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Abstract: This paper presents a nonlinear finite element modeling (FEM) and analysis of post-tensioned fibrous lightweight concrete beams made of natural pumice that subjected to static bending load until failure. Nine post-tensioned lightweight simple beams were modeled using ANSYS nonlinear finite element software. The main parameters studies were the volume fractions of discrete steel fibers (DSF) and a partial prestressing ratio (PPR), where the volume fractions of DSF varied of 0% to 1.5%, and PPR varied of 60% to 90%. It was found that the ratio between the FEM to the experimental results of the cracking load, yielding load and ultimate load varies from 0.89 to 1.30, 0.93 to 1.05 and 1 to 1.05 respectively. It was clear that the results of FEM gave similar results to the experimental behavior.
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	1. Introduction	
   Improvement of calculation methods and analysis of the behavior of reinforced concrete by, either creating a model on a computer or counting with analytical calculation methods are used extensively in recent years. The behavior of a reinforced concrete element is generally observed by conducting the experiment on laboratory environment, but this process considerably takes up much time [1]. The studies are limited due to the problems in providing the materials and the proper conditions to conduct the experiments and scarcity of usage of materials which are constituted according to certain size and number of elements. Modeling of all these processes unlimitedly in the computer is dependent on the capacity of the computer being used. While modeling on the computer, properties and limit conditions of materials should be defined properly and completely [2]. ANSYS finite element program is chosen for this study. Finite element method is a numeric method which can solve complex and difficult physical problems with an acceptable approximation. As concrete is a material showing nonlinear behavior during loading, it is modeled in such a way that it will show a nonlinear behavior with ANSYS finite element program [3]. Prestressed concrete is a form of reinforced concrete that gather the advantage of the strengths of steel and concrete that has many usages such as buildings, power station and numerous types of bridge systems, but high self-weight and low ductility of prestressed concrete members are the most problems that face its application [4,5,6]. Lightweight concrete has many properties such as 
thermal and acoustic insulation besides low self-weight and the most common way to produce it is obtained by using lightweight aggregate to produce structural lightweight aggregate concrete (SLWAC) that its problems are weakness and brittleness of lightweight aggregate [7,8]. SLWAC is usually defined as a concrete with an oven dry density of no greater than 2000 kg/m³ compared with that of 2400 kg/m³ for normal weight concrete (NWC) [9,10]. Steel fibers are short, discontinuous, an aspect ratio, length to the equivalent diameter, from 20:100 with several cross-sections, and small enough to spars randomly in a fresh concrete mix by using conventional mixing procedures [11,12]. Fibers enhance the mechanical performance of concrete regarding its tensile and flexural, shear strength, toughness, and ductility. So, steel fiber overcomes the defect of lightweight prestressed with ductility [13,14]. On the other hand, the uniform dispersion of DSF throughout the concrete provided isotropic strength properties which are not exhibited by conventionally reinforced concrete [15].

2. Research Objective
The objective of this paper is to study the behavior of the post-tensioned lightweight steel fibers reinforced concrete beams using three-dimensional finite element analysis. For this purpose, nine post-tensioned lightweight beams with and without DSF were obtained by using finite element solutions of ANSYS program. The experimental and FEM results are compared numerically and graphically.
3. Experimental Study
		   Figure 1 shows the beams' geometry, supports arrangement, internal reinforcement and strand profile of the tested specimens. The experimental program includes nine post-tensioned simple beams with R-shape cross-section. Eight of them were of fibrous reinforced lightweight concrete, while one of them was of normal reinforced lightweight concrete. All beams had the same overall dimensions with total length 2500 mm, an overall height of 350 mm, overall width 200 mm and clear spans of 2250 mm. The strand profiles were kept the same for all beams and were symmetrical about midspan of the beams. All the prestressing strands included seven wires with nominal diameters of 15.24 mm and ultimate tensile strength of 1860 N/mm². All beams reinforced with two bars bottom steel each of them 12 mm diameter. The top reinforcement of all beams was two bars of diameter 10 mm. The stirrups in all beams consisted of 2 vertical branches of 10 mm diameter steel bars that were spaced at 140 mm, to prevent shear failure. All Non-prestressing steel have yield stress 
520 N/mm². All steel reinforcements had a nominal modulus of elasticity Es =200 GPa.  

The specimens were divided into four groups according to the PPR and the volume fraction of the DSF, as shown table 1. Group one; includes three specimens B1, B2, and B3 and have DSF 0%, 0.5% and 1% of the concrete volume respectively. Specimens in this group were having one strand with 60% PPR. Group two; includes three specimens B4, B5, B6, and have DSF 0.5%, 1%, and 1.5%, of the concrete volume respectively. Specimens in this group were having two strands with 80% PPR. Group three; includes two specimens, B7, B8 and have DSF 1% and 1.5% of the concrete volume respectively. Specimens in this group were having three strands with 85% PPR.  Group four; includes one specimen B9 and have DSF 1.5% of the concrete volume. Specimen in this group was having four strands with 90% PPR. The PPR defined via the following equation [16]:


	PPR= (ApsFpy) / (ApsFpy+ AsFy)
	(1)







Where; Aps, the area of the prestressing steel. Fpy, the yielding in the prestressing steel. As, the area of the non-prestressed tension steel. Fy the yielding of the non-prestressed tension steel.
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Table 1: Summary of beam`s details

[image: ]
Fig. 1: Typical details and internal steel strain gauges' locations for all beams


The used material was; Cement (CEM I 42.5) [17], Natural sand, Crushed dolomite, Natural pumice lightweight aggregate coarse [18], End Hook steel fiber that has the average length 45 mm, the average thickness 1 mm and the aspect ratio 45, Fy 
1100 N/mm². Table 2 shows the unite weight, cube strength and splitting tensile strength for all mixes. For each tested beams, deflections were measured using Linear Variable Distance Transducers (LVDTs) at mid-span beams. Strains in tension zone were monitored using electrical strain gauges which installed on the internal longitudinal steel bars, of each beams, as indicated in Fig.1. Test setup of beams was; two supports one of them was a hinge of support and the other was roller support, loaded at two points at 350 mm from the mid-span.



Table 2: Results of; unit weight, compressive strength and tensile strength of concrete
	Mix No.
 
	steel fiber %
	Unit weight
	Compressive Strength
	Tensile strength

	
	0.0
	0.5
	1.0
	1.5
	Kg/m3
	N/mm²

	1
	
	
	
	
	1724.5
	35.4
	3.6

	2
	
	
	
	
	1765.6
	37.5
	4.2

	3
	
	
	
	
	1836.2
	39.0
	4.9

	4
	
	
	
	
	1866.1
	40.5
	5.8





4. ANSYS FINITE ELEMENT MODEL 
             The FEM includes modeling beams with the same dimensions and properties of tested beams in experimental work. Due to the symmetry in cross-section of the concrete beams and loading, symmetry was utilized in the FEM, only one quarter of the beam was modeled. There are three alternative techniques are mainly used for modeling reinforcement in a three-dimensional finite element model of a concrete structure; the discrete model, the embedded model, and the smeared model, are shown in figures 2,3,4 [19]. In this study the prestressing and non-prestressing steel is modeled as discrete while the DSF modeled as smeared model techniques.

[image: ]
Fig.2: Discrete model [19]

[image: ]
   Fig.3: Embedded model [19]


[image: ]
Fig.4: Smeared model [19]
4.1 Defining; element types, real constants, and 
       material properties
a). Element types
       A Solid 65 element was used to model the concrete. This element has eight nodes with three degrees of freedom at each node – translations in the nodal x, y, and z directions. This element is capable of plastic deformation, cracking in three orthogonal directions, and crushing, as shown in figure 5 [20].
         A Solid 185 element was used for steel plates at the supports for the beams. This element has eight nodes with three degrees of freedom at each node – translations in the nodal x, y, and z directions, as shown in figure 6 [20].
        A LINK 180 element was used to model prestressing and non-prestressing steel reinforcement bars. The element is a uniaxial tension-compression element with three degrees of freedom at each node: translations in the nodal x, y, and z directions. This element is also capable of plastic deformation, as shown in figure 7 [20]. 

[image: ]


Fig. 5: SOLID 65 [20]

[image: ]
Fig. 6: SOLID185 [20]
[image: ]Fig. 7: LINK 180 [20]

b). Real constants
        Table 3 shows real constants for all element type. No real constant set for the 
Solid 185 elements. 
        Concrete ANSYS 2015, allows to the user to enter three rebar materials in the concrete [20]. Each material corresponds to x, y, and z directions in the element, as shown figure 5. 
In case of concrete without DSF, real constants defined only for SOLID 65 element, therefore, all real constants which activate the smeared reinforcement are disabled by putting it equal zero. In case concrete with DSF is formulated in smeared model to represent DSF specifications; including the material number, the volume ratio, and the orientation angles for DSF [20].  The material number refers to the type of material for the DSF. The volume ratio refers to the ratio of the DSF to concrete in the element. The orientation angles refer to the orientation of the DSF in the smeared model. 
        Prestressing and non-prestressing steel LINK 180 has main real constants that is cross sectional area. Real constants for all steel show in table 3. 



Table 3: Real constant of each element type
[image: ]

c). Material properties 
   
              Concrete; Parameters needed to define the material models were obtained from experimental study and the literature can be found in table 2,4, respectively. Material model number 1 refers to the Solid 65 elements that required linear isotropic and multilinear isotropic material properties to properly model concrete. The multilinear isotropic material uses the von Mises failure criterion along with the William and Warnke (1974) model to define the failure of the concrete, [21]. EX, is the modulus of elasticity of concrete, and PRXY is the Poisson’s ratio was 0.2. 
The relation between the static modulus of elasticity and cube compressive strength of lightweight concrete as in Eq.2, [22]: 


	Em

	(2) 



          

Where; Em, The modulus of elasticity of lightweight concrete in N/mm². Fcu, Cube compressive strength in kg/cm² and 𝞂, The SLWAC density in kg/m³.
The modulus of elasticity for fibrous lightweight concrete is expressed in Eq. (3), [23]:



	Ec=Em (1+0.173 Vf Lf /df)
	(3)




Where; Ec, The modulus of elasticity of fibrous lightweight concrete in N/mm². Vf, volume fraction 
of DSF. Lf, Length of DSF and df, Diameter of DSF.

           Density was added to the concrete material property, as shown table 2, so the self-weight of the concrete beam could be considered [24]. The shear transfer coefficients for open and closed cracks were determined using the work of Kachlakev, 
et al. [25] as a basis. Convergence problems occurred when the shear transfer coefficient for the open crack dropped below 0.2. No deviation of the response occurs with the change of the coefficient. Therefore, the coefficient for the open and close crack were set to 0.2, table 4. The uniaxial cracking stress was based upon the modulus of rupture as table 2. The uniaxial crushing stress in this model was based on the uniaxial compressive strength. It was entered as -1 to turn off the crushing capability of the concrete element as suggested by past researchers [25]. Convergence problems have been repeated when the crushing capability was turned on.
          Prestressing, non-prestressing steel and DSF; Material model number 2 and 3 refer to the Link 180 element where material model number 2 and 3 refer to non-prestressing steel reinforcement and prestressing steel, respectively. The Link180 element is being used for all the steel reinforcement in the beam and it is assumed to be bilinear isotropic. Bilinear isotropic material is also based on the von Mises failure criteria. The bilinear model requires the yield stress fy. The yield stress was defined as shown in table 4.                       

On the other hand, material number 4 refer to DSF. 
           Steel plates and supports; Material model number 5 refers to the Solid 185 elements. The Solid 185 element is being used for the steel plates at loading points and supports on the beam. Therefore, this element is modeled as a linear isotropic element with a modulus of elasticity for the steel Es=200GPa, and Poisson’s ratio (0.3).




Table 4: Material models for typical model[image: D:\1.png]


4.2 Modeling methodology
 The beam, plates, and supports were modeled as volumes, but the prestressing and non-prestressing steel bars were modeled as lines. Since a quarter of the beam is being modeled, the model is 1250 mm long, with a cross-section of 100*350 mm. The dimensions for the concrete volume are shown in table 5. The zero values for the X, Y and Z coordinates coincide with the center of the cross-section for the concrete beam. The 1250 mm dimension for the X-coordinates is the mid-span of the beam. Due to symmetry, only one loading plate 
and one support plate are needed. 

The support is a 50*100*12 mm. Steel plate at the load point is 100*100*12.5 mm. The dimensions for the plate and support are shown in table 5. The combined volumes of the plate, support, and beam are shown in Figure 8. Reinforcement exists at a plane of symmetry and in the beam. The area of steel at the plane of symmetry is one half the normal area for bar because one half of the bar is cut off. Shear stirrups are modeled throughout the beam. Only half of the stirrup is modeled because of the symmetry of the beam as shown figure 9.
 

Table 5: Dimensions for Concrete, Steel Plate, and Steel Support Volumes
	ANSYS
	Concrete mm
	Steel Plates mm
	Steel Support mm

	X1.X2 X-Coordinates
	0
	1250
	825
	925
	100
	150

	Y1.Y2 X-Coordinates
	0
	350
	350
	362.5
	0
	-12

	Z1.Z2 X-Coordinates
	0
	100
	0
	100
	0
	100




4.3 Meshing
             To obtain good results from the Solid 65 elements, the use of a rectangular mesh is recommended. Therefore, the mesh was set-up such that square or rectangular elements were created, as shown figure 9. The volume sweep command was used to mesh the steel plate and support. This properly sets the width and length of elements in the plates to be consistent with the elements and nodes in the concrete portions of the model. The element type number, material number, and real constant set number for the model were set for each mesh, as shown in table 4. The overall mesh; of the concrete, plate, support volumes, prestressed and non-prestressed reinforcement is shown in figure 9. The necessary element divisions are noted. Maximum meshing dimension for all models is 12.5 x 12.5 mm.

[image: ]
Fig. 8: Volumes Created in ANSYS

[image: ]
Fig.9:  Mesh of beam

4.4 Applied prestressing force on strand 
             The effect of prestressing force was modeled as initial strain. The initial strain, for real constant set 140 and material number set 3, were determined from the effective prestressed and the modulus of elasticity of prestressing steel. The effective prestressed is the stress in the prestressing steel due to prestressing force after computing all losses. 

4.5 Loads and boundary conditions
             Displacement boundary conditions are needed to constrain the model to get a unique solution. To ensure that the model acts the same way as the experimental beam, boundary conditions need to be applied at points of symmetry, and where the supports and loadings exist. The symmetry boundary conditions were set first. The model being used is symmetric about two planes. The boundary conditions for both planes of symmetry are shown in figure 10. Nodes defining a vertical plane through the beam cross-section centroid defines a plane of symmetry. To model the symmetry, nodes on this plane must be constrained in the perpendicular direction. These nodes, therefore, have a degree of freedom constraint 
UX = 0. Second, all nodes selected at Z = 0 define another plane of symmetry. These nodes were given the constraint UZ = 0. The support was modeled in such a way that a roller was created. A single line of nodes on the plate were given constraint in the UY, and UZ directions, applied as constant values of 0. By doing this, the beam will be allowed to rotate at the support. The support condition is shown in Figure 11. The force, P, applied at the steel plate is applied across the entire centerline of the plate. Figure 12 illustrates the plate and applied loading.

[image: ]
Fig. 10: Boundary conditions for planes of symmetry

[image: ]
Fig.11: Boundary Condition for Support
[image: ]
Fig.12: Load applied on the plate

5. Results of nonlinear finite element models 
         The aim of the comparison of the results of FEM and the experimental is to ensure that the; elements type, material properties, real constants and convergence criteria are adequate to model the response of the member.


5.1 Camber due to prestressing force 
          Figure 13 show the camber due to prestressing force that obtained from the solution of nonlinear finite element models that varied from 0.2 mm to 1.1 mm. The camber values decreased by increasing the DSF compared with the corresponding control beams. In addition, the finite element model of B3, which contained 1% DSF and 60% PPR, demonstrated the smallest camber compared to all beams.  The sample B9, which contained 1.5% DSF of the concrete volume and 90% PPR, showed the highest camper compared by all beams. Finally, all the previous confirmed that a direct proportionality between stiffer responses and the high ratios of DSF.


Fig. 13: Camber due to prestressed mm

5.2 Load deflection behavior
           Figure 14 to 22 show deformed shape 
(D-shape) for all FEM beams. Figure 23 to 31 show     the load-deflection curves (L-d curve) obtained from the experimental and finite element models for all beams. Table 6 and figures 32 and 33 show the comparison between the results of the experimental and FEM of cracking load and ultimate load respectively, for all samples. The ratio between the FEM to the experimental results of the cracking load varies from 0.89 to 1.30. The ratio between the FEM to the experimental results of the ultimate load varied from 1 to 1.05. From the previous figure and table 6 show the cracking load and ultimate load for all models contained DSF were higher than the corresponding control beams. Also, the FEM cracking load and ultimate load improve by increasing DSF and PPR. The sample B9, consist of 1.5% DSF of the concrete volume and 90% PPR, showed the highest numerical cracking load and ultimate load compared by all FEM. Finally, there is an agreement between the numerical and experimental results for the illustrated beams. This agreement indicates that the constitutive models used for concrete and reinforcement can capture the fracture behavior for a certain level of adequacy. It can be also noted from the figures that all models which contained DSF exhibited higher post-cracking stiffness responses and smaller deflections at the same value of load when compared to corresponding control beams. This may be attributed to the higher tensile strength and better post-cracking behavior of steel fiber concrete, which resulted in higher tension stiffening and less curvature of the cross section of the finite element models.

[image: ]
Fig. 14: D-shape, B1 in group one, without DSF

[image: ]
Fig.15: D-shape, B2 in group one, with 0.5% DSF


[image: ]
Fig. 16: D-shape, B3 in group one, with 1% DSF

[image: ]

Fig.17: D-shape, B4 in group two, with 0.5% DSF
[image: ]Fig.18: D-shape, B5 in group two, with 1% DSF


[image: ]Fig.19: D-shape, B6 in group two, with 1.5%DSF
 


[image: ]Fig.20: D-shape, B7 in group three, with 1%DSF 


[image: ]Fig.21: D-shape, B8 in group three, with 1.5%DSF

[image: ]Fig. 22: D-shape, B9 in group four, with 1.5% DSF 



[image: ]
Fig.23: L-d curve, B1 in group one, without DSF


[image: ]
Fig.24: L-d curve, B2 in group one, with 0.5% DSF
      

[image: ]
Fig.25: L-d curve, B3 in group one, with 1% DSF

[image: ]Fig.26: L-d curve, B4 in group two, with 0.5% DSF

[image: ]Fig.27: L-d curve, B5 in group two, with 1% DSF


[image: ]
Fig.28: L-d curve, B6 in group two, with 1.5% DSF



[image: ]Fig.29: L-d curve, B7 in group three, with 1% DSF
[image: ]Fig.30: L-d curve, B8 in group three, with 1.5% DSF 

[image: ]Fig. 31: L-d curve, B9 in group four, with 1.5% DSF


[image: ]
Fig. 32: Cracking load comparison between 
    FEM and EXP.


[image: ]
Fig. 33: Ultimate load Comparison between 
       FEM and EXP.


	[bookmark: _Hlk516924104]Table 6: Experimental and FEM of cracking load, Yielding load and Ultimate load

	Beams ID

	 
 Cracking Load (KN)
 

 
 
	
Yielding Load (KN)
 

	
Ultimate Load (KN)


	
	FEM
	EXP
	FEM/EXP
	
FEM


	
EXP

	
FEM/EXP

	
FEM

	
EXP


	

FEM/EXP



	B1 
	52
	40
	1.30
	122.1
	120.7
	1.01
	200
	193.67
	1.03

	B2 
	70
	67
	1.04
	166
	158.7
	1.05
	260
	257.39
	1.01

	B3 
	80
	82
	0.98
	178.2
	178.3
	1
	270
	270.27
	1.00

	B4 
	137
	150
	0.91
	251.7
	269.9
	0.93
	386
	379.93
	1.02

	B5 
	140
	157
	0.89
	262.3
	274.1
	0.96
	390
	383.74
	1.02

	B6 
	150
	160
	0.94
	276.3
	290.4
	0.95
	410
	404.13
	1.01

	B7 
	179
	180
	0.99
	318.4
	317.8
	1
	468
	448.41
	1.04

	B8 
	193
	190
	1.02
	332.6
	338.3
	0.98
	486
	468.90
	1.04

	B9 
	253
	250
	0.94
	416.5
	403.5
	1.03
	540
	514.81
	1.05






3.5 Tensile steel strain behavior 
Experimental strain data, the control and fibrous beams, were measured from strain gauges at the mid-span of non-prestressed steel bar. Figure 34 to 42 show tensile steel strain curves (T-Strain) for all beams. Table 6 and figure 43 show the comparison between the results of the experimental and FEM of yielding load for all samples. The ratio between the FEM to the experimental results of the yielding load varies from 0.93 to 1.05. The table shows the yielding load for all models contained DSF were higher than the corresponding control beams. Also, the FEM of yielding load improve by increasing DSF and PPR. Comparing the load-strain plots from the finite element analyses with the experimental data for the flexural non-prestressed reinforcing at mid-span for each beam, it can be noted that, all beams show good agreement for the strains of the finite element analysis with the experimental results.

[image: ]
Fig.34: T-Strain, B1 in group one, without DSF


[image: ]
Fig.35: T-Strain, B2 in group one, with 0.5% DSF


[image: ]
Fig.36: T-Strain, B3 in group one, with 1% DSF



[image: ]Fig.37: T-Strain, B4 in group two, with 0.5% DSF

[image: ]Fig.38: T-Strain, B5 in group two, with 1% DSF

[image: ]
Fig.39: T-Strain, B6 in group two, with 1.5% DSF

[image: ]
Fig.40: T-Strain, B7 in group three, with 1% DSF


[image: ]Fig.41: T-Strain, B8 in group three, with 1.5% DSF 

[image: ]
Fig.42: T-Strain, B9 in group four, with 1.5% DSF

[image: ]
Fig. 43: Yielding load comparison between 
 FEM and EXP.

6. Conclusions 
            From this research, the following conclusions can be reached;

· The camber due to prestressing force that obtained from the solution of nonlinear finite element models that varied from 0.2 mm to 
1.1 mm. The camber values decreased by increasing the DSF compared with the corresponding control beams.

· The ratio between the FEM to the   experimental results of the cracking load varies from 0.89 to 1.30. The ratio between the FEM to the experimental results of the ultimate load varied from 1 to 1.05. The cracking load and ultimate load for all models contained DSF were higher than the corresponding control beams. Also, the FEM cracking load and ultimate load improve by increasing DSF and PPR. The sample B9, consist of 1.5% DSF of the concrete volume and 90% PPR, showed the highest numerical cracking load and ultimate load compared by all FEM.

· The ratio between the FEM to the experimental results of the yielding load varies from 0.93 to 1.05. All models contained DSF were higher than the corresponding control beams. Also, the FEM of yielding load improve by increasing DSF and PPR.

· Finally, the results that obtained by using a numerical finite element models by using ANSYSv15 program show an agreement between the numerical and experimental results for the illustrated beams. This agreement indicates that the constitutive models used for concrete and reinforcement can capture the fracture behavior for a certain level of adequacy. On the other hand, all models which contained DSF exhibited higher post-cracking stiffness responses and smaller deflections at the same value of load when compared to corresponding control beams. This may be attributed to the higher tensile strength and better post-cracking behavior of DSF concrete, which resulted in higher tension stiffening and less curvature of the cross section of the finite element models.
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