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Abstract. In this paper, a numerical investigation on the limits of an automatic procedure for 

the generation of embedded steel reinforcement inside hexahedral finite elements is presented. 

In 3D detailed reinforced concrete simulations, mapping the reinforcement grid inside the 

concrete hexahedral finite elements is performed using the end-point coordinates of the rebar 

reinforcement macro-elements. This procedure is computationally demanding while in cases 

of large-scale models, the required computational time for the reinforcement mesh generation 

is excessive. This research work scopes to study and present the limitations of the embedded 

mesh generation method that was proposed by Markou and Papadrakakis, through the use of a 

64-bit operating system. The embedded mesh generation method is integrated with a filtering 

algorithm in order to allocate and discard relatively short embedded rebar elements that result 

from the arbitrary positioning of the embedded rebar macro elements and the non-prismatic 

geometry of the hexahedral mesh. The computational robustness and efficiency of the 

integrated embedded mesh generation method are demonstrated through the analysis of three 

numerical models. The first two numerical models are a full-scale 2-storey and a 7-storey RC 

structures while the third model deals with a full-scale RC bridge with a trapezoidal section 

and a total span of 100m. Through the third numerical implementation, the computational 

capacity of the integrated embedded rebar mesh generation method is investigated.  

1 Introduction 

Modeling of reinforced concrete (RC) structures with the use of 3D detailed models is 

usually performed by research teams [1-5] or by large consultancy companies [6-7] that 

foresee the thorough investigation of the mechanical behavior of geometrically complicated 

RC structures. Researchers have been using this modeling type so as to verify experimental 

results or develop new constitutive models in an attempt to derive a numerically objective 

modeling method that will eventually provide the ability of performing assessment analysis 

for any type of RC structure design.  

As it was described in [8], when modeling three-dimensional RC structures with the finite 

element (FE) method, three main approaches are available for the simulation of 

reinforcement: smeared, discrete, and embedded [9-11]. The smeared and discrete 

formulations have been found to be unsuitable for complicated reinforcement grid geometries 

thus undergo several restrictions when implemented. On the other hand, the embedded 

reinforcement formulation provides the ability of representing the grid’s geometry in an exact 

manner without the need of modifying the actual arrangement of rebars to conform with the 

concrete FE mesh [12-13].  

The approach of allocating and generating the embedded rebars inside hexahedral elements 

that was proposed by Barzegar and Maddipudi [9], which is an extension of the work of Elwi 

and Hrudey [10], has the advantage of allowing arbitrary positions for the rebars inside the 

concrete elements and a free geometry for each hexahedral element. In order to optimize the 

performance of the above embedded mesh generation method, Markou and Papadrakakis [8] 

proposed the introduction of a geometrical constraint in order to decrease the computational 
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effort for generating the input data of the embedded rebar elements, particularly when dealing 

with relatively large-scale reinforced concrete models. The proposed method (Fig. 1) was 

incorporated in ReConAn FEA [5] which was developed and built to run in a 32-bit 

environment.  

 
Figure 1. Flow chart of the embedded rebar element mesh generation method [8]. 

The purpose of this research work, is to investigate the numerical performance of the 
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embedded mesh generation method proposed by Markou and Papadrakakis [8] for the case 

when dealing with large-scale numerical models, while derive the limitations of this method. 

So as to achieve this task, the Markou and Papadrakakis method was intergraded in a 

windows based 64-bit operating system with an Intel(R) Core i5-2500K (CPU 3.30 GHz), and 

was used to generate the rebar mesh of three different numerical models. 

2 Generating reinforcement inside hexahedral elements 

The method applied in this work, considers arbitrary positioning of the rebars inside the 

concrete elements, as shown in Fig. 2, which avoids a nonlinear search procedure for 

calculating the natural coordinates of the embedded reinforcement nodes inside the prismatic 

hexahedral elements. By implementing this separation scheme to the generation algorithm, the 

geometry of each hexahedral element is categorized (prismatic or non-prismatic) and 

accordingly treated in order to compute the natural coordinates of its containing embedded 

rebar elements [8].  

Through a pre-processing software code, the initial mesh generation is performed 

consisting of the concrete elements and the rebar macro-elements defined by their end nodes. 

Then the coordinates of the macro-elements’ end-nodes are used to generate the numerical 

model of the embedded rebar elements inside each concrete hexahedral finite element. The 

generation of embedded rebar elements is performed for each rebar macro-element separately. 

This requires an independent search for each rebar macro-element, which is performed in 

order to detect all intersections of its straight part with the surrounding solid elements. In 

order to decrease the required computations of the embedded rebar generation procedure, a 

geometrical constraint is introduced, aiming at locating faster the embedded rebar elements 

inside the corresponding concrete hexahedral elements. More details about the generation of 

embedded rebar elements can be found in Appendix A. 

 
Figure 2. Embedded rebar macro-elements inside hexahedral elements [8]. 

3 The 64-bit operating system environment 

When dealing with large-scale numerical simulations the first problem that rises is the 

physical memory allocation which in the case of 32-bit architectures is limited to 2 Gb. This 

limitation of the 32-bit operating system restrains all software from allocating matrices 

(dynamic memory allocation) that have sizes larger than 2 Gb, while the maximum allowable 

RAM is usually 4 Gb. There are IA-32 processors that allow the use of a 36-bit physical 

memory address but are not commonly used.  

The above limitation has as a result the use of parallel processing algorithms (cluster 

computing systems) or 64-bit operating systems that allow the software developers to build 
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applications that can allocate files with sizes beyond 4 Gb. The major drawback of cluster 

computing systems is their size and eventually their cost given that for the case of the Civil 

Engineering profession, large-scale numerical computations are not very common.  

In this research work, ReConAn FEA was integrated and built in a 64-bit operating system 

so as to acquire the ability of analyzing through the use of 3D detailed modeling [5] the 

mechanical behavior of RC structures in limit state loading conditions.  

4 Numerical Implementation 

In this section, a parametric investigation and a numerical verification of the efficiency of 

the integrated embedded reinforcement mesh generation method is presented. In addition to 

that, a large-scale numerical implementation will be generated and solved so as to illustrate 

the performance of the method and reveal its limitations. Achieving the above tasks, three 

different FE models have been used: a 2-storey RC structure, a 7-storey RC structure and a 

RC bridge with a total span of 100 m. All numerical tests were performed with a 64-bit 

operating system (3.3GHz processor). 

4.1 RC 2-Storey Building 

This numerical test was presented by Markou and Papadrakakis [8] and it was created in 

order to investigate the computational effort required by their proposed mesh generation 

method for the case of a 32-bit operating system. The geometry of the under-study RC 

building and the reinforcement details that were implemented in this numerical test are given 

in Figs. 3 & 4 and Tables 1 & 2. Fig. 5 shows the FE mesh of the RC building which consists 

of 4,382 hexahedral elements and 26,959 rebar macro-elements. 

As it was presented in this research work [8], after the completion of the embedded rebar 

mesh generation procedure, the proposed method managed to allocate 51,064 embedded rebar 

elements in 69 seconds. The total required memory, so as for the software to generate the 

rebar elements, was 103 Mb. 

a/a 
Dimensios 

(cm) 

Rebars 
Additional 

Left 

Additional 

Right 
Rebars 

for 

Torsion 

Stirrups 

Up Down Up Down Up Down Left Middle Right 

1 25x50 2 Ø14 3Ø14 2Ø18 - - - - Ø8/10 Ø8/10 Ø8/10 

2 25x50 2 Ø14 3Ø14 - - 2Ø18 - - Ø8/10 Ø8/10 Ø8/10 

3 25x50 2 Ø14 3Ø16 2Ø18 - - - 2Ø12 Ø8/10 Ø8/10 Ø8/10 

4 25x50 2 Ø14 3Ø14 - - - - 2Ø12 Ø8/10 Ø8/10 Ø8/10 

5 25x50 2 Ø14 3Ø14 - - 2Ø18 - 2Ø12 Ø8/10 Ø8/10 Ø8/10 

6 25x50 2 Ø14 3Ø14 2Ø18 - 2Ø18 - - Ø8/10 Ø8/10 Ø8/10 

7 25x50 2 Ø14 3Ø14 2Ø20 - 2Ø20 - 2Ø12 Ø8/10 Ø8/10 Ø8/10 

8 25x50 2 Ø14 3Ø14 2Ø18 - - - 2Ø12 Ø8/10 Ø8/10 Ø8/10 

9 25x50 2 Ø14 3Ø14 - - 2Ø18 - - Ø8/10 Ø8/10 Ø8/10 

10 25x50 2 Ø14 3Ø14 2Ø18 - 2Ø18 - 2Ø12 Ø8/10 Ø8/10 Ø8/10 

11 25x50 2 Ø14 3Ø14 2Ø18 - 2Ø18 - 2Ø12 Ø8/10 Ø8/10 Ø8/10 

12 25x50 2 Ø16 3Ø16 3Ø20 - - - - Ø8/10 Ø8/10 Ø8/10 

13 25x50 2 Ø14 3Ø14 - - 2Ø18 - 2Ø12 Ø8/10 Ø8/10 Ø8/10 

14 25x50 2 Ø14 3Ø14 2Ø18 - - - 2Ø12 Ø8/10 Ø8/10 Ø8/10 

15 25x50 2 Ø14 3Ø14 - - 2Ø18 - 2Ø12 Ø8/10 Ø8/10 Ø8/10 

16 25x50 2 Ø14 3Ø14 2Ø18 - 2Ø20 1Ø14 2Ø12 Ø8/10 Ø8/10 Ø8/10 

Table 1. 2-storey RC Building. Reinforcement details of the beams. Stories 1 and 2. 
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Footing ID 
Dimensions 

(cm) 

Height 

(cm) 

Rebars 

X-axis 

Rebars 

Y-axis 

1 125x150 50 Ø12/15 Ø12/15 

2 125x150 50 Ø12/15 Ø12/15 

3 125x150 50 Ø12/15 Ø12/15 

4 125x200 50 Ø12/15 Ø12/15 

5 175x125 50 Ø12/15 Ø12/15 

6 125x175 50 Ø12/15 Ø12/15 

7 125x200 50 Ø12/15 Ø12/15 

8 200x125 50 Ø12/15 Ø12/15 

9 300x275 50 Ø12/15 Ø12/15 

10 125x150 50 Ø12/15 Ø12/15 

11 225x125 50 Ø12/15 Ø12/15 

Table 2. 2-storey RC Building. Reinforcement details of the isolated footings. 

 
Figure 3. 2-storey RC Building. Plan view of the frame [8]. 
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Figure 4. Reinforcement details of the columns and shear walls [8]. 

 
(a) 

 
(b) 

Figure 5. (a) Hexahedral and (b) rebar macro-element mesh [8]. 

The same numerical problem was used in order to investigate the performance of the 
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integrated mesh generation method when using a 64-bit operating system, where the 

corresponding embedded rebar mesh generation procedure was completed in 12.8 seconds. By 

accounting the difference of the computational power of the two CPUs used in these 

numerical analyses (32-bit: 1.90 GHz and 64-bit: 3.30 GHz), the resulted difference in the 

computational times is approximately equal to 3 times. The fact that the 64-bit software is 3 

times faster than the 32-bit software is not entirely attributed to the type of the operating 

system, given that the compilers used to build the two applications were different. In addition 

to that, new CPU technology outperforms the older processing performance thus the 

comparison between the two processing units cannot be performed in a linear manner. Finally, 

the DDR3 technology that usually is installed in the new 64-bit motherboards improves 

significantly the performance of the software, while memory procedures are executed more 

efficiently. 

4.2 RC 7-Storey Building 
In order to investigate further the required computational time for the allocation of the 

embedded rebar elements in the case of RC buildings, the previous numerical example is 

enlarged by increasing the corresponding stories from 2 to 7. The increase of stories that was 

applied in the above numerical model derived a FE mesh which consists of 14,893 hexahedral 

elements and 85,479 rebar macro-elements. Fig. 6 shows the resulted hexahedral and rebar 

macro-element meshes. 

It is important to note at this point, that this model was created only for investigational 

reasons, given that the columns and beams sections are rather small in comparison to the 

structure’s geometry. Furthermore, the foundation type (isolated footings) is not ideal for such 

a structure (7-storey RC building), therefore this frame design should not be considered as a 

recommendation. 

The next step, after exporting the input file, is to run the mesh generation procedure by 

executing the corresponding algorithmic procedure. The total allocated memory during the 

embedded mesh generation procedure was 400 Mb, while the total number of embedded rebar 

elements allocated was 167,824. The required time so as to generate the 167,824 embedded 

rebar elements was 183 seconds.  

 
(a) 
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(b) 

Figure 6. 7-Storey RC building. (a) Hexahedral and (b) rebar macro-element mesh. 

The fact that the required physical memory, allocated by the software so as to generate the 

embedded rebar elements, was 400 Mb underlines the significant memory demand that rises 

when generating the embedded rebar elements. Even though the 400 Mb in physical memory 

might seem relatively large, this is not the case given that the main numerical issue is located 

in the total required memory allocation during the nonlinear analysis procedure where the 

stiffness matrix is being assembled. For the at hand numerical model, the total required 

memory during the solution procedure was 2.8 Gb, the total number of the equations was 

104,820 and the number of stiffness coefficients stored in the stiffness matrix was 96,317,751 

(770 Mb). As it can be seen, the computational demand that derives from handling 

numerically the stiffness matrix is much larger than that of the embedded mesh generation 

procedure. Nevertheless, for this numerical model the embedded rebar mesh approximately 

required 15% of the total memory demand. 

Fig. 7 illustrates the deformed shape of the RC frame and the mean strain distribution in 

the hexahedral elements as it resulted from the nonlinear analysis. As it can be seen the main 

strain concentrations are located at the joints and the shear walls. It must be noted that the 

quasi static horizontal load was applied along the positive direction of the Y global axis. Fig. 

3 shows the corresponding cracked pattern of the RC frame for the 2
nd

 load increment (20% 

of the total horizontal load applied), where it can be seen that the core of the elevator develops 

a large number of cracks. This is attributed to its large stiffness in comparison to the other 

vertical structural members that have much smaller sections, thus the core attracts large shear 

deformations during the push-over analysis. The above mechanical behavior can be depicted 

in both Figs. 7 & 8. 
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Figure 7. 7-Storey RC building. Mean strain contour at load increment 2 (20% of the total 

applied load). 

 
Figure 8. 7-Storey RC building. Crack pattern at load increment 2 (20% of the total applied 

load). 
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Figure 9. 7-Storey RC building. Deform shape of the embedded rebar mesh at load increment 

5 (50% of the total applied load). Displacement magnification scale factor used: 5. 

Fig. 9 shows the deform shape of the embedded rebar mesh as it derived from the 5
th

 load 

increment of the nonlinear analysis. In order to magnify the reinforcement deformations and 

present the resulted deformed shape inside the concrete volume in an optimum way, the 

displacements were increased graphically 5 times. The deform shape of the reinforcement grid 

is controlled by the deformation shape of the concrete elements (hexahedrons). Fig. 9 

illustrates the ability of the method to handle efficiently and with numerical robustness 

relatively large-scale numerical models. 

4.3 RC Arc-Shaped Bridge 

This numerical test was chosen in order to illustrate the actual limitations of the embedded 

mesh generation method when dealing with large-scale implementations. In order to describe 

the procedure followed for constructing the FE mesh, the geometry of the bridge will be 
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presented followed by the hexahedral mesh construction and verification. Finally, the results 

from the embedded mesh generation procedure will be presented and the numerical results 

that derived from the solution of the model will be discussed. 

4.3.1 Geometrical Features and Reinforcement Details of the RC Bridge 

The geometry of the under study RC bridge is shown in Figs. 10-12. As it can be seen, the 

bridge has an effective span of 99.1 m, of which 51.55 m is the left span’s length and 47.55 m 

is the right span’s length. The total height of the two pylons is 5.1 m and the spacing between 

them is 5 m (Fig. 11). A typical section of the bridge is given in Fig. 12, where the 

geometrical features can be depicted. The technical drawings show that the total width of the 

deck is 10.4 m and it has a height of 2.3 m. The different thicknesses of each structural 

component of the bridge’s deck are given in Table. 3. 

 
Figure 10. RC Bridge. View of elevations. 

 
Figure 11. RC Bridge. Geometry of the Pylons (dimensions in mm). 
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Figure 12. RC Bridge. Geometry of the section of the deck (dimensions in mm). 

a/a Structural component Thickness in cm 

1 Upper Deck 25 

2 Lower Deck 22 

3 Overhangs 20 

4 Vertical Walls 40 

5 Vertical Diaphragms 30 

6 Vertical Diaphragms at Supports 100 

7 Vertical Diaphragm above Pylons 200 

Table 3. RC Bridge. Thicknesses of different structural components of the deck. 

The reinforcement details of the Pylons are shown in Fig. 13, where it can be seen that 26 

rebars of Ø32 mm are used and the stirrups have a diameter of Ø12 mm. Fig. 14 shows the 

reinforcement details of the foundation (pile cap). It is important to note that the model will 

assume a fixed base at the level of the piles, thus the 6 piles will not be included in the FE 

mesh. 

 

Figure 13. RC Bridge. Reinforcement details of the Pylon’s section. 
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Figure 14. RC Bridge. Reinforcement details of the foundation. 

 
Figure 15. RC Bridge. Reinforcement details of a typical deck section. 

 
Figure 16. RC Bridge. Reinforcement details of the middle diaphragm. 
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Figure 17. RC Bridge. Reinforcement details of the diaphragms at the left and right supports. 

Fig. 15 shows a typical deck section reinforcement detailing which foresees the use of 12, 

16 and 20 mm rebars, while the geometry of the reinforcement arrangement of the support 

diaphragms can be depicted in Figs. 16 & 17. It must be noted that this is the preliminary 

design (AASHTO code) of a RC bridge in Dubai that has not been constructed yet. Given that 

the objective of this research work is to investigate the embedded mesh generation procedure, 

the ultimate limit state of the bridge that derives from the analysis will not be presented in this 

paper. In addition to the above, for the same reason the bridge’s post-tension cables will not 

be modeled.  

4.3.2 Constructing, Managing and Verifying the Hexahedral FE Mesh 

ReConAn FEA uses Femap [14] in order to construct the numerical model which is 

eventually exported into a text file (.neu  neutral file) that is used to generate the FE 

numerical model during the analysis of the problem. For the needs of this numerical 

implementation, the use of different mesh control techniques were adopted so as to avoid the 

construction of a FE mesh that would have derived mesh inconsistencies and numerical 

problems related to meshing issues. Fig. 18 shows the final mesh of the 102,934 hexahedral 

elements (8-noded). The details related to the mesh are given in Table 4 and as it can be seen, 

the total number of concrete elements is 102,622, while the total number of nodes (excluding 

the embedded rebar macro-elements) is 168,400. The average hexahedral edge size used to 

derive the FE mesh of the RC bridge was 20 cm. 

One of the mesh control methodologies adopted in this work, was the division of the FE 

mesh into Layers. Specifically, 56 Layers were created only for controlling and organizing the 

hexahedral elements. Femap has the ability of assigning each object or FE into a specific 

Layer that can be handled the same way that Layers are used in a CAD graphical 

environment. By adopting this approach, the mesh can be divided into groups (i.e. Upper 

Deck, Lower Deck, Vertical Walls, etc.) according to the structural member’s location.  

As it can be seen in Fig. 10, the bridge’s deck has 6 vertical diaphragms and the diaphragm 

in the middle that eventually divide the deck into 8 openings. The proposed logic behind the 

topological sorting of the Layers is based on the assumption that the hexahedral mesh of the 

bridge will be divided into four main groups of Layers (a. Deck Span, b. Bearing Supports, c. 

Support Diaphragms and d. Pylons/foundation), while in each main group of Layers the mesh 

of all structural members (Upper Deck, Vertical Walls, etc.), which belong to a specific 

opening of the bridge, will be assigned into the designated Layer. The graphical illustration of 

the 56 Layers used in order to manage the hexahedral elements’ mesh is shown in Fig. 19 and 

the use of Layers is demonstrated in Fig. 20 for the case of the deck opening O1. 

An additional mesh control procedure that was implemented in order to verify that each 

part of the under construction hexahedral FE mesh was consistent, thus avoiding inducing 
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numerical problems during the embedded mesh generation procedure and the analysis 

procedure of the structure, was the “Convergence Analysis by Parts” procedure. The proposed 

methodology foresees the analysis of each part of the numerical model of the hexahedral 

mesh (i.e. 1
st
 opening, 2

nd
 opening, pylons with pile cap, etc.), by applying only the self-

weight loads and solving the static linear numerical problem. 

 

Figure 18. RC Bridge. FE mesh of 8-noded hexahedral elements. 

a/a Description Value 

1 Hexa8 total number of Elastomeric elements 120 

2 Hexa8 total number of Steel elements 192 

3 Hexa8 total number of Concrete elements 102,622 

4 Total number of Hexa8 elements 102,934 

5 Total number of Hexa8 nodes 168,400 

Table 4. RC Bridge. FE mesh data related to the 8-noded hexahedral mesh. 

 
Figure 19. RC Bridge. Hexahedral mesh Layer organization chart. 

For the at hand model, the total number of mesh convergence analysis performed was 7 

and the corresponding models used are shown in Fig. 21. The hexahedral FE meshes for each 
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main Layer group are shown in Figs. 22-32, while the distribution of the hexahedral elements, 

according to the assumed Layers for the management of the hexahedral elements’ mesh, are 

given in Table 5. It is evident that the largest number of hexahedral elements is located at the 

deck of the RC bridge. After the completion of the mesh convergence investigation, the 

resulted FE mesh consisted of 102,934 from which 102,622 are concrete hexahedral elements.  

 
Figure 20. RC Bridge. Hexahedral mesh of the 1

st
 Deck Opening O1. Graphical activation 

and deactivation of Layers. 

 
Figure 21. RC Bridge. Models used for the mesh convergence analysis procedure 

(“Convergence Analysis by Parts”). 

Fig. 33 shows the deformed shape and the von Mises Stress contour for the case of the 4
th

 

and 5
th

 Deck Openings (O4 & O5), while the middle elastomeric bearings and the two Pylons 

that are attached to the pile cap are included in this Convergence Analysis by Part check. As it 

can be depicted in this figure, the deck behaves as a sway mechanism which rotates 

counterclockwise. Given that the only loads accounted for are the loads that result from the 

self-weight of the hexahedral elements and given the fact that the geometry of the bridge 

foresees that the 4
th

 opening’s length (Fig. 10) to be equal to 12.9 m while the corresponding 

5
th

 opening’s length to be equal to 11.9 m, the resulted deformation (counterclockwise 

rotation Fig. 33) was the expected one. 
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a/a Structural Member Hexa8 

1 Opening O1 Deck + Left Support Diaphragm (Fig. 18) 13,824 

2 Opening O2 Deck (Fig. 19) 11,254 

3 Opening O3 Deck (Fig. 20) 11,254 

4 Opening O4 Deck + Half of the Middle Diaphragm (Fig. 21) 12,662 

5 Opening O5 Deck + Half of the Middle Diaphragm (Fig. 22) 12,432 

6 Opening O6 Deck (Fig. 23) 10,558 

7 Opening O7 Deck (Fig. 24) 10,558 

8 Opening O8 Deck + Right Support Diaphragm (Fig. 25) 11,800 

9 Two Pylons (Fig. 26) 3,080 

10 Pile Cap (Fig. 26) 5,200 

11 Elastomeric Bearings + Steel Plates (Fig. 27) 312 

 Total 102,934 

Table 5. RC Bridge. Hexahedral element distribution. 

 
Figure 22. RC Bridge. FE mesh of opening O1 and left support’s diaphragm. (13,824 hexa8) 

  
Figure 23. RC Bridge. FE mesh of opening O2. (11,254 hexa8) 
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Figure 24. RC Bridge. FE mesh of opening O3. (11,254 hexa8) 

 
Figure 25. RC Bridge. FE mesh of opening O4 + half of the middle diaphragm. (12,662 

hexa8) 

 
Figure 26. RC Bridge. FE mesh of opening O5 + half of the middle diaphragm. (12,432 

hexa8) 
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Figure 27. RC Bridge. FE mesh of opening O6. (10,558 hexa8) 

 
Figure 28. RC Bridge. FE mesh of opening O7. (10,558 hexa8) 

 
Figure 29. RC Bridge. FE mesh of opening O8 and right support’s diaphragm. (11,800 hexa8) 
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Figure 30. RC Bridge. FE mesh of the two pylons. (3,080 hexa8) 

 
Figure 31. RC Bridge. (Left) Plan view and (Right) 3D view of the pile cap’s mesh.  

(5,200 hexa8) 

 
Figure 32. RC Bridge. FE Mesh of the elastomeric bearings and steel plates (312 hexa8). 

The hexahedral mesh construction was finalized by performing the analysis of the 

complete hexa8 FE mesh by applying the self-weight of the structure. The deformed shape 

and the von Mises Stress distribution as derived from the analysis are shown in Figs. 34-36. It 

must be noted here that the total number of unknowns for the case of the final hexahedral FE 

mesh was 502,478, the total number of the stiffness matrix elements was 657,655,263 and the 

required physical memory for solving the numerical model without the embedded 

reinforcement was 7.6 Gb. 
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Figure 33. RC Bridge. Deformed shape and solid von Mises Stress contour (kPa) due to the 

self-weight of the structure (displacement magnification factor x5). 

It must be noted at this point that the material model used for the linear elastic analyses 

that were performed so as to check the numerical response of the constructed hexahedral 

mesh, was the elastic von Mises material model. This material model is used to simulate the 

mechanical behavior of steel material thus uses the steel nominal weight to generate the self-

weight loads. This is the reason why the stress values are increased within the presented von 

Mises stress contours.  

 
Figure 34. RC Bridge. XZ side and XY top view of the deformed shape and solid von Mises 

Stress contour (kPa), of the final hexa mesh, due to the self-weight of the structure. 
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Figure 35. RC Bridge. Deformed shape and von Mises Stress contour. (Left) View of the full 

model and (Right) Internal view of the vertical and diaphragmatic walls. 

 
Figure 36. RC Bridge. Deformed shape and von Mises contour of the area where the deck and 

the pylons connect through the elastomeric bearings.  

4.3.3 Constructing, Managing and Verifying the Embedded Reinforcement FE Mesh 

When constructing the embedded rebar macro-element grid of a large-scale model, it is 

required to consider similar mesh control techniques as described in the previous section in 

order to achieve the construction of an error-free mesh. Given the fact that the required 

computational time for the analysis of this model will be significant, any mesh irregularities 

will induce numerical instabilities forcing the nonlinear analysis to terminate, while the size 

of the mesh will make it time-consuming if any mesh modification issues arise. For this 

reason the same mesh managing approach illustrated in the previous section was adopted in 

order to control the resulted embedded rebar mesh in a step-by-step logic (Layers and 

Convergence Analysis by Parts).  

4.3.3.1 Managing the Embedded Rebar Mesh 

As it is shown in Fig. 32, the embedded rebar mesh was divided into 48 Layers according 

to the RC bridge’s geometry. The 48 Layers were divided into 3 main groups so as to 

optimize the viewing procedure and the allocation of each reinforcement arrangement 

according to its positioning inside the structure. Furthermore, after the completion of the 

construction of the embedded rebar macro-element mesh for each structural member (see 

Table 6) of the bridge, a convergence analysis was performed so as to assess the derived FE 

model for each structural part of the bridge’s model. 
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4.3.3.2 Convergence Analysis by Parts 

The embedded rebar mesh construction began by constructing and testing the Pylon/Pile 

Cap mesh (Figs. 38 & 39). The geometry of the hexahedral mesh of these structural members 

is irregular and mainly non-prismatic, while the embedded rebar mesh construction of the 

embedded rebar macro-elements was performed by using long macro-elements that intersect 

more than 15 hexahedral elements. In some areas of the Pile Cap mesh, rebar macro-elements 

penetrate up to 20 hexahedral elements. 

 
Figure 37. RC Bridge. Embedded rebar mesh Layer organization chart. 

 
Figure 38. RC Bridge. Embedded rebar mesh of the Pylons (4,432 embedded rebar macro-

elements). 

As it was described in [8], embedded rebar macro-elements are the initial line-objects that 

are used from the embedded mesh generation algorithm so as to generate the embedded rebar 

elements in each hexahedral element. The geometrical constraint method as it was presented 

in [8], provides the ability of using any required macro-element length by adjusting the 

incremental constraint parameter c. In the under study structural part (Pile Cap), the selected 

incremental parameter c was set equal to 15 so as to utilize us with the ability of using long 

embedded rebar macro-elements that will initially discretize each reinforcement bar located in 

the Pile Cap by the use of one or maximum two embedded rebar macro-elements. 
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Figure 39. RC Bridge. Embedded rebar mesh of the Pylons and Pile Cap (5,454 embedded 

rebar macro-elements). 

Figs. 38 & 39 show the embedded rebar macro-elements for the case of the reinforcement 

grid of the two Pylons and the Pile Cap. The total number of embedded rebar macro-elements 

that were used so as to construct their grid was 5,454 from which the 4,432 are located inside 

the two Pylons. After the completion of the embedded rebar macro-element mesh of the 

Pylons and the Pile Cap, the model was analyzed in order to assess the resulted FE mesh. 

During the embedded mesh generation procedure, for the case of the Pile Cap, the incremental 

parameter c was set equal to 15 and for the case of the Pylons, equal to 5. The total number of 

the embedded rebar elements that were generated was 21,721. 

Fig. 40 shows the deformed shape of the embedded rebar mesh as it derived from the 

analysis of the model for the self-weight loads. As it can be seen, the mesh generation 

procedure managed to allocate the embedded rebar elements without any numerical 

instabilities, while the irregular geometry of the hexahedral elements did not result any 

numerical issues during the mesh generation procedure. The deformed shape and stress 

contour shown in Fig. 40 resulted by applying the self-weight of the structure and a 

distributed load of 1 kN/node at the tip of each Pylon. 

 
Figure 40. RC Bridge. (Left) von Mises Stress contour and (Right) Deformed shape of the 

embedded rebar elements of the two Pylons and the Pile Cap (21,721 embedded rebar 

elements generated). 

Figs. 41-49 show the embedded rebar macro-element meshes that were constructed 

according to the technical drawings for each structural part of the bridge, while Table 6 shows 

the distribution of the total number of the embedded rebar macro-elements used to construct 
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the reinforcement grid of the RC bridge. As it can be depicted, the total number of embedded 

rebar macro-elements used was 47,839 and the total number of embedded rebars that were 

generated through the Convergence Analaysis by Parts procedure was 520,624. It must be 

noted here that the parameter c was set between 5-30 (Table 6) given that most of the macro-

elements were constructed so as to penetrate between 1-30 hexahedral elements. 

a/a Structural Member c 
Macro-

Elements 

Embedded 

Rebar FEs 

1 Span O1 Deck + Left Support Diaphragm (Fig. 36) 15 6,721 70,614 

2 Span O2 Deck (Fig. 37) 15 5,092 61,476 

3 Span O3 Deck (Fig. 38) 15 5,100 62,954 

4 Span O4 Deck (Fig. 39) 15 4,046 50,401 

5 Middle Diaphragm (Fig. 40) 30 1,656 25,172 

6 Span O5 Deck (Fig. 41) 15 4,601 52,673 

7 Span O6 Deck (Fig. 42) 15 4,805 56,416 

8 Span O7 Deck (Fig. 43) 15 4,818 55,693 

9 Span O8 Deck + Right Support Diaphragm (Fig. 44) 15 5,546 63,504 

10 Two Pylons and Pile Cap (Figs. 33 & 34) 5 15 5,454 21,721 

 Total 47,839 520,624 

Table 6. RC Bridge. Embedded rebar macro-elements and resulted embedded rebar FEs that 

derived from the procedure of the convergence analysis by parts. 

 
Figure 41. RC Bridge. Macro-element rebar mesh of the left support diaphragm and the 

opening O1. 

 
Figure 42. RC Bridge. Macro-element rebar mesh of the opening O2.  
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Figure 43. RC Bridge. Macro-element rebar mesh of the opening O3.  

 
Figure 44. RC Bridge. Macro-element rebar mesh of the opening O4. 

 
Figure 45. RC Bridge. Macro-element rebar mesh of the middle diaphragm. 
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Figure 46. RC Bridge. Macro-element rebar mesh of the opening O5.  

 
Figure 47. RC Bridge. Macro-element rebar mesh of the opening O6.  

 
Figure 48. RC Bridge. Macro-element rebar mesh of the opening O7. 
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Figure 49. RC Bridge. Macro-element rebar mesh of the right support diaphragm and the 

opening O8. 

4.3.3.3 Short embedded rebar elements 

The creation of the reinforcement grid inside the hexahedral elements is a procedure that 

can induce numerical instabilities that result from the geometry of the solid elements and the 

arbitrary positioning of the embedded rebar macro-elements. When using an irregular 

hexahedral concrete mesh as the one shown in Figs. 30 & 31, embedded rebar marco-

elements may intersect the hexahedral element in an arbitrary manner. A very interesting 

numerical phenomenon that results when constructing the embedded macro-element grid for 

such cases, is the creation of embedded rebar elements with very small lengths. The case of a 

short embedded rebar element can be depicted in Fig. 50, where the vertical embedded rebar 

macro-element intersects with the hexahedral element near its tip, resulting this way a very 

short embedded rebar element. In some cases the length of such embedded rebar elements can 

be less than 5 mm, while this numerical phenomenon can create the shear locking 

phenomenon in cases where the rebars are model with the beam FE.  

 
Figure 50. RC Bridge. Hexahedral and embedded rebar elements of the left support 

diaphragm. Short embedded rebar element case. 

Given the fact that perfect bond is assumed during the solution procedure of the model and 

in an attempt to address the above numerical phenomenon, a filtering algorithm was 

introduced so as to allocate and control this type of embedded rebars. The proposed filter uses 

a length criterion which is implemented during the mesh generation procedure and does not 

allow the creation of embedded rebar elements with a length smaller than lm. The filtering 

algorithm was implemented at the final stage of the embedded rebar mesh generation 

procedure, as it is shown in Fig. 51. For the needs of the under study numerical 

implementation the geometrical constraint lm was set to 5 mm, whereas the total number of 

short embedded rebar elements that were found during the mesh generation procedure of the 

Convergence Analysis by Parts process was 1,439. The total number of short embedded rebar 

elements represents 0.28% of the total embedded rebar elements. It must be noted here that 

Table 6 shows the derived embedded rebar elements excluded the short rebars, thus the total 
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number of embedded rebars that were allocated was 522,063 from which 1,439 were 

discarded due to their short length. 

 
Figure 51. Flow chart of the updated embedded rebar element mesh generation method. 
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Practically, the filtering algorithm is implemented by defining the geometric constraint lm 

that is assigned to each hexahedral property. The finite element mesh of the hexahedral 

elements is divided into groups and each group has a solid property. Each solid property can 

be assigned with a different geometric constraint lm which is used during the filtering process. 

Therefore, when defining the solid properties the user can select to activate or deactivate the 

filtering command by defining lm = 0 and lm > 0, respectively. The filtering algorithm can be 

used to control the quality of the mesh by scanning for short embedded rebar elements. This 

way the derived embedded rebar element mesh is checked for any irregularities related to the 

lengths of the resulted embedded rebars. 

At this stage the FE mesh is ready to be solved as a whole. Therefore, the next step is to 

use the complete finite element mesh and generate the embedded rebar elements through the 

use of the integrated mesh generation algorithm. The analysis results that will be presented in 

the next section, assume that the embedded rebar elements are modeled with the rod finite 

element. In addition to that, for illustrational reasons, the filtering algorithm will be activated 

and the geometric constraint lm will be set to 5 mm throughout the hexahedral mesh. 

 

4.3.4 Solution of the Complete Model 

At this stage the complete model (Fig. 52) can be used so as to allocate and generate the 

final embedded rebar mesh through the use of the proposed embedded mesh generation 

method. Table 7 shows the details of the resulted FE mesh, the total required time for 

generating the embedded rebar elements and numerical details related to the solution of the 

FE model. 

a/a Description Value 

1 Number of Hexahedral Elements 102,934 

2 Number of Nodes (hexa8 only) 168,400 

3 Number of Macro-Elements 47,839 

4 Total Number of Embedded Rebar FEs Generated 520,624 

5 Total Number of Short Embedded Rebar FEs that 

were Discarded by the Filter Algorithm 
1,439 

6 Required Embedded Mesh Generation Time 42 m 22 s 

7 Required RAM for the Stiffness Matrix 5.225 Gb 

8 Max Required RAM Allocated by the Software 11.5 Gb 

9 Computational Time for Solving 1 Load Increment 18 m 

10 Computational Time for Writing the Output Data 53 m 

11 Total Computational Time: 

i. Read/Initialize Problem 

ii. Generate Embedded Mesh 

iii. Solve the System of Equations for 1 Load 

Increment / 1 Internal Iteration 

iv. Write Output Data (out.txt file size: 475 Mb) 

118 m 

Table 7. RC Bridge. General numerical details that derived after the solution of the complete 

FE model. 

As it can be seen from Table 7 and Fig. 53, the total required time for the embedded mesh 

generation procedure was 42 minutes 22 seconds. The total number of generated embedded 

rebar FEs was 520,624 while the total number of short embedded rebar FEs that were 

discarded due to their small length was 1,439. The deformed shape of the embedded rebar 

mesh (Fig. 54), resulted by applying only the self-weight of the structure. The solution of the 

complete model required a total of 11.5 Gb RAM from which the 5.225 Gb was required for 
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the stiffness matrix allocation. So as to solve the model for a single load increment, ReConAn 

required 18 minutes, while the total computational time for reading, initializing, generating 

the embedded mesh, solving the system of equations (for 1 load step and 1 internal iteration) 

and writing the output data, required 118 minutes. The required embedded mesh generation 

time represents 36% of the total operation time. This ratio is relatively small given that the 

numerical problem foresees the solution of 1 load increment and 1 internal iteration (linear 

elastic system of equations) thus decreases the actual computational time that a nonlinear 

solution procedure would have required. In addition to that, the numerical results illustrate the 

significance of having a computationally robust and efficient embedded mesh generation 

procedure. 

As it can be seen in Fig. 54, the deformed shape of the embedded rebar mesh was 

graphically illustrated by increasing the derived displacements 500 times. The deformed 

shape shows that the embedded rebar mesh follows the sinusoidal deformed shape of the 

bridge’s deck as it resulted from the numerical solution procedure. 

 
Figure 52. RC Bridge. Macro-element rebar mesh. 

 
Figure 53. RC Bridge. Information window of ReConAn software. 
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Figure 54. RC Bridge. Deformed shape of the embedded rebar FE mesh. 
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4.3.5 Double Deck Model 

In an attempt to increase the previous FE mesh so as to further investigate the numerical 

efficiency of the under study mesh generation method, the numerical model that was 

presented in Fig. 52 is increased by replicating the bridge one time. Fig. 55 shows the new 

mesh, while in Table 8 the numerical details related to the mesh can be depicted. 

 
Figure 55. Double Deck RC Bridge. FE mesh of 8-noded hexahedral elements. 

a/a Description Value 

1 Number of Hexahedral Elements 205,928 

2 Number of Nodes (hexa8 only) 336,908 

3 Number of Macro-Elements 95,082 

4 Total Number of Embedded Rebar FEs Generated 1,052,892 

5 Total Number of Short Embedded Rebar FEs that 

were Discarded by the Filter Algorithm 
2,878 

6 Required Embedded Mesh Generation Time 304 m 5 s 

7 Required RAM for the Stiffness Matrix 19.52 Gb 

8 Max Required RAM Allocated by the Software 30.0 Gb 

9 Computational Time for Solving 1 Load Increment 27 hr 

10 Computational Time for Writing the Output Data 10 hr 32 min 

11 Total Computational Time: 

i. Read/Initialize Problem 

ii. Generate Embedded Mesh 

iii. Solve the System of Equations for 1 Load 

Increment / 1 Internal Iteration 

iv. Write Output Data (out.txt file size: 970 Mb) 

48 hr 29 min 

Table 8. Double Deck RC Bridge. General numerical details that derived after the solution of 

the complete FE model. 

Table 8 shows the numerical details that derived after the solution of the increased mesh, 

where it can be seen that the total number of embedded rebar elements that were generated 

was 1,052,892. If the number of generated embedded rebar elements is compared with the one 

that resulted from the previous section, then it will result that an additional 11,644 embedded 

rebar elements were generated. This is attributed to the connection beam that connects the two 

pile caps as shown in Fig. 55. The embedded mesh generation procedure managed to 

complete the embedded rebar allocation/generation procedure in 304 minuites and 5 seconds.  

The required computational time for the embedded rebar mesh generation procedure 

represents the10.48% of the total computational time. An important observation that derives 

by comparing the new ratio with that resulted in the previous section (36%), is that the 

computational performance of the under study method maintained its efficiency in relation to 

the solution algorithm that required an excessive time so as to solve a single load increment. 

This also underlines the need of using a parallel solver that will significantly reduce the 

computational time for solving the nonlinear numerical problem.  

Fig. 56 shows the deformed shape of the model as it resulted from the numerical analysis. 
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As it can be seen, the embedded rebar elements have the same deformed shape thus follow the 

deformation of the concrete domain. 

 

 
Figure 56. Double Deck RC Bridge. Deformed shape of the hexahedral and embedded rebar 

FE meshes. 

5 Conclusions 

The embedded mesh generation method proposed in [8] was integrated in a 64-bit 

operating system and was used to generate the embedded rebar meshes of three different finite 

element models. The parametric investigation performed for the required computational time 

in generating the embedded rebar elements for the case of the first numerical model (2-storey 

RC building) revealed that the 64-bit operating system outperforms the corresponding 

computational capabilities of the 32-bit operating system, while the integrated method 

managed to generate the embedded mesh in a minimal time (51,064 embedded rebar elements 
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in 12.8 seconds). 

Through the analysis of the second numerical model (7-storey RC building) the efficiency 

and robustness of the integrated embedded rebar mesh generation method was illustrated 

where 167,824 embedded rebar elements were generated in 183 seconds. This shows the 

computational efficiency of the method that overcomes previous limitations related to 

handling relatively large-scale numerical models that use 3D detailed modeling simulations 

for assessing the mechanical behavior of RC structures. 

In order to investigate the limitations of the integrated embedded rebar mesh generation 

method, the complete model of a RC bridge was constructed and analyzed. The construction 

of the model eventually derived a total number of 102,934 hexahedral elements and 47,839 

embedded rebar macro-elements. Prior to the initiation of the mesh construction, for both 

hexahedral and embedded rebar macro-elements, a set of 56 and 48 Layers were defined, 

respectively, in order to manage and control the mesh during the construction phase. This 

topological sorting of the mesh provided the ability of controlling the bridge’s mesh while it 

made it possible to visualize each part of the bridge separately during the construction of the 

mesh. 

The division of the mesh into 10 main parts (O1-O8 deck openings, middle diaphragm, 

pylons/pile cap) utilized the mesh construction procedure with the ability of performing the 

proposed Convergence Analysis by Part procedure for each part of the RC bridge mesh in 

order to ensure that the final numerical model will be ready to processed thus numerical 

instabilities will be avoided when the full model was used to generate the final FE numerical 

model. The at hand numerical model incorporates 623,576 finite elements from which 

102,622 are hexahedral concrete FEs that treat the cracking phenomenon with the smeared 

crack approach. Solving a FE model that incorporated a numerically unstable material 

formulation with numerical discontinuities is by default a cumbersome procedure even for 

benchmark problems that assume a limited number of hexahedral elements (100-1000 

hexahedral elements). Dealing with a large-scale numerical simulation, controlling the 

resulted FE mesh from the embedded rebar mesh generation level is of significant importance 

given that it controls the numerical outcome of the embedded mesh generation and solution 

procedures. 

When constructing the finite element mesh of the RC bridge, it was discovered that the 

geometrical irregularity of the hexahedral mesh, the dense reinforcement grid and the 

arbitrary positioning of the embedded rebar macro-elements, derived embedded rebar 

elements that had relatively short lengths (< 5 mm). This numerical phenomenon can result 

into the shear locking phenomenon when modeling the embedded rebars with the beam FE. 

To address this numerical phenomenon, the embedded rebar mesh generation method was 

upgraded with a filtering algorithm that controls this type of embedded rebar elements and 

provides the ability of discarding them during the allocation procedure. This filtering 

algorithm uses a geometrical constraint that does not allow an embedded rebar element 

generation when the at hand element has a length below the minimum allowable length (lm). 

This algorithm can be used in cases where perfect bond slip is assumed and provides the 

required numerical tools to control the quality of the resulted mesh. 

The embedded mesh generation method was used to generate the embedded rebar mesh of 

the full RC bridge FE model through the use of a 64-bit operating system. After performing 

the analysis of this numerical implementation it derived that the embedded mesh generation 

method managed to allocate 522,063 embedded rebar elements from which 1,439 had a length 

shorter than 5 mm and were excluded from the analysis procedure. The mesh generation 

procedure required 42 minutes 22 seconds, which illustrates the computational efficiency of 

the method, while the limitations of the embedded mesh generation algorithm were not 

practically reached. Given that the total required RAM for solving one load increment was 
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11.5 Gb and the available RAM of the at hand desktop was 12 Gb, the under-study numerical 

model managed to reach the hardware’s limitations but not those of the embedded mesh 

generation method that managed to generate the embedded rebar mesh in a relatively short 

period of time.  

In order to further investigate the computational performance of the under study method, 

the mesh of the RC Bridge was increased by 2. After the numerical analysis of the increased 

FE model, which consisted of 205,928 hexahedral concrete FEs and 95,082 embedded rebar 

macro-elements, the algorithm managed to generate 1,055,770 embedded rebar elements from 

which 2,878 had a length shorter than 5 mm and were excluded from the analysis procedure. 

The required computational time for the generation of the embedded rebar elements was 304 

m and 5 s. This illustrates the computational efficiency of the embedded rebar mesh 

generation method which managed to maintain its computational performance in comparison 

to that of the solver that required more than a day to compute the unknown displacements for 

a single load increment. Through this numerical implementation it was also concluded that the 

limitations of the proposed mesh generation methodology were not reached, given that the 

required computational time was within an acceptable limit, while the solution of the system 

of equations required significant computational effort. 

Finally, it is important to state that modeling RC structures through the use of 3D detailed 

modeling that discretize the reinforcement grid with embedded rebar elements, has a 

drawback that relates to the construction of the embedded rebar macro-element mesh, 

especially in cases where the geometry of the structure has an irregular geometry. This 

procedure requires a significant effort which makes it prohibitive to be used for commercial 

purposes. So as to address this issue, an automatic mesh generation algorithm is required to be 

developed for generating the embedded rebar macro-element mesh inside the hexahedral 

elements in order to optimize the embedded rebar macro-element mesh construction 

procedure.  
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Appendix A: Generation of Embedded Rebar Elements 

In order to allocate and generate the embedded rebar elements that are located inside each 

hexahedral element the allocation of the virtual nodes of each embedded rebar element need 

to be performed. The virtual nodes correspond to the intersections of the rebars with 

hexahedral faces or edges as shown in Fig. 2 (nodes i1, i2 of the rebar 1-2 and i3 of the rebar 

3-4). This procedure becomes cumbersome when the FE model consists of a large number of 

hexahedral and rebars. It is obvious that if we attempt to compute these possible intersection 

points without implementing any constraint on the search space, the computational cost of the 

search algorithm will be significant. The problem arises from the fact that it is required to 

locate all possible intersections that may exist between hexahedral faces and rebars (Figs. A1 

and A2).  

To avoid unnecessary calculations, a geometric constraint was introduced in order to 

restrict the search in the vicinity of the corresponding steel reinforcement. The geometric 

constraint is implemented with the definition of an active sphere with radius Rc: 

,   cR c L 
 

(A1) 
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 being the coordinates of node n and the centroid of the hexahedral under 

consideration and parameter c defines the active volume around each hexahedral where the 

constraint is implemented. The search for intersection is performed when the below relation is 

satisfied 
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1 2   i i

n n cd or d R  (A2) 

where
1 2

1 2,  i cen n i cen n

n rebar n rebard s s d s s     are the distances of the rebar end-nodes 1 and 2 

from the hexahedral centroid i under consideration, as it is illustrated in Fig. A2. The 

geometric constraint reduces the computational effort because it restricts the search space 

considerably during this allocation process especially when dealing with large-scale problems. 

 
Figure A1. Concrete FE mesh and steel reinforcement rebars of a shear wall [8].  

 
(a)                                                              (b) 

Figure A2. Geometric constraint for the search of embedded rebar nodes. Geometric 

constraint is: (a) satisfied:     
    

 ; (b) not satisfied:   
 
    

     
 

 [8]. 

After the satisfaction of the constraint equation (Eq. A2), the generation of the 

reinforcement rebar elements proceeds according to the following three cases.  

Case 1: Initial Rebar Nodes Located on Hexahedral Faces 

In this case, a check is performed to detect whether one or both rebar macro-element nodes 

(1, 2) are located on the hexahedral face(s) (Fig. A3a). If this is the case, then the 

corresponding node(s) are being denoted as rebar mesh nodes. In order to compute the 

corresponding nodal local coordinates, the distances dX, dY and dZ between the hexahedral 

centroid and its first node are required:  
1 1 1,   ,  Hexa Hn cen Hexa Hn cen Hexa Hn cen

X x x Y y y Z z zd s s d s s d s s       (A3) 

Using Eqs. A3, the distances dX, dY and dZ can be calculated. Then, the natural 

coordinates of any given point P inside a hexahedral, are given from the following 

expressions: 
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(a)                                              (b)                                                                 (c) 

Figure A3. Geometric configuration of: (a) Case 1: Rebar node on hexahedral face, (b) Case 

2: Rebar-hexahedral face intersection, (c) Rebar node inside hexahedral volume [8]. 

If the rebar is located on a hexahedral face, then the proposed algorithm searches for 

intersections with the hexahedral face edges and creates the corresponding mesh nodes of the 

rebar finite element (nodes 4, i3 in Fig. 2). For this subcase, the stiffness matrix of the 

embedded rebar finite element (element ER 3 in Fig. 2) is distributed between the two 

neighboring hexahedral elements (Hexahedral 2 and 3 in Fig. 2).  

For the case of non-prismatic hexahedral elements, the standard Barzegar and Maddipudi 

[9] method is performed in order to allocate the natural coordinates of the corresponding 

virtual node as follows: A point P1 with global coordinates (x, y, z)P1 on the initial rebar mesh 

(Fig. A4), is contained in a given concrete element if its natural coordinates ξP1, ηP1, ζP1 

satisfy the constraint 

1 1 1
, , 1P P P     (A5) 

associated with this particular hexahedral element. 

In the isoparametric formulation the global coordinates (x, y, z) of a generic point within a 

solid element are expressed as 
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where xi, yi, zi are the global coordinate vectors of the hexahedral nodes and N represents the 

row vector of the displacement-shape functions. 
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(A7) 

Given that the natural coordinates (ξ, η, ζ)P1 are the roots of Eq. A7, a NR iterative procedure 

is required in order to compute the solution of the above equation as follows: 
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where J is the Jacobian matrix, the incremental natural coordinates are computed from 
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Figure A4. Embedded reinforcement in hexahedral concrete element [8]. 

Barzegar and Maddipudi [9] found that the preceding solution scheme has a high 

convergence ratio which was also confirmed in this study. If the converged values do not 

satisfy (Eq. A5), the procedure proceeds to the next hexahedral element until the geometric 

constraint is satisfied.  

Case 2: Rebar-Hexahedral Face Intersection 

In the second case a rebar macro-element intersects one or two hexahedral faces (Figs. 

A3b, A5). In order to find a potential line-plane intersection the corresponding algebraic 

equation has to be solved. Then, if an intersection exists, the following constraint is checked, 

which guaranties that the nodal intersection is located inside the face of the hexahedral under 

consideration: 

,  ,  1P P P     (A11) 

where ξP, ηP, ζP are the natural coordinates of the rebar node obtained either from Eq. A4 or 

from the Barzegar and Maddipudi [9] procedure, depending on the element’s shape. If this 

constraint is not satisfied, the intersection point is not retained and the algorithm proceeds 

with the computation of the next intersection point. 

Case 3: Rebar Node Inside the Hexahedral Element 

When cases 1 and 2 are not applicable then a check is performed for the satisfaction of the 

following constraint: 

,  ,  1R R R     (A12) 

where ξR, ηR, ζR are the natural coordinates of the rebar macro-element node. If the above 

inequality is satisfied, it means that the rebar macro-element node is located inside the volume 

of the hexahedral (Fig. A3c) and it is stored, otherwise the node is located outside the 

hexahedral volume and no action is taken. After the computation of the mesh nodes for each 

of the reinforcement macro-element rebars, the mesh initialization of the embedded rebar 

elements is performed.  
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Figure A5. Rebar element intersections with hexahedron faces. Nodes i1 and i2 are retained, 

node i3 is not acceptable [8].  

Following the described generation algorithm, all necessary data of each hexahedral element 

are determined regarding the corresponding embedded rebar nodes that were located inside 

the volume or on its faces. At this point, the main features of the embedded rebar elements are 

calculated and stored: the type of element (Beam or Rod), nodal coordinates and the material 

properties. Fig. 1 illustrates the complete flow chart of the embedded rebar element mesh 

generation algorithm. 
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