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Abstract : This paper aims to study numerically and analytically the effect of steel fibers on the behavior of 

reinforced lightweight concrete (RLWC) deep beams using strut and tie model (STM) and ANSYS program. The 

effect of nine parameters on the behavior: (1) effect of concrete compressive strength fcu; (2) effect of yield 

reinforcing steel strength fy; (3) effect of beam depth; (4) effect of beam width; (5) effect of shear span to depth 

ratio (a/d); (6) effect of main steel ratio; (7) effect of web reinforcement; (8) effect of fiber content and (9) effect 

of fiber aspect ratio are studied. The experimental results carried out by Manharawy [1] are verified using STM 

and ANSYS 15 computer program. The performance of RLWC deep beams was investigated in terms of: (1) 

cracking load; (2) cracking pattern; (3) ultimate load; (4) failure mode; (5) displacement ductility and (6) 

toughness. It is concluded that both the Egyptian code ECP-2017 [2] and ACI code 318-18 [3] are conservative in 

calculating the ultimate shear for RLWC deep beams.
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1. Introduction 

 

The analysis of reinforced concrete deep beams 

according to ECP 203-2017 [2] and ACI 318-18 

[3] by strut and tie method (STM) is widely used. 

According to ACI 318-19 [3] design guide, deep 
beam is at least one of the following conditions: 

 

i. Regions with concentrated loads are within 

twice the member depth from the face of 

the support; and 

ii. Clear span is equal to or less than four 

times the deep beam depth. 

 

Lightweight concrete (LWC), could be used for 

structural purpose after enhancing its 

performance in tension by using fibers [4, 5]. 
LWC has the following properties in addition to 

its light weight: (1) high thermal insulation 

properties; (2) flow ability; (3) self-compacting; 

and (4) speed of construction [6, 7]. The 

behavior of deep beams requires special 

considerations in experiment work, analysis and 

design, in addition to detailing of reinforcement 

[8 - 10]. Steel fibers in lightweight concrete 

increases the flexural and tensile strength, 

resistance to dynamic and sudden loading and 

strength against explosive effects [10-13]. 

Magdalene and Kanmani [15], verify the 

experimental study of (M20 grade) deep beam 

with different span to depth ratios (1.5, 2.0 and 

2.5), and used ANSYS 9.0 to analyze the results. 

Many researchers have studied deep beams and 

come out with their design method, using STM 

[17- 22]. 

STM is used in this paper according to ECP 203-

2017 [2] and ACI 2018-18 [3] with standard 

specific condition span-to-total-depth ratio (L/t < 

2) for simply supported deep beam, where 

effective span is given by lesser of the following 

values: 

(a) 1.15 times the clear span (L0); and 

(b) Center-to center (C/C) distance 

between the supports. 

 

Researchers [22, 23] studied the nonlinear 

behavior of deep beams using ANSYS program 

and concluded that this program can predict the 

behavior in a good accuracy. Researchers [24- 

26] studied analytically the behavior of deep 

beams using different methods. 
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2.Strut and Tie Method (STM) 

STM is used to design of disturbed region 

(D-regions) were plane section remaining plane 

before and after bending does not hold true. As 

shown in Figure 1. The angle between the axes 

of struts and tie is (θ) should be as large as 

possible to avoid incompatibilities and reduce 

cracking due to shortening of strut and lengthen 

of the tie occurring otherwise in almost the same 

direction. 

               ( 1) 

The angle ( ) should be not less than 26o 

according to ECP 203-2017 code [2] or equal 25o 

according to ACI 318-18[3]. 

where: 

 

 

 

a: is the shear span measured from center lines 

between the load and support bearing plate. 

h: is the beam total depth. 

c1: is the concrete cover distance from the top 

steel bars to the top beam surface. 

c2: is the concrete cover distance from the 

bottom longitudinal steel bars to the beam 

soffit. 

The diagonal struts (Fu, AB , Fu,CD) and the 

compressive force in horizontal top strut 

(Fu,BC) are given by 

The diagonal struts (Fu, AB , Fu,CD) and the 

compressive force in horizontal top strut (Fu,BC) are 

given by 

 

 

 

 

Fu,BC =  fcd1 . Astr1                                             (2) 

Fu,AB =  fcd2 . Astr2b                             (for nodal zone A)                                               (3) 

Fu,AB = fcd2 . Astr2t                                   (for nodal zone B)                                                     (4) 

The compression capacity of strut (Fc) can be determined depending on the shape of strut and it can be 

calculated generally as: 

Fc= fcd . Astr                                                                                                                                   (5) 

where: 

fcd1, fcd2, and fcd: are the effective compressive strength of fibrous concrete strut at the strut under consideration; 

Astr1 , Astr2  and Astr : are the cross-sectional area of the strut at the strut end under consideration. 

For tapered strut 

)6(                                                                                                                                                cuff.nf=z.cd2f 

It is taken as the smaller of (fcd1) and (fcd2) 

where: 

z : is the coefficient depends on the design code, equal 0.67 for Egyptian code ECP 203-2017[2]; 

; andof fibrous concrete stress condition factornodal zone : is the nf   

the compressive strength of the fibrous concreteis :  cuff 
fcuf  =  fcu  (1+ 0.1066 F)                                                             (7) 

                                        F =  
Vf lf  

f 

                                                                                                               (8) 

where: 

fcu : is the concrete cubic compressive strength without fibers; 

F: is the fiber factor; 

Vf : is the fiber content ratio; 

lf : is the fiber length; and 

f :is the fiber diameter. 
For prismatic strut: It is taken as (fcd1)  

fcd1=z. sf. fcuf                                                                                                            (9) 

As shown in Figure 1, a simply supported deep beam with nodal zone (A and B) is identified according to 

STM. Nodal zone (A) at the support is (C-C-T) type and nodal zone (B) is (C-C-C) type. From equilibrium conditions: 



 Vol. 1, No. 50 October 2021, pp.93-105 et al Mohamed S. Manharawy Engineering Research Journal (ERJ) 

 

-95- 

     𝑇 =  𝐹𝑢,𝐴𝐷 =
𝑉𝑢

𝑡𝑎𝑛 𝜃
        (Force in the composite tie)                                                (10. 𝑎) 

   𝐶 =  𝐹𝑢,𝐵𝐶 =
𝑉𝑢

𝑡𝑎𝑛𝜃
    (Forec in the compressed top strut)                                        (10. b) 

Fu, AD = ns .[(fy.Abar) + pc ((wct)2- Abar)]                                                                      (11) 

By using equation (11) and substitute in equation (12)  

𝑉𝑢(1) =   𝑛𝑠  .  [(𝑓𝑦 × 𝐴𝑏𝑎𝑟) + 𝑝𝑐  ((𝑤𝑐𝑡 )2 − 𝐴𝑏𝑎𝑟)]  𝑡𝑎𝑛𝜃                                                    (12) 

While by using equation (10.b) and substitute in equation (13)  

                        Fu,BC=z.sf.fcuf . b. ws                                                                                                                                                    

Vu(2)=[0.67.sf. fcuf . b. ws]. tan  

The value of shear capacity is the smaller of Vu1 or Vu2. 

where: 

ns: is the number of main bottom bars adopted for tension steel; 

fy: is the yielding strength of the steel bars; 

Abar: is the post-cracking tensile of fibrous concrete strength;  

b: is the beam width; and 

Vu1, Vu2 and Vu3 are the ultimate shear forces. 

 
 

Fig 1 Strut and tie modeling 

3.Nonlinear Finite Element Analysis 

In this study, nonlinear structural analysis program ANSYS V15 is used to create numerical simulation. 

To verify the used model, a verification model of NSSFRC deep beam which experimentally tested by Adam et al 

[27] was used as shown in Figure 2. Figure 3 shows the load deflection relation between the numerical and the 

experimental curve of tested beam. 

Eight-nodes solid element (SOLID 65) is used for modeling concrete as shown in Figure 4.a, with three 

translational degrees of freedom (X, Y and Z directions) at each node. Special features of SOLID 65 are taken into 

consideration such as: plasticity, cracking, creep, large strain and large deflection and also capable of plastic 

deformation. The used size of the mesh to model the beams is 25mmx25mmx25 mm. Link- 8 element was used to 

model the steel reinforcement as shown in Figure 4.b. It has two nodes with three degrees of freedom-translations 

at each node at X, Y and Z directions. The numerical program consists of four groups; each group has two beams 

in addition to the control specimen. All deep beams have overall depth 800mm, width 150mm and total length 

2200mm with clear span 2000mm. The numerical model for all beams has shear-span to depth ratio (a/t) =1.0. The 

cylindrical compressive strength fc
, taken 28 MPa and cubic compressive strength fcu is 33 MPa. Figure 5 shows 

the deflection contours (deformed shape) and the contours of the stresses for all tested beams [1]. 
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a) Finite element mesh 

b) Deformed shape and cracking pattern 

 

 

Fig 2 Verification model of beam B1 [27] 

 

Fig 3 Load-Deflection curve of the verification model [27] 

 

(a) Concrete elements (Solid 65) (b) Reinforcing bar elements (Link 8) 
Fig 4 ANSYS idealization for deep beams [1] 

0

50

100

150

200

250

300

0 0.5 1 1.5 2

Lo
ad

 (k
N

)

Defflection (mm)

EXP.B1 [27]

ANSYS B1



 Vol. 1, No. 50 October 2021, pp.93-105 et al Mohamed S. Manharawy Engineering Research Journal (ERJ) 

 

-97- 

 

 

(a) Sample of the deformed shape. (b) Sample of the deflection contours 

  

(c) Stress-contours of beam B1 
(d) Stress-contours of beam B2 

  

(e ) Stress-contours of beam B3 (f) Stress-contours of beam B4 
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(g) Stress-contours of beam B5 (h) Stress-contours of beam B6 

  

(i) Stress-contours of beam B7 (j) Stress-contours of beam B8 

Fig 5 Deformed shapes and stress contours for all tested beams [1] 

4.Analysis of Results 

The numerical and analytical results from the finite element analysis and STM are shown in Table 1. The 

numerical results from FE and the experimental results are plotted in Figure 6. Comparison of the experimental, 

numerical and analytical results shows a good agreement where the mean, standard deviation of the predicted and 

measured values of the cracking load due to flexure, the cracking load due to shear, the ultimate load and the 

ultimate deflection (Pcrf, Pcrs, Pu and Du) shown in Table 2 are in the acceptable range. The mean of (Pcrf FE/Pcrf exp.), 

(Pcrs FE/Pcrs exp.), (Pu FE/Pu exp.), (Du FE/Du exp.), (Pu STM [2]/Pu exp.) and (Pu STM [3]/Pu exp.) are 100.44 %, 97.55 %, 102.27 

%, 95.70 %, 99.27 % and 99.97 %, respectively. The load-deflection curves for beams B7 and B8 from the 

numerical results are very similar to that of the experimental ones as shown in Figure 6.g and 7.h. The standard 

deviation of the loads level stayed under 10. Also Table 2 shows that both the ECP 203-2017 [2] and ACI 318-18 

[3] are conservative in calculating the ultimate shear load using STM. However, the ECP 203-2017 [2] is more 

conservative than ACI 318-18 [3]. 
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Table 1 Predicated results from FE and STM. 

STM FE 

Beam No. 

Pu STM [3] (kN) Pu STM [2] (kN) 
u FE (mm) 

Pu FE (kN) Pcrs FE (kN) Pcrf FE (kN) 

573.30 519.30 3.60 559.70 287.00 214.20 B1 

614.20 613.10 3.93 651.20 291.78 231.70 B2 

800.50 847.30 4.84 782.70 311.78 241.70 B3 

1030.00 1016.80 4.66 904.00 358.97 254.28 B4 

634.60 639.30 5.08 687.20 297.41 251.70 B5 

643.30 654.30 4.46 736.47 314.28 259.28 B6 

622.60 620.80 3.79 660.00 275.22 240.50 B7 

614.30 600.30 4.56 638.84 263.66 216.00 B8 

Table 2 Comparison between experimental, numerical and analytical results. 

Beam No. B1 B2 B3 B4 B5 B6 B7 B8 Mean 

Standard 

Deviation 

Pcrf FE / Pcrf exp.  % 107.10 105.32 96.68 97.80 100.68 96.03 96.20 102.86 100.33 4.07 

Pcrs FE / P crs exp. % 106.30 97.26 97.43 105.58 95.94 98.21 88.78 90.92 97.55 5.76 

Pu FE / P u exp.  % 98.96 103.74 98.94 101.57 103.53 103.73 103.13 104.16 102.22 2.02 

Du FE / D u exp  % 111.80 94.93 93.80 89.62 87.89 102.53 102.16 98.49 97.65 7.16 

Pu STM [2] / P u exp. % 91.81 97.67 107.10 114.25 96.31 92.15 97.00 97.88 99.27 7.16 

P u STM[3] / P u exp.% 101.36 97.85 101.18 115.73 95.60 90.61 97.28 100.16 99.97 6.80 

P uSTM[2]/P uSTM[3]% 90.58 99.82 105.85 98.72 100.74 101.71 99.71 97.70 99.35 4.03 
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Fig 6 Experimental and numerical load-deflection curves [1] 

5. Parametric study 

Nine variable parameters are taken into consideration during study full scale deep beam models in the 

parametric study: (1) concrete compressive strength fcu; (2) reinforcing steel yield strength fy; (3) beam depth to 

span ratio (t/L); (4) beam width to span ratio (b/L); (5) shear span to depth ratio (a/d); (6) main steel ratio (m/m 

max); (7) web reinforcement percent (rs %) ; (8) fiber volumetric percent (Vf %) and (9) fiber aspect ratio (Lf/Ff). All 

deep beams have an overall length 6500mm with clear span 6000mm. Figure 7 shows the concrete dimensions and 

reinforcement details for the full scale deep beam used in the parametric study. Figure 8 shows the boundary 

conditions and the supports used in the finite element model by ANSYS program. The numerical load-deflection 

curves for all the twenty full scale deep beams are shown in Figure 9. The ultimate shear strength from the 

numerical analysis illustrated in Table 3. 
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Fig 7 Details of specimen B1 used in the parametric study [1] 

 

(a) Boundary Conditions and supports        (b) Concrete elements (solid 65) 

Fig 8 Finite element idealization for half deep beam used in the parametric study [1] 

 

(a) Effect of  concrete compressive strength fcu , reinforcing steel yield strength fy, beam depth to 

span ratio (t/L), and beam width to span ratio (b/). 
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(b) Effect shear span to depth ratio (a/d), main steel ratio (m/m max), web reinforcement percent (rs %) , 

fiber volumetric percent (Vf %) and fiber aspect ratio (Lf/Ff) 

Fig 9 Numerical load-deflection curves for the parametric study [1]. 

 

Table 3 The studied parameters and the numerical results from ANSYS program and STM 
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s  

Where: 

         n : is the number of branches; 

         As : is the area of one branch; 

          b: is the beam width; 

          S = Sv: is the spacing between the horizontal stirrups; and  

S = Sh: is the spacing between vertical stirrups. 

 
For the studied variables range, the ultimate shear strength increased by 100 %, 0.70 %, 40.4 % and 306 % 

respectively due to the increase of the concrete compressive strength (fcu), the steel reinforcement yield strength 

(fy), the depth to span ratio (t/L), and width to span ratio (b/L) respectively. Also the ultimate shear strength 

increased by 20.6 %, 118.6 %, 20.39 % and 13.3% respectively due to the increase of the main reinforcement steel 

ratio (m/mmax), the web reinforcement ratio (rs), the steel fiber volumetric percent (Vf %), and the fiber aspect ratio 

(Lf/ Ff) respectively while the ultimate shear strength decreased by 18 % due to increase the shear span to depth 

ratio (a/t). 

Comparison of the numerical from FE and the analytical results using STM shows a good agreement where 

the mean, standard deviation of the predicted and measured values of shown in Table (5.4) are in the acceptable 

range. The mean of (Pu STM [2]/Pu FE.) and (Pu STM [3]/Pu FE) are 104 %, and 110 % respectively and the standard 

deviation of the loads level stayed under 5 %. Also Table (5.4) shows that both the ECP 203-2017 [2] and ACI 

318-18 [3] are conservative in calculating the ultimate shear load using STM. The ECP 203-2017 [2] is more 

conservative than ACI 318-18 [3]. 

6. Conclusions 

1- The comparison between experimental results and nonlinear finite element results using ANSYS program V 

15 shows a good agreement, where the mean value of cracking load, ultimate load and displacement at 

ultimate load is 97.55%, 102.22% and 97.65%, respectively and the standard deviation is less than 6%. 

2- The percentage of mean value of the experimental ultimate load to the ultimate load calculating using ECP 

203-2017 [2] (Pu STM [1] /Pu exp.) and ACI-218-18 [2] (Pu STM [3] /Pu exp.) is 99.27% and 99.97%, respectively, 

with standard deviation 7.16% and 6.80% which means that both the Egyptian and American codes are 

conservative and the Egyptian code is more conservative than the American code. 

3- Main reinforcement steel ratio and steel fiber volumetric percentage has significant effect on the cracking 

load, ultimate load, displacement ductility and toughness of the reinforced concrete lightweight deep beams. 
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4- Increasing the main reinforcement ratio by 33 % and 66 % increases the cracking load by 14 % and 18 %, the 

ultimate load by 26 % and 42 %, the displacement ductility by 24 % and 31 % and the toughness by 45 % 

and 92 % respectively. 

5- From the nonlinear finite element analysis using ANSYS program , best predictions of the modified strut and 

tie model (MSTM) are obtained as a result of the parametric study for the following factors: (1) concrete 

compressive strength (fcu) 20,25,28, and 33 MPa, (2) steel yield strength (fy) 360,400 and 500  MPa, (3) depth 

to span ratio (t/L)  0.6,0.67 and 0.75, (4) width to depth ratio (b/t) 0.067,0.083 and 0.1, (5) shear span-to-span 

ratio (a/L) 0.25,0.3 and 0.35, (6) main steel ratio (m /m max)  0.30, 0.4 and 0.5, (7) percentage of stirrups (rs 

%) 0.8,1.0 and 1.25, (8) steel fiber volumetric percent (Vf) % = 0, 0.4,0.5 and 0.6 , and (9) steel fiber aspect 

ratio (lf /f) 40, 50 and 60. 
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