in Table 5. The detailed effect of (f ć) can be 

summarized as follows: 

FR.2P, the decrease in f ć from 35 to 30 MPa (i.e. 14.2% 

decrease) led to decrease  and  by about (3.1% and 

13.2%), respectively, while, the increase in f ć from 35 to 40 

MPa (i.e. 14.2% increase) led to increase and  by 

about (2.67% and 17.1%), respectively. Generally, when f ć 

increased from 30 to 40 (i.e. 33.3% increase). and  

increased by about (6% and 34.9%), respectively. 

FR.1P, the decrease in f ć from 34.4 to 30 MPa (i.e. 12.7% 

decrease) led to decrease and  by about (5.07% 

and 16.3%), respectively, while, the increase in f ć from 34.4 

to 40  

MPa (i.e. 16.2% increase) led to increase and  

about (4.64% and 18.2%), respectively. Generally, when f ć 

increased from 30 to 40 (i.e. 33.3% increase) it led to 

increase  and by about (10.2% and 41.3%), 

respectively. 

FR.U, the decrease in f ć from 34.1 to 30 MPa (i.e. 12% 

decrease) led to decrease and  by about (3.02% 

and 5.1%), respectively, while, the increase in f ć from 34.1 to 

40 MPa (i.e. 17.3% increase) led to increase  and 

about (2.5% and 9.6%), respectively. Generally, when 

f ć increased from 30 to 40 (i.e. 33.3% increase) it led to 

increase  and  by about (5.7% and 15.6%), 

respectively. 

The load-midspan deflection curves for (FR.2P-1, FR.2P & 

FR.2P-2), (FR.1P-1, FR.1P & FR.1P-2) and (FR.U-1, FR.U & 

FR.U-2) are shown in (Figures 2, 9 and 10), respectively. 

 

Table 5: Effect of concrete compressive strength ( ) on the 

ultimate capacity and the corresponding deflection for the FRs 

specimens 

Specimen 

designati

on 

 

(MPa

) 

 

(kN) 

 

(mm) 

Chang

e in 

 

Chang

e in 

 

FR.2P-1 30 493.49 3.75 -3.1 -13.2 

FR.2P 35 509.48 4.32 - - 

FR.2P-2 40 523.13 5.06 +2.67 +17.1 

*Comparing with FR.2P 

FR.1P-1 30 299.35 3.43 -5.07 -16.3 

FR.1P 34.4 315.35 4.1 - - 

FR.1P-2 40 330 4.85 +4.64 +18.2 

*Comparing with FR.1P 

FR.U-1 30 481.5 5.51 -3.02 -5.1 

FR.U 34.1 496.5 5.81 - - 

FR.U-2 40 509 6.37 +2.5 +9.6 

*Comparing with FR.U 

 

  

Figure 8: Load-midspan 

deflection for (FR.2P-1, 

FR.2P & FR.2P-2) 

Figure 9: Load-midspan 

deflection for (FR.1P-1, FR.1P 

& FR.1P-2) 

 

 

 

Figure 10: Load-midspan deflection for (FR.U-1, FR.U & 

FR.U-2) 
 

 

Effect of Yield Stress of Steel reinforcement  

 in the experimental work was 550 MPa for  and 

570 MPa for , respectively. These two stresses were 

increased and decreased by 20% in the specimens that were 

modeled by ANSYS for (STM.2P, STM.1P & STM.U) as 

shown in Table 6. The detailed effect of  can be 

summarized as follows: 

STM.2P, when  increased by 20%, the  increased and 

 decreased by about (14% and 5%), respectively, while 

 decrease by 20% led to decrease  and increase  

by about (13.6% and 11.7%), respectively. 

STM.1P,  increase by 20% led to increase and 

decrease  by about (17% and 8%), respectively, while,  

decrease by 20% led to decrease and increase  by 

about (14.8% and 7.2%), respectively. 

STM.U,  increase by 20% led to increase  and 

decrease  by about (10.3% and 4.1%), respectively, 

while,  decrease by 20% led to decrease and increase 

 by about (10.2% and 4.8%), respectively. 

The load-midspan deflection curves for (STM.2P-1, STM.2P 

& STM.2P-2), (STM.1P-1, STM.1P & STM.1P-2) and 

(STM.U-1, STM.U & STM.U-2) are shown in (Figures 11, 12 

and 17), respectively.  
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Table 6: Effect of  steel reinforcement yield stress   on 

the ultimate capacity and corresponding deflection for the 

STMs specimens 

 

  

Figure 11: Load-midspan 

deflection for (STM.2P-1, 

STM.2P & STM.2P-2) 

Figure 12: Load-midspan 

deflection for (STM.1P-

1,STM.1P &STM.1P-2) 

 

Figure 13: Load-midspan deflection for (STM.U-1, 

STM.U & STM.U-2) 

 

The effect of ( ) on  and  for (FR.2P, FR.1P & FR.U) 

is shown in Table 7. The detailed effect of  can be 

summarized as follows: 

FR.2P,  increase by 20% led to increase and 

decrease  by about (12.84% and 18.9%), respectively, 

while,   decrease by 20% led to decrease  and 

increase  by about (14.56% and 13.19%), respectively. 

FR.1P,  increase by 20% led to increase  and 

decrease  by about (17.75% and 12.9%), respectively, 

while,  decrease by 20% led to decrease and increase 

by about (15.47% and 7.56%), respectively. 

FR.U,  increase by 20% led to increase and 

decrease  by about (13.59% and 14.8%), respectively, 

while,   decrease by 20% led to a decrease  and 

increase  by about (10% and 7.4%), respectively. 

The load-midspan deflection curves for (FR.2P-1, FR.2P & 

FR.2P-2), (FR.1P-1, FR.1P & FR.1P-2) and (FR.U-1, FR.U & 

FR.U-2) are shown in (Figures. 14, 12 and 16), respectively.  

 

Table 7:  Effect of yield stress of steel reinforcement   on 

the ultimate capacity and corresponding deflection for the FRs 

specimens 

Specimen 

designation 

 

(MPa) 

 

(MPa) 

 

(mm) 

Change in 

 

Change in 

 

FR.2P1 Increase 

20% 

574.9 3.5 +12.84 -18.9 

FR.2P - 509.42 4.32 - - 

FR.2P2 Decrease 

20% 

435.26 4.89 -14.56 +13.19 

*Comparing with FR.2P 

FR.1P1 Increase 

20% 

371.35 3.57 +17.75 -12.9 

FR.1P - 315.35 4.1 - - 

FR.1P2 Decrease 

20% 

266.55 4.41 -15.47 +7.56 

*Comparing with FR.1P 

FR.U1 Increase 

20% 

564 4.95 +13.59 -14.8 

FR.U - 496.5 5.81 - - 

FR.U2 Decrease 

20% 

446.5 6.24 -10 +7.4 

*Comparing with FR.U 

 

 

  

Figure 14: Load-midspan 

deflection for FR.2P-1, FR.2P & 

FR.2P-2 

Figure 15: Load-midspan 

deflection for FR.1P-1, FR.1P 

& FR.1P-2 

  

Specimen 

designation 

 

(MPa) 

 

(MPa) 

 

(mm) 

Change in 

 

Change in 

 

STM.2P1 Increase 

20% 

519 5.65 +14.0 -5 

STM.2P - 454.99 5.95 - - 

STM.2P2 Decrease 

20% 

392.99 6.65 -13.6 +11.7 

*Comparing with STM.2P 

STM.1P1 Increase 

20% 

329.26 4.83 +17 -8 

STM.1P - 281.24 5.25 - - 

STM.1P2 Decrease 

20% 

239.5 5.63 -14.8 +7.2 

*Comparing with STM.1P 

STM.U1 Increase 

20% 

439.9 7.35 +10.3 -4.1 

STM.U - 398.72 7.67 - - 

STM.U2 Decrease 

20% 

358 8.04 -10.2 +4.8 

*Comparing with STM.U 
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Figure 16: Load-midspan deflection for FR.U-1, FR.U & 

FR.U-2 

 
 

CONCLUSIONS  

The load is transferred from the loading points to the supports 

via the struts, which is in compression. These struts make 

acute angles with the ties that produce tensile forces in these 

ties. Therefore, any change in the compressive strength of 

concrete or in the tensile strength of the main reinforcement 

leads to an obvious effect on the ultimate capacity. 

The finite element analysis used in the present research had a 

good agreement with the experimental results in terms of 

load-deflection behavior,  and . Therefore, the effects of 

 and  on the proposed specimens can be summarized as 

follows: 

The relationship between ( ) and ( ) for the proposed 

specimens was found to be as follows:     

a) In case of 2-concentrated forces, increasing  by 

7767% led to increase  about 6-8.5%.  

b) In case of 1-concentrated force, increasing  by 

33.3% led to increase  about 10-12.5%.  

c) In case of uniformly distributed load, increasing  

by 33.3% led to increase  about 5-8%.  

The relationship between  and ( ) for the proposed 

specimens was directed:   

a) In case of 2-concentrated forces, decreasing  by 

20% led to decrease  by about 13.6-14.56%, while 

increasing  by 20% led to increase in   by about 

12.84-14%. 

b) In case of 1-concentrated force, decreasing  by 

20% led to decrease  by about 14.8-15.47%, while 

increasing  by 20% led to increase in   by about 

17-17.75%. 

c) c. In case of uniformly distributed load, decreasing 

 by 20% led to decrease    by about    10-10.2%, 

while increasing  by 20% led to increase in  by 

about 10.3-13.59%. 
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Notations 

 Ultimate load, kN 

 Numerical failure load, kN 

wsb Width of inclined strut at support node, mm  

 150mm*300mm cylinder compressive strength of 

concrete, MPa 

 Flexural strength or modulus of rupture (MPa) 

 Open shear transfer coefficient 

 Close shear transfer coefficient 

h Total depth of deep beam, mm 

 Clear span measured face to face of supports, mm 

 Yield stress of main steel reinforcement, MPa 

𝐸𝑐   Modulus of elasticity of concrete, MPa 

 Diameter of bar, mm 

 Displacement corresponding to the ultimate of deep 

beam, mm 

 Numerical displacement at failure, mm 

 Poisson’s ratio 

Es Modulus of elasticity of steel, MPa 

Et strain hardening modulus, MPa 

 


