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A B S T R A C T   

Structural engineers have to address the climate change challenge by designing sustainable and 
resilient structures. At this juncture, Electric Arc Furnace Slags (EAFS), a steel-industry waste, are 
used in replacement of natural aggregates to enhance concrete properties. Moreover, steel and 
synthetic fibers are added to improve the postcracking behavior while the traditional bar rein-
forcement enhances the tensile performance. This makes EAFS concrete substantially ductile 
compared to normal concrete, which contributes to a higher structural resiliency, and hence 
minimizes functionality disruptions. However the use of fiber and bar -reinforced EAFS concrete 
in structures is still limited due to the uncertainties introduced by EAFS and fibers. This justify the 
development of advanced modeling techniques (ie. Finite element Analysis, FEA), which can be 
used to predict the behavior of EAFS concrete structures at the designing stage. This work build 
up from the extensive work of the coauthors in the testing of EAFS concrete and, more recently, in 
the developed FEA of fiber-reinforced EAFS concrete. In this paper the modeling of bar rein-
forcement is added to the FEA to study the behavior of structural elements made with fiber- 
reinforced EAFS concrete. The presented FEA is validated through full-scale experiments (four- 
point flexural test), which shows that the presented FEA is appropriate. The presented numerical 
model enables to study phenomena difficult to study from experiments or in-situ such as the 
cracking. It is worth noting that the addition of steel fibers reduced the crack mouth opening 
displacement in 29.3% and the depth of the cracks in 12.7% in the presented EAFS concrete.   

1. Introduction 

In recent years, construction industry is seeking to environmentally sustainable and resilient concrete structures [1–5]. 
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Sustainability refers to its ability to reside in harmony with its natural surroundings by limiting the negative environmental impact of 
building constructions and operations. Instead of extracting natural material, the reuse of materials can be a good contribution to 
achieve such objective. To this end there is an increasing interest in eco-friendly concrete where natural aggregates are replaced [6–11] 
or the amount of cement is reduced [12–15], among other measures. In this research work, Electric Arc Furnace Slags (EAFS), a waste 
of steel-producing industry, are used as substitute for natural aggregates to manufacture a concrete with good performance while the 
environmental impact is reduced. 

EAFS concrete shows great mechanical performance and durability [7,16–20]. The porous nature of EAFS provides a strong 
interlocking effect between the aggregates and the cement paste [18,21,22]. This results into higher compression and shear strength 
than concretes made with natural aggregates [19,23]. EAFS aggregates also increase the impermeability of concrete [23,24] and, 
therefore, the durability of the material. Finally, it also responds better to incidences such as carbonation [16,17,25], freezing-thawing 
cycles [16,26], abrasion [7] or high temperatures [27], which provides greater durability. 

Regarding the resilience, it is also known that the durability of concrete structures is often compromised by the presence of cracks 
while exposed to an aggressive environment [2,3,28,29–31]. In this context, EAFS concrete capacity is limited by its brittleness. 
Increasing the ductility of concrete enhances the postcracking behavior [31–36], therefore, it contributes to enhance structural 
resilience, requiring less frequent repair works. In this work steel and synthetic fibers have been added to improve EAFS concrete 
post-cracking behavior [9,32,37–42]. 

The behavior of fiber-reinforced concrete depends on the fibers characteristics, concrete properties and the matrix-fiber interaction 
[32,43–48]. The addition of fibers has hardly any effect on the compression strength and improves slightly the tensile strength [32,39, 
40,49]. However, the postcracking performance is improved significantly and particularly when steel fibers are added [41,50–52]. 

Despite fiber-reinforced EAFS concrete is experimentally well-studied at a laboratory-scale, its application in structural elements is 
very limited yet [7]. It has been used in elements such as pavements, foundations or retaining-walls [4,7,17,39,53], but its utilization 
in structural elements along with reinforcement is still a challenge. A reliable Finite Element Method (FEM) which models EAFS 
concrete, fibers and reinforcement bars, can facilitate to use it in engineering applications. In this study, fibers bridging phenomena 
and plain concrete fracture is modeled through interface elements (triangular finite elements with high aspect ratio). The constitutive 
model applied, isotropic damage model, in the interface elements have to describe the fracture of concrete and the pullout of fibers in 
EAFS concrete [54-59]. In this work, the presented numerical framework for fiber-reinforced EAFS concrete in [32] is extended to 
structural elements. However, to our knowledge, it remains limited the coupling of interface elements with reinforcing bars in EAFS 
concrete structures. 

Reinforcement bars are embedded in concrete in such a manner that provides tensile strength for concrete, which make reinforced 
concrete appropriate to use as a structural material. Reinforcing steel bars usually show a linear elastic behavior in tension up to a 
yielding strain and it is followed by hardening behavior up to an ultimate stress. In this work, the behavior of structural steel is modeled 
through the Menegotto-Pinto constitutive model [60–64] and steel bars are discretized through one dimensional truss elements. The 
introduction of interface elements requires a new approach to introduce shear and longitudinal reinforcement, which permits crack 
propagation and keeps the constraining conditions. Unlike previous works [65,66], in this approach truss elements are inserted in an 
unstructured mesh. 

Having studied fibers performance in EAFS concrete through interface elements in [32], the challenge in this study is to integrate 
interface elements with longitudinal and shear reinforcement to model structural elements. The aim of this work is presenting a FEA 
which provides valuable information about the cracking in structural elements which is not possible to estimate trough experiments. 
This information might be used to study the durability of the structure due to chemical attacks or the reduction in strength of the 
concrete. The proposed numerical model solves the bottleneck problem of fiber-reinforced EAFS concrete to be applied in engineering 
problems. 

The article is structured as follows. Section 2 presents the dosage of the studied concrete, the implemented FEM and the description 
of the tests. In Section 3 the numerical model is validated through a simplified test and full-scale specimens made with fiber-reinforced 

Table 1 
EAFS concrete dosage (kg/m3).   

IISC IISC-M IISC-S 

Limestone: ϕ < 1.2 mm 950 950 950 
EAFS: ϕ < 4 mm 550 550 550 
EAFS: ϕ = 4 − 12 mm 750 750 750 
Synthetic fibers - - 4.5 
Steel fibers - 40 - 
CEM II/B-S 42.5 R 330 330 330 
Additives 5.3 5.3 5.3 
Water 170 180 185  
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EAFS concrete and the experimental and numerical results are discussed. Lastly, the conclusions and future perspective are presented 
in Section 4. 

2. Material, tests and Finite Element Model 

2.1. EAFS concrete mixes 

In this research study, self-compacting slag concrete was used to cast the specimens. Table 1 presents the dosage of the studied three 
mixes, where the main difference is the addition of fibers, and they are identified as i) IISC: Plain concrete ii) IISC-M: Steel-fiber 
reinforced concrete iii) IISC-Y: Synthetic-fiber reinforced concrete. 

In the three mixes CEM-II (Portland-slag cement) is used with a compression strength of 42.5 MPa at 28 days. Portland cement is 
partially replaced with blast furnace slag, which reduces the environmental impact of concrete. As most of modern concrete, super-
plasticizers are added to improve its workability [67]. Cement-admixture compatibility depends on factors such as mineralogical 
composition of aggregates, fineness or chemical and structural composition of admixtures [22]. 

The distinguishing fact of the employed mixes is the substitution of natural aggregates with EAFS. The main advantages of EAFS 
respect to natural aggregates are its roughness, angularity, toughness-strength-stiffness, abrasion resistance, density, and chemical 
basicity [7,40]. They were obtained crushing slags produced at a certain stage of steel-making process in an electric arc furnace. Two 
different grading were used i) Gravel-sized EAFS (4–12 mm) ii) Sand sized EAFS (< 4 mm). Considering the high energy required to 
crush slags, limestones were added as fine aggregates (< 1.2 mm) to get the required cohesiveness of the paste [22,68]. 

Regarding the fibers, steel and synthetic fibers were added to improve the postcracking behavior (0.5% of the total volume). It was 
concluded that this amount of fibers had negligible impact in the workability in [40]. Table 3 illustrates fibers properties required by 
the implemented constitutive models. Hooked-end steel fibers increases the anchoring of the fibers, requiring higher loads to be pulled 
out. This fact must be considered in the softening law employed to describe the bridging phenomena. It is also assumed that they are 
uniformly and randomly distributed. 

The performance of steel and synthetic of fibers in EAFS concrete was deeply studied in our previous work [40]. The pull-out test 
carried out showed a good adhesion of the fibers. It should be noted also the superior performance of steel fibers due to the gained 
toughness [32,40]. 

A detailed analysis of the mixes can be found in [7,22,32,40,68,69] where EAFS concrete dosage and fibers performance is 
extensively studied. 

2.2. Tests 

The presented tests are carried out to provide further evidences for fiber reinforced EAFS concrete and to validate the developed 
numerical model for bar and fiber-reinforced EAFS concrete. These tests complement the tests presented in our previous work [32]. 

2.2.1. Full-scale test set up 
Concrete beams for flexural using were tested to assess the performance of the presented FEM. The experimental program consisted 

of rectangular beams with a cross-section of 200 ×300 mm2 (width x height) and length of 4400 mm. The beams were supported at 
both ends and the span was of 4000 mm. The beam was subjected to a four-point load, according to Fig. 1, with a distance between the 
loads of 1000 mm. 

The specimen was designed to evaluate the performance of fibers. To this end, the longitudinal reinforcement consisted of 2ϕ16 

Table 2 
Material properties to model Bulk elements.   

IISC IISC-M IISC-Y 

Direct tensile strength, ftd (MPa) 4.25 3.77 3.66 
Compressive strength, fc (MPa) 59.66 53.09 46.08 
Young’s modulus, Ec (MPa) 40.1×103 34.7×103 31.6×103 

Plain concrete fracture energy, GF (N/mm) 0.137 0.137 0.137 
Poisson’s ratio, ν 0.23 0.22 0.22  

Table 3 
Fibers properties to model Interface elements.   

Steel fibers Synthetic fibers 

Tensile strength (MPa) 1200 400 
Young’s modulus (MPa) 210 × 103 6 × 103 

Poisson’s ratio 0 0 
Fiber volume content (%) 0.5 0.5 
Fiber length/diameter (mm/mm2) 35/0.55 35/0.93 
Fiber shape Hooked-end Dimpled-surface  
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bars at the bottom part while 2ϕ8 bar were placed at the top part. The transverse reinforcement consisted of ϕ8 hoops spaced 150 mm. 
Fig. 1 shows the detailed settings of the beam. 

The tests were carried out controlling the deflection at three different ranges:  

1. 0.5 mm/min was applied until the first cracks were detected.  
2. 1 mm/min was applied while the cracking.  
3. 2 mm/min was applied since cracks were generated up to the end of the test. 

The load, support settlements and the strain at the mid-span were measured during the tests as it is showed in Fig. 2. 

2.2.2. Full-scale FEM inputs 
Table 2 presents the properties of the three mixes required to define the inputs of constitutive models. These inputs define the 

behavior of bulk elements (elastic law) and interface elements (softening law). The Elastic modulus (Ec), compression strength (fc) and 
Poisson’s ratio (ν) are defined by compression tests [70,71], while fracture energy (GF) was defined through three-point bending tests 
[72]. These test were carried out following the European standards. However, the tensile strength (ftd) was defined by direct tensile 

Fig. 1. Flexural beam set up.  

Fig. 2. Flexural beam set up.  
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tests (Dog-bone tests), which is a non-standardized test. It is worth noting that direct tensile test gives more suitable tensile strength 
than the widely used Brazilian test as it was studied in [32]. A thorough assessment of these properties and a detailed description of the 
tests is presented in [32]. 

Steel and synthetic fibers properties are introduced in Table 3. These properties are used to define the last two terms of the softening 
law, Eq. (2), which is used to define the bridging phenomena for the mixes IISC-M and IISCY. 

Table 4 presents the parameters required by the Menegotto-Pinto constitutive model to describe the behavior of the structural steel. 
The parameters of the model (R0, a1, a2, a3 and a4) for structural steel are assigned based in the values proposed in [60,62]. 

2.3. Finite element model 

2.3.1. Fibers and fracture modeling: interface elements 
A method based on the introduction of interface elements between elements of the mesh (bulk elements) is used to capture the 

cracking phenomena. These interface elements are the responsible to model the kinematics associated to discontinuities, so that the 
crack formation can grow through the boundaries of the bulk elements [54,56,57]. The domain is discretized with an unstructured 
mesh to capture the crack paths accurately and to avoid being influenced by the mesh orientation. Then, pairs of triangular finite 
elements with high aspect ratio are inserted between bulk elements of the conventional mesh. Fig. 3 illustrates the different stages to 
introduce the interface elements in a mesh. 

Based on the governing behavior of the concrete (plain concrete or fiber-reinforced concrete), the tensile damage model is adjusted. 
The damage criterion, ϕ, is determined based on the equivalent stress, σ̃, and stress-like internal variable: 

ϕ = σ̃ − q(r) ≤ 0 (1) 

The softening law is defined based on the strain-like internal variable (r) as: 

q(r) =
(
ft,com − t1

)
e

− r
ωref + t1

ωu − r
ωu

+ t2 r ec1 − c2r (2) 

The tensile strength of the composite, ft,com, is determined through the direct tensile tests (Dog-bone test) instead of the widely used 
Brazilian test. t1, t2, c1, and c2 are the fitting coefficients and they are defined fitting with the experimental curves of the three-point 
bending test presented in [32]. The reference crack opening displacement ωref is derived from the fracture energy GF computed in the 
three-point bending test made with plain concrete. 

ωref =
ft,com

GF
(3) 

As homogeneous distribution of fibers is considered, fibers are pulled out when half of its length Lf is displaced. Therefore, the 
ultimate crack opening, ωu, can be defined as 

ωu =
Lf

2
(4) 

Eq. (2) presents the softening behavior of fiber-reinforced EAFS concrete proposed by [48] to model plain concrete or 
fiber-reinforced concrete fracture. The first expression of Eq. (2) is related with the fracture of plain concrete, while the last two are 
associated with the fiber-reinforcement (bridging phenomena). The last two terms are not considered when plain concrete is modeled. 
The second term considers the frictional features during the pullout of fibers. The last expression is associated with the additional 
anchorage that some types of fibers could have owing to their shape, such as the hooked-end fibers used in this research. 

A detailed explanation of the implementation of interface elements and damage model was presented in a previous work [32]. They 
were validated with experimental data, which proves that the FEM is adequate to model steel or synthetic fiber-reinforced EAFS 
concrete. 

2.3.2. Reinforcing bar discretization: Truss elements 
Reinforcement can be modeled as a smeared overlay or with truss elements. Considering the introduction of interface elements to 

model concrete fracture, truss elements are selected as the most suitable option. It avoids inducing preferential cracking paths and also 

Table 4 
Full-scale beam reinforcement inputs.  

INPUT Reinforcement 

Elastic stress, σy (MPa) 650 
Young’s modulus, Ey (MPa) 250 × 103 

Hardening modulus, E0 (MPa) 5 × 103 

Sup longitudinal reinf. area (mm2) 100 
Inf. longitudinal reinf. area (mm2) 402 
Shear reinf. area (mm2) 100 
Curvature, R0 20 
Parameters a1, a2, a3 and a4 0, 0, 18.5 and 0.15  
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allows discrete cracks crossing the reinforcement. 
Fig. 4 shows the introduction of longitudinal (blue color) and shear reinforcement (red color). The number of interior nodes is 

increased due to the introduction of interface elements. Consequently, linear elements, which had one starting point and end point in 
the original mesh, have to be redefined once introducing interface elements. The new discretization has to connect the highest number 
of nodes to maximize the numerical stability and to ensure the restraining conditions [65]. 

In this approach, the longitudinal (or flexural) reinforcements are divided into a sufficient number of truss elements that realizes 
the above-mentioned premise. This approach is intuitive for structured meshes, where the number of starting and end nodes are the 
same. However, it must be particularized for unstructured meshes to suit to the number of starting and end nodes, which might be 
different. The number of elements used is defined by the maximum number in which the starting or end nodes are partitioned. This 
number of elements ensure that all the nodes are constrained and linked. The cross section of the new elements are computed by 
splitting the total area of the longitudinal reinforcement. Concerning the transversal (or shear) reinforcements, they can be simplified 
by two linear elements forming a cross. This streamlining optimizes the computational cost while it provides enough restraint to the 
model [65]. 

2.3.3. Menegotto-Pinto constitutive model 
The constitutive model selected to model the behavior of steel reinforcement-bars is Menegotto-Pinto plasticity model [60], which 

is widely used to simulate structural steel [61–64]. The used model is a bilinear model where the first part is a line defined by the elastic 

Fig. 3. Interface elements insertion.  

Fig. 4. Reinforcement discretization.  

Fig. 5. Menegotto-Pinto uniaxial constitutive model for steel.  
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modulus (E0) and yield stress (σy) of the steel while the second line is defined by the slope or hardening modulus (E1). In Fig. 5 shows 
the bilinear model in the first loading cycle. 

Once the yielding stress (σy) is exceeded, the microstructure of the material is modified. This dislocation generates internal stresses 
that influences on the stress-strain behavior what is known as Bauschinger effect. Hence, the yield strength is lower for reversed 
loading direction when yielding limit is overtaken. Fig. 5 shows the curve without considering the Bauschinger effect (dashed line) and 
the curve considering it. 

The stress state (σ) is computed as 

Fig. 6. Flowchart of the algorithm implemented for Menegotto-Pinto constitutive model.  
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σ = σ*( σy − σr
)
+ σr (5)  

where σr is the stress at the last reversal time. The normalized stress (σ*) is defined as 

σ* =
E1

E0
ε* +

(

1 − E1
E0

)

ε*

(
1 + |ε*|

R0
)1/R0

(6)  

ε* =
ε − εr

εy − εr
(7)  

where ε* is the normalized strain, εr is the strain at the last reversal time and R0 is the curvature at the first loading step. The transition 
curve after the first reversal is determined by the curvature: 

R = R0 −
a1 ξn

a2 + ξn
(8)  

where a1 and a2 are parameters determined experimentally and ξn is the ratio of the maximum plastic strain over the initial yield strain. 
The parameter R introduces the Bauschinger effect which improves significantly the accurateness of the results [73–75]. 

Fig. 6 illustrates the flowchart of the Menegotto-Pinto constitutive model. After initializing variables (σr = εr = 0), it is determined if 
the loading direction is the same as in the previous loading step. In case of changing the loading direction, the isotropic strain 
hardening is determined by computing the new isotropic stress (σsh), given by 

σsh = σy,0 a3

(
εmax

εy,0
− a4

)

(9)  

where a3 and a4 are parameters determined experimentally and εmax is the maximum absolute strain at the instant of strain reversal and 
σy,0 and εy,0 are the initial yield stress and strain. Subsequently, the loading direction is identified (tensile or 

compression) and the coordinates of the intersection point of the two asymptotes are defined (σy, εy). Once these variables are 
defined, the stress state can be calculated (σn, εn) using Eq. (5). This procedure is repeated in every loading step. 

3. Experimental and numerical results and discussion 

3.1. Finite element analysis result 

In this section, first a simplified beam (Longitudinally-reinforced concrete beam) is simulated to validate the performance of bar- 
reinforcement modeling approach presented in Section 2.3. Next, the results of the FEM are compared with four-point flexural tests 
made with the three mixes presented in Table 1. 

3.1.1. Longitudinaly-reinforced concrete beam (Small-scale test) 
The three-point bending beam tested in Ruiz et al. [76] is modeled to validate the presented model for reinforcement. This beam is 

made with plain concrete and only reinforced with longitudinal bars (4ϕ2.5). The dimensions of the beam are 1350 ×300×50 mm and 
the detailed set up is shown in Fig. 7. 

Triangular elements of 10 mm are used to mesh the beam and it is remeshed in the central zone, where the fracture is expected, with 
elements of 5 mm. The height of the introduced interface elements is 0.001 mm. The beam is modeled as a 2D plane-stress problem, 
while the reinforcement bars are considered 1D element and perfectly bonded. The model is defined by three constitutive models (Bulk 
elements, interface elements and reinforcement). Table 5 presents the inputs required by the applied constitutive models. The beam is 
made with plain-concrete so a tensile-damage model for plain concrete is implemented in the interface elements [32]. 

Fig. 8 compares the experimental results presented in [76] with the computed numerical results. The numerical and experimental 

Fig. 7. Longitudinally reinforced beam set-up (mm).  
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curves have a strong resemblance during the prepeak stage. At the end of this stage (Point A), the crack is generated and interface 
elements start to damage as shown in the bottom part of the Fig. 8. Despite there is a slight difference with the experimentation, the 
load dropping just after the generation of the crack can also be assumed as captured by the numerical model. Beyond this point the 
experimental range and the numerical curve match well enough. In this range the concrete is degraded and the slope of the structural 
curve depends strongly on the reinforcement. 

Table 5 
Longitudinally reinforced beam FEM inputs.  

Bulk elements 

Young’s modulus (MPa) 29 × 103 

Compressive strength (MPa) 39.5 
Poisson’s ratio 0.2 
Interface elements (Plain concrete) 
Young’s modulus (MPa) 29 × 103 

Hardening modulus, E0 (MPa) 0 
Poisson’s ratio 0 
Tensile strength (MPa) 3.8 
Fracture energy (N/mm) 0.0625 
Reinforcement 
Young’s modulus (MPa) 162 ×103 
Tensile strength (MPa) 587 
Section (mm2) 19.63 
Strain hardening ratio 0 
R0 20 
a1, a2, a3 and a4 0, 0, 18.5 and 0.15  

Fig. 8. Reinforced concrete beam load/displacement curve and damage development.  
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After Point A the beam is loaded up to failure. The development of the crack is more visible as it is reported in Fig. 8, however, in- 
situ studies of the crack are highly challenging due to the scale of the phenomena. The cracks are developed in the central zone of the 
beam where interface elements are introduced. The crack development differs markedly from plain concrete beams analyzed in [32]. 
In the case of plain concrete elements, all the damage is localized in a narrow band and one main crack is developed [32]. In 
bar-reinforced concrete initially, the damage is mainly developed in a narrow band as in plain concrete. Afterwards, the damage 
develops along the reinforcement through orthogonal microcracks in the concrete surrounding the reinforcement bar. The developed 
microcracks between the bar and concrete could cause the debonding of the reinforcement. Fig. 8 shows the development of damage at 
the pointed displacements (Point A, B, C and D). 

Regarding the reinforcement, the developed model allows knowing the stresses at the reinforcement at different loading steps.  
Fig. 9 illustrates the reinforcement crossing the interface elements and shows the stresses at loading point D. 

3.1.2. Bar reinforced EAFS concrete beam (IISC) 
The studied beam in this section is made with the mix IISC (without fibers) and the inputs required by the numerical models are 

reported in Table 2, while the geometry is defined in Fig. 1. The beam is meshed with triangular elements of 20 mm height and 
interface elements of 0.001 mm height are introduced along the beam. The same discretization is used for the beams made with IISCM 
and IISC-Y. 

Fig. 10 illustrates the load/displacement curve at the middle point of the beam. The numerical model shows greater stiffness at the 
first stage up to concrete starts damaging (displacements about 2.5 mm). At this point, the slope of the curve changes which indicates 
that concrete starts damaging and cracks developing. After this point, the strength of the beam in the tensile part is mainly due to the 
steel bar, giving rise to change in the slope of the curve. The numerical curve is less steep than the experimental curve which means that 
the model is less stiff than the reinforced beam. Lastly, the maximum load is quite similar in both cases, although the experimental 
curve reaches its highest value earlier. Even considering these minor differences, the numerical results match well with the experi-
mental curve. 

Examining the damage level of intermediate elements, the degradation of concrete elements, which is related with concrete 
fracture, can be thoroughly studied. Fig. 10 shows the evolution of the damage by three snapshots at the indicated loading points. The 
damage is located in preferential vertical bands, which is the main difference compared to the beams made with fibers as it is shown in 
the next sections. In the first stage the damage is concentrated in the middle part of the beam and then it is spread along the beam. 
Comparing the snapshots at the displacement of 10 mm and 30 mm, the damage level increase slightly while the vertical displacement 
grows significantly. Therefore, the beam is damaged in the first loading steps while at later stage the deflection is more evident. In the 
last two snapshots, the damaged bands at the corners are not as clear as in the central part because it is less damaged. Moreover, they 
have an inclination due to the shear stresses, in contrast to the vertical cracks developed in the central part (pure bending conditions). 

3.1.3. Steel fiber and bar -reinforced EAFS concrete beam (IISC-M) 
The analyzed beams is made with steel fiber-reinforced concrete (IISC-M). The inputs of the bulk and interface elements are defined 

in Table 2 and Table 3 respectively. The geometry and the steel bar-reinforcement is the same as in the beam made with IISC. 
Fig. 11 compares the experimental and numerical load/displacement curves of the mix reinforced with steel fibers. The numerical 

and experimental curves follow a similar pattern as the IISC beam. At the first stage the numerical curve shows a higher stiffness than 

Fig. 9. Reinforcement bars at stage D.  
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the experimental one. After the failure of concrete in the tensile part, the modeled beam is less stiff than the real beam and the slope of 
the numerical curve is smaller. In this case, the numerical failure load does not get the load of the experiment and the difference is 
about 11.5%. 

Fig. 11 shows the evolution of the damage in the interface elements at the pointed loading steps. The fracture mode of the beam 
reinforced with steel fibers is completely different to the one without fibers. The damage is spread along the beam due to the addition 
of fibers and the beam is more fractured, which redistributed the stresses. At the first stages, the cracks are separated by 150 mm as in 
the IISC beam. The early cracks are generated in the flexural part of the beam and they are developed vertically. However, the cracks 
located closer to the supports tend to incline due to the shear stresses. However, secondary cracks are generated between the initial 
cracks in the other two snapshots, which differ remarkably from the beam made with IISC. 

It can be concluded that IISC-M beam shows greater strength than the IISC. The beam IISC-M is more fractured and requires more 
energy to get this damage level. Steel fibers are the responsible of spreading the damage along the beam due to the hardening behavior. 
This performance is aligned with the conclusions presented in [32] for steel fibers. 

3.1.4. Synthetic fiber and bar -reinforced EAFS concrete beam (IISC-Y) 
The beam made with the mix IISC-Y is also modeled following the presented framework and the inputs of the model are presented in 

Table 2 and Table 3. Fig. 12 compares the load/displacement curves of the experiment and the simulation. The numerical model fails 
close to the vertical displacement of 35 mm. After this point the numerical model shows anomalous behavior due to the high damage 
range of the interface elements. The numerical curve shows higher rigidity than the experimental curve in the first loading steps 
following the pattern of the other mixes. However, the stiffness decreased becoming the numerical curve less stiff than the real beam up 
to the failure point. This behavior is aligned with the behavior of the other mixes. 

The damage is more distributed than the beam made with the mix IISC, however, it is not as distributed as the mix IISC-M. This is 
aligned with the conclusions presented in [32]. Fig. 12 shows the evolution of the damage at the loading steps pointed in Fig. 12. In this 
case, it is not developed a secondary region of damaged elements as in the case of the mix IISC-Y. In the middle zone of the mix (pure 
bending) the damage regions are vertical while close to the supports the damaged regions are inclined due to shear stresses. The 

Fig. 10. Load/deflection curve and damage development of the beam IISC.  

Fig. 11. Load/deflection curve and damage development of the beam IISC-M.  
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damaging of the beam reinforced with synthetic fibers shows an intermediate scenario between IISC and IISC-M. 

3.1.5. Assesing structural performance using numerical results 
The numerical results provide more data to asses the performance of fibers which is difficult or almost impossible to get from the 

experiments. Table 6 illustrates interesting data computed from the finite element model at the deflection of 20 mm. The mix IISC-M 
requires a greater load to get the indicated displacements. The beams reinforced with fibers showed greater number of damaged el-
ements and damage level. These facts indicate that the damage is more distributed along the beam compared to the beam made with 
IISC. 

The maximum cracks depths are very similar in the three cases, while the average depth of the crack is slightly different at the 
deflection of 20 mm. Nevertheless, the crack mouth opening displacement (CMOD) shows greater differences between the mixes. The 
improvement is remarkable when steel fibers are added. The maximum and mean CMOD are reduced in 17.1% and 12.3% compared 
with the mix IISC. 

Table 7 illustrates some useful data to analyze concrete fracture at the loading step of 35 kN. As it was expected, the mix IISC-M 
shows the minor deflection at the middle point. The fiber-reinforced concrete beams are significantly more damaged than the mix IISC. 
The damage level and the number of damaged elements are more than double to the mix without fibers. These facts mean that the 
damage is more distributed along the beam and higher loads are required to get these damage level. Therefore, adding fibers make full 
use of the capacities of EAFS concrete. 

The maximum crack depth of IISC and IISC-Y are very close, while the mix IISC-M shows superior performance. However, the 
difference between the mixes is more evident when the mean depth of the cracks is analyzed. The mean depth of the cracks is 12.5% 
and 6.2% less in IISC-M and IISC-Y, respectively. Regarding CMOD, the results computed for the mixes IISC and IISC-Y are very similar, 
while the mean and maximum values of CMOD are considerably better for the mix reinforced with steel fibers. The steel fibers 
compared to IISC improves the mean and maximum CMOD in 29.3% and 12.7%, respectively. 

4. Conclusions 

The advantageous properties of fiber-reinforced EAFS concrete are well studied at material scale but its application in structural 
elements is limited yet. A FEA provides an in depth knowledge of the mechanical behavior and it can facilitate its usage in structural 
elements. 

To take advantage of this advantageous performance in structural elements, a finite element model is presented. Plain and fiber- 
reinforced EAFS concrete fracture and bridging phenomena are modeled through interface elements. Longitudinal and shear rein-
forcement is discretized through truss elements and the implemented constitutive model is the Menegotto-Pinto model. The presented 
finite element model is validated through three full-scale beams made with plain EAFS concrete, steel fiber- and synthetic- fiber rein- 

Fig. 12. Load/deflection curve and damage development of the beam IISC-Y.  

Table 6 
Crack and damage state at deflection 20 mm.   

IISC IISC-M IISC-Y 

Load (kN) 47.89 49.53 45.60 
Damage (%) 18.69 45.89 42.11 
Damaged elements 7334 18,139 16,509 
Max. depth (mm) 219.93 219.38 219.85 
Mean depth (mm) 86.46 82.37 82.41 
Max. CMOD (mm) 0.1804 0.1495 0.2188 
Mean CMOD (mm) 0.0314 0.0274 0.0284  
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forced EAFS concrete. 
The conclusions of this work can be summarized as follows:  

1) The proposed FEM provides valuable information to understand the fracture mechanics of structural elements made with fiber- and 
bar- reinforcement. The FEM framework provides quantities of interest such as CMOD and crack depth for real-life engineering 
applications, which otherwise are only available in simple structures in laboratory environments. Other parameters such as the 
damage rate, are not possible to define experimentally, which facilitates understanding damage evolution and applying corrective 
measures in the damaged regions.  

2) A discretization method is proposed for linear elements in unstructured meshes. The discretization method for the reinforcement 
does not condition crack propagation along the interface elements.  

3) These tests evidence that mixes reinforced with fibers resist higher loads, which is aligned with the conclusions of our previous 
work carried out in specimen without bar-reinforcement.  

4) The FEA reveals that fiber-reinforced EAFS concrete is more damaged and the damage is spread along the beam. Fiber-reinforced 
EAFS concrete beams show lower values on crack mouth opening displacement. It should also be noted the effects of steel fibers at 
the postcracking stage. The damage is more distributed along the beam, which enables to get greater loads. 

The presented numerical framework provides a starting point to apply fiber-reinforced EAFS concrete in structural elements and it 
has potential for improvement. Future research into fiber-reinforced EAFS concrete structures should focus on assessing its perfor-
mance in other structural elements to make it widely used. Furthermore, while this work study the fracture mechanics due to static 
loads, dynamical tests are required to gain more insight into the behavior of fiber-reinforced EAFS concrete in structural elements. The 
proposed FEA could be improved considering new physical phenomena, such as contact between reinforcement and concrete rein-
forcement, or non-uniform fiber distribution. 
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Table 7 
Crack and damage state at load step 35 kN.   

IISC IISC-M IISC-Y 

Deflection (mm) 12.7 12.0 14.0 
Damage (%) 15.08 37.4 36.5 
Damaged elements 6099 15,558 14,997 
Max. depth (mm) 219.28 216.24 219.58 
Mean depth (mm) 86.88 76.15 81.46 
Max. CMOD (mm) 0.1272 0.0894 0.1427 
Mean CMOD (mm) 0.0198 0.0166 0.0194  
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