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Abstract: Residual tensile strength plays a critical role in the design of steel fiber-reinforced concrete (SFRC) 
elements. It is imperative to verify and control the mechanical properties through experimental tests. This 
study investigates an alternative test method, known as the Montevideo (MVD) test, by assessing SFRC 
properties with different fiber contents (0.5%, 0.75%, and 1.0%). The experimental program included three 
key aspects: i) determination of residual tensile loads and strength through the three-point bending (3PBT) 
test presented by NBR 16940/EN 14651; ii) determination of the residual tensile loads through the MVD test, 
correlatable with 3PBT results; iii) assessment of concrete in different ages: 28 days and 100 days. The results 
reveal a correlation factor (kMVD) that translates MVD test loads into values specified by NBR 16940/EN 
14651, with a dependence on fiber content. 

Keywords: steel fiber reinforced concrete, residual tensile strength, Montevideo test, quality control. 

Resumo: A resistência à tração residual desempenha um papel crítico no projeto de elementos de concreto 
reforçado com fibra de aço (CRFA). É imperativo verificar e controlar as propriedades mecânicas por meio 
de ensaios experimentais. Este estudo investiga um método de teste alternativo, conhecido como Montevidéu 
(MVD), para avaliar as propriedades do CRFA, com diferentes volumes de fibra (0,5%, 0,75% e 1,0%). O 
programa experimental incluiu três aspectos principais: i) determinação das cargas residuais de tração e 
resistência pelo ensaio de flexão em três pontos (3PBT) apresentado pela NBR 16940/EN 14651; ii) 
determinação das cargas de tração residuais pelo ensaio MVD, correlacionáveis com os resultados do 3PBT; 
iii) avaliação do concreto nas diferentes idades: 28 dias e 100 dias. Os resultados revelam um fator de 
correlação (kMVD) que transforma as cargas de ensaio MVD naquelas especificados pela NBR 16940/EN 
14651, com dependência do teor de fibra. 

Palavras-chave: concreto reforçado com fibras de aço, resistência à tração residual, teste Montevideu, 
controle de qualidade. 
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1 INTRODUCTION 
Steel Fiber-Reinforced Concrete (SFRC) is a composite material that exhibits an enhancement in residual tensile 

strength due to the incorporation of dispersed fibers. The addition of fibers enhances the overall performance of SFRC 
elements and modifies their behavior after cracking, providing improved residual strength (commonly referred to as 
toughness) and ductility [1]–[6]. When fibers are present, they modify the mechanism of crack formation and 
propagation by facilitating the transfer of tensile forces across the cracks via the fibers. This leads to tension in the 
concrete due to both bond stress and fiber bridging [7]. 

According to Di Prisco et al. [4], as fiber reinforcement mechanisms are mainly activated after the concrete matrix 
cracking, fibers have little influence on the behavior of uncracked elements. Thus, residual tensile strength (post-
cracking), which represents an important design parameter for SFRC structures, is the mechanical property most 
influenced by the inclusion of fibers, as concluded by Larsen and Thorstensen [6]. Therefore, to increase the utilization 
of SFRC in structural applications, it is important to accurately establish the residual tensile strength of SFRC. 

Several standards and guidelines present constitutive laws for the design of SFRC [8]–[12], and their use is directly 
related to post-cracking tensile behavior [13]. To determine the mechanical properties, indirect tensile tests are 
commonly used, such as the three-point bending (3PBT) test presented by NBR 16940 [11] and EN 14651 [12]. This 
test is recommended to parameterize the residual strength for corresponding crack openings and thus obtain the 
constitutive law to be applied in the structural design of SFRC elements. 

The three-point test is performed on a prismatic specimen with a cross-sectional area of 150×150 mm, a total length 
between 550 mm and 700 mm, as a single-supported beam with a span of 500 mm. From the test, a force vs. 
displacement curve expressed in CMOD (Crack Mouth Opening Displacement) is plotted, corresponding to the crack 
opening on the bottom. Some characteristics of the 3PBT test execution include the size and weight of specimens, the 
time consumption, the requirement of specific test equipment, and the difficulty in extracting specimens if necessary. 

Thus, other types of compact tests (smaller specimens) can be performed to determine the residual tensile strength 
of concrete, such as the Double Punch test, proposed by NBR 16939 [14], the Wedge-Splitting test (WST), method as 
described in Brühwiler and Wittmann [15]; the Barcelona test (BCN), proposed by Molins et al. [16]; the Double Edge 
Wedge Splitting test (DEWS), test proposed by Di Prisco et al. [17], and the Montevideo test (MVD) proposed by 
Segura-Castillo et al. [18]. These tests can be correlated with the 3PBT test for quality control. 

The MVD test predominantly derives from the WST test, but adjustments have been implemented to simplify 
preparation and testing procedures [18]. The test was proposed for SFRC with softening behavior and can be performed 
on casted or extracted specimens. A 150 mm cubic specimen with a notched cut measuring 25 mm in depth and 5 mm in 
width is suggested for the test. This specific specimen and notch geometry were chosen to replicate the fracture surface of 
the EN 14651 test [12], thereby preventing any scale effects in the correlation of their outcomes. The specimen is simply-
supported on the base, and the loading device is a solid wedge inclined. Each side of the wedge has a 15º slope concerning 
the vertical direction; therefore, the total wedge angle is 30º. For theoretical analysis, it is assumed that only one crack is 
formed after cracking, which starts at the tip of the notch and extends towards the support, dividing the specimen into two 
halves that rotate as rigid bodies relative to the support point. After the test, it is possible to determine the displacements 
at the notch tips. Furthermore, a linear relationship between wedge displacement and CMOD was observed in Segura-
Castillo et al. [18]. Therefore, it is possible to carry out the test relying only on the stroke displacement, thus avoiding the 
placement of external displacement transducers and simplifying the test. 

However, the authors emphasize the necessity for further research, considering that the Montevideo test is rarely utilized 
and lacks standardization. Therefore, additional applications are important to enhancing understanding of the method and its 
outcomes, including the correlation factor between loads concerning the 3PBT test for different mix designs and fiber 
contents. In this context, this study aims to explore the MVD test as a simplified approach for quality control in FRC. 

2 METHODOLOGY 

2.1 Material properties, compositions and specimens 
The SFRC mixture (Figure 1) consisted of: Brazilian cement CPV-ARI, referred to as Type III by ASTM C150/C150M 

(Figure 1a), with a density of 3120 kg/m3, and limestone filler (Figure 1b) showing a density of 2800 kg/m3 that served as 
the binder in all the mixtures. Natural sand (Figure 1c), showing a density of 2630 kg/m3, unit weight of 1.53 g/cm3, water 
absorption of 0.72%, and a fineness modulus of 1.87, along with diabase aggregate (Figure 1d), having a density of 
2990 kg/m3, unit weight of 1.56 g/cm3, water absorption of 0.94%, and a maximum particle size of 12.5 mm, were used 
as the fine and coarse aggregate, respectively. To ensure appropriate workability, a polycarboxylate superplasticizer 
(specifically MC-PowerFlow 1180 with a specific weight of 1.09 g/cm3) was added. Additionally, short-end-hooked steel 
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fibers (DRAMIX 3D 65/35 BG - Figure 1e), with a length of 35 mm, diameter of 0.55 mm, aspect ratio of 65, and tensile 
strength of 1345 MPa, were employed as reinforcement. 

 
Figure 1. SFRC ingredients: a) cement; b) limestone filler; c) natural sand; d) coarse aggregate; e) steel fibers. 

Table 1 presents the concrete mixtures used in this study. Adjustments to the coarse aggregate content were required 
to accommodate the increase in steel fiber volume. Also, the quantity of superplasticizer required for each mixture 
varied to ensure equivalent fresh properties of the SFRC. The nomenclature for the several concretes made was SFRC 
(steel fiber-reinforced concrete), followed by the indication of the volume fractions of steel fibers (Vf) adopted, that is, 
SFRC0.50, SFRC0.75, and SFRC1.00. 

Given that the consolidation method has a known impact on the distribution and orientation of steel fibers and, 
subsequently, on the performance of SFRC [19], the specimens were consolidated exclusively using external vibration 
via rubber hammer blows, particularly because the concrete had a more fluid consistency. 

Table 1. SFRC mixtures composition. 

Concrete 
Concrete mix design (kg/m3) 

Vf (%) Superplasticizer 
(%) Cement Limestone 

filler Water Sand Coarse aggregate Steel fiber 

SFRC0.50 436 70 183.1 872 946.1 39.25 0.50 1.4 
SFRC0.75 436 70 183.1 872 937.4 58.88 0.75 1.6 
SFRC1.00 436 70 183.1 872 928.7 78.50 1.00 1.7 

In total, fourteen cylindrical specimens of size 100x200 mm were cast for each mixture composition, ten for 
compressive strength and four for modulus of elasticity. Compressive strength characterization tests were conducted at 
28 days on four specimens and 100 days on six specimens. The specimens were also tested approximately three months 
after concreting, considering that initial high-strength cement was used and that small differences in this test age would 
not be significant. The modulus of elasticity specimens was tested only at 28 days. 

Six prismatic specimens measuring 150x150x550 mm for each mixture composition were tested at 28 days for 
flexural tensile strength (3PBT). A notch 25 mm deep and 5 mm thick was made in the middle of the specimen span, 
as illustrated in Figure 2. 

 
Figure 2. Specimen for three-point flexural beam test. 
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Nine cubic specimens of 150x150x150 mm for each mixture composition were tested by MVD, and the test was 
conducted on four specimens at 28 days and on five specimens at 100 days. To optimize the number of specimens, in 
addition to the cubic specimens (Figure 3a), half of each prismatic beam specimen was also tested after the flexural 
tensile strength tests, as indicated in Figure 3b. Each beam resulted in two parts; one part was tested at 28 days, and the 
other was tested at 100 days. All the MVD specimens were notched following the same dimension and orientation as 
the flexural beam. In the prismatic specimens, the notches were made at the midpoint between the load application 
point and the support of the 3PBT. It is emphasized that the asymmetry does not affect the results, as the bending 
moment generated due to this difference is negligible, and any resulting rotation can be disregarded. Steel angles were 
affixed to minimize friction between the loading wedge and the specimen, and a multi-function lubricant (WD-40) was 
applied to the contact surface. Inductance tests were previously carried out with the nine cubic specimens. Figure 4 
presents a flowchart with a summary of the tests. 

 
Figure 3. MVD test: a) Cubic specimen; b) Half of the beam. 

 
Figure 4. Summary of the tests. 

The cylindrical and cubic specimens were cast from the same concrete casting (tilting drum mixer with four hundred 
liters of nominal capacity), while the prismatic specimens were made the following day in another concrete casting 
(tilting drum mixer with one hundred and twenty liters of nominal capacity). Furthermore, considering the capacity of 
the concrete mixer and the volume of concrete required for casting, two batching operations were carried out for both 
the cylindrical/cubic specimens and the prismatic specimens. The average values were presented in this study. 

For the curing of the cylindrical and cubic specimens, a glass surface was positioned on top of the molds for the 
initial 48 hours. Subsequently, the specimens were demolded and submerged in water until reaching 28 days. As for 
the prismatic specimens, demolding also occurred after 48 hours of casting. After 24 hours, the top of the specimen was 
wetted and covered with a wet drainage mat and plastic sheeting. From that point until 28 days, the prismatic specimens 
were wetted daily. 
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2.2 Tests procedures 

2.2.1 Characterization in terms of slump, compressive strength and modulus of elasticity 
The SFRC control in the fresh state was carried out according to the slump test and considering that the concrete 

has characteristics of self-compacting concrete, the slump flow was also determined by the Abrams cone method 
according to recommendations of NBR 15823-1 [20] and NBR15823-2 [21]. 

The compressive strength was evaluated according to methods NBR 5739 [22] and C39/C39M-18 [23], and the 
modulus of elasticity according to methods NBR 8522-1 [24] and C469/C469M-14 [25]. 

2.2.2 Flexural tensile strength test NBR 16940 [11] and EN 14651 [12] 
Prismatic specimens were tested by NBR 16940 [11] and EN 14651 [12] for each mixture composition. An Instron 

machine model EMIC 23-300, operating under deflection control, was employed to generate comprehensive CMOD-
load curves (see Figure 5). 

The CMOD was estimated using Equation 1 proposed by NBR 16940 [11]: 

𝛿𝛿 = 0.85𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 0.04 (1) 

Where δ represents the deflection, in mm; CMOD denotes the Crack Mouth Opening Displacement, in mm. 

 
Figure 5. Flexural beam test. 

The flexural strengths were obtained according to Equation 2, where fR,j represents the residual strengths; Fj is the load 
measured corresponding to the crack openings in 0.5 mm, 1.5 mm, 2.5 mm, and 3.5 mm, l refers to the span; b is the width 
of the specimen; hsp is the distance between the tip of the notch and the top of the specimen in the mid-span section. 

𝑓𝑓𝑅𝑅,𝑗𝑗 = 3.𝐹𝐹𝑗𝑗.𝑙𝑙

2.𝑏𝑏.ℎ𝑠𝑠𝑠𝑠2
 (2) 

To identify and handle any outlier results, statistical treatment using the Grubbs test, as proposed by NBR 16938 [26], 
was applied to investigate the obtained results. 

After the flexural tensile strength test, the specimens were divided at the fracture plan into two parts, denominated 
part 1 and part 2. The fiber count was performed on each side considering nine quadrants, allowing for the determination 
of the total fiber quantity as well as the fiber distribution (Figure 6). 

 
Figure 6. Delimitation quadrants for counting fibers in the prismatic specimens. 
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2.2.3 MVD test 

The MVD test was conducted following the methodology proposed by Segura-Castillo et al. [18] with the same 
equipment used for the flexural beam test. CMOD was determined according to Equation 4 and illustrated in Figure 7. 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑤𝑤𝑀𝑀
ℎ

 (3) 

𝑤𝑤𝑀𝑀 = 2. 𝛿𝛿. 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (4) 

Where h is the height of the specimen; θ is the relative rotation between the two halves of the specimen; δ is the 
displacement of the testing machine; wM denotes the CMOD, and α is the angle of the solid wedge (30º). 

 
Figure 7. Behavior of the MVD specimen after the beginning of the cracking. 

2.2.4 Inductive test 

The inductive test [27]–[29] was employed to estimate the steel fiber content and orientation in all cubic specimens. 
The inductive test is a non-destructive technique based on Faraday's first law of electromagnetic induction. Assessing 
changes in the electromagnetic field within the apparatus before and after the test can quantitatively estimate the content 
and orientation of steel fibers [27], [28]. The equipment used (see Figure 8a) includes an LCR meter and two winding 
coils connected in series that received an electric current, generating a magnetic field [30]. The steel fiber inside the 
specimens, when placed inside the apparatus (Figure 8b), alters the magnetic field and induces a change in inductance, 
which can be measured by the LCR meter. 

To estimate the steel fiber content (Cf) and orientation (Ci, where i is related to the three orthogonal axes x, y, and 
z – see Figure 8c), the change in inductance (𝐿𝐿𝑖𝑖) for each orthogonal axis is measured. This is achieved by positioning 
the cubic specimen with each axis orientated longitudinally to the winding coils. Three measurements were recorded 
for each axis. The 𝐶𝐶𝑓𝑓 was estimated using Equations 5, where ω represents the proportionality constant equal to 1.8796 
kg/(m3.mH) for the equipment used, and Le is the sum of the changes in inductance measurements for the three axes. 
The 𝐶𝐶𝑖𝑖 was determined for each axis using Equation 6, where 𝛼𝛼𝑖𝑖 is the orientation number, calculated with Equation 7 
where 𝛾𝛾 is a constant that depends on the type of fiber and the coil configuration, equal to 0.058 for the analyzed fiber. 

𝐶𝐶𝑓𝑓 = ω. 𝐿𝐿𝑒𝑒 (5) 

𝐶𝐶𝑖𝑖 = 𝛼𝛼𝑖𝑖
∑ 𝛼𝛼𝑖𝑖𝑖𝑖=𝑥𝑥.𝑦𝑦.𝑧𝑧

 (6) 

𝛼𝛼𝑖𝑖 = 1.03.�𝐿𝐿𝑖𝑖.(1+2.𝛾𝛾)−𝐿𝐿𝑒𝑒.𝛾𝛾

𝐿𝐿𝑒𝑒.(1−𝛾𝛾)
− 0.1 (7) 
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Figure 8. Inductive test: a) equipment; b) specimen; c) concreting face identification (CF). 

3 RESULTS AND ANALYSES 

3.1 Fresh state properties 
Regarding the properties of the concrete in the fresh state, Table 2 demonstrates the slump and the spread of 

concrete. According to NBR 8953 [32], all concrete mixes achieved the highest slump class, i.e., slump ≥ 220 mm. 
However, the slump test is typically applicable to concretes within the slump class range of S10 to S220 [31]. It is 
observed that for SFRC0.50 and SFRC0.75 mixes, the slump values exceeded the established limit. 

Table 2. Properties of concrete in the fresh state: slump, slump-flow, and viscosity. 

Concrete Specimens Slump (mm) Slump-flow (mm) t500 (s) 

SFRC0.50 
cylindrical/cubic 265* 693 14 

prismatic 258* 618 14 

SFRC0.75 
cylindrical/cubic 235* 660 12 

prismatic 235* 590 19 

SFRC1.00 
cylindrical/cubic 223 581 17 

prismatic 220 495 - 
t500: time interval, in seconds, between the start and end of concrete pouring, from the mold diameter (200 mm) to the circular mark of diameter 500 mm on 
the base plate. * slump values that exceeded the normative limit [31] 

Regarding slump flow results, according to NBR 15823-1 [20], the spread class for most mixes was SF1 (550 to 
650 mm), except for SFRC0.50 and SFRC0.75 – cylindrical/cubic specimens, which were classified as SF2 (660 to 
750 mm), and SFRC1.00 – prismatic specimens, which had a spread below the minimum value of 550 mm and did not 
reach the diameter of 500 mm. As for the apparent viscosity class (t500), all concretes were classified as VS2, as they 
have a time greater than 2 seconds. The SFRC0.75 prismatic specimens result in higher t500 values. 

Figure 9 demonstrates the spread of concrete. Through visual observation, the concretes exhibited slight bleeding, 
especially SFRC1.00, but no segregation occurred in any mix. All mixes maintained good workability, including 
concrete with a fiber volume of 1.0%. 

 
Figure 9. Slump-flow of concretes: a) SFRC0.50; b) SFRC0.75; c) SFRC1.00 
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3.2 Compressive strength and modulus of elasticity 
Table 3 presents the compressive strength and modulus of elasticity for all compositions, with the standard deviation 

(SD) and coefficient of variation (CV). To assess the impact of fiber volume on compressive strength and modulus of 
elasticity and evaluate the strength increase over time, an analysis of variance (ANOVA) was performed using Tukey’s 
method for comparison, with a significance level of 5%. 

Table 3. Compressive strength of concretes. 

Concrete 
fc (MPa) Ec (GPa) 

fc,28 SD CV (%) fc,100 SD CV (%) fc,100/ fc,28 (%) Ec,28 SD CV (%) 
SFRC0.50 58.39 2.25 3.92 75.66 2.62 3.46 29.6 46.80 1.82 3.90 
SFRC0.75 51.22 4.79 9.35 70.17 7.06 10.06 37.0 47.18 3.17 6.72 
SFRC1.00 59.75 0.91 1.52 71.59 3.57 4.99 19.8 52.86 0.72 1.36 

fc,28: Compressive strength at 28 days; fc,100: Compressive strength at 100 days; Ec,28: modulus of elasticity at 28 days 

The average compressive strength for all compositions ranged from 51 MPa to 60 MPa at 28 days and from 70 MPa 
to 75 MPa at 100 days. Evaluating the influence of steel fiber inclusion on compressive strength, it can be seen that, at 
28 days, there was a significant difference in the strengths of the SFRC0.50, SFRC0.75, and SFRC1.00 concretes, with 
the SFRC0.75 concrete showing significantly different values. However, at 100 days, the analysis of variance indicated 
that there were no significant differences in the strengths of the SFRC0.50, SFRC0.75, and SFRC1.00 concretes (p-
value of 0.157). It was observed that the difference in strength exhibited by SFRC0.75 concrete at 28 days was 
‘compensated’ over time, and the inclusion of fibers did not result in an increase in compressive strength. Furthermore, 
the SFRC0.75 concrete showed the highest standard deviations for both ages, followed by the SFRC0.50 concrete. 

The greatest increase in strength during this period was seen in the SFRC0.75 concrete, in the order of 37 percent 
in the average strength of the concrete, while the smallest increase was 19.8 percent for the SFRC1.00 concrete. For 
the same mix, the compressive strengths at 28 days and 100 days were significantly different, showing an increase in 
compressive strength during this period, even with the use of CPV-ARI cement with a high initial strength. 

The Tukey test indicated that there was a statistically significant difference (p-value of 0.005) in the modulus of 
elasticity between SFRC1.00 and the other two compositions, SFRC0.50 and SFRC0.75. This suggests that the presence 
of a higher volume fraction of steel fibers (1.0%) influenced the modulus of elasticity, leading to a different response 
compared to the mixtures with lower fiber volumes. 

In the literature, some researchers report that the addition of fibers does not affect the modulus of elasticity and 
compressive strength of concrete [33]–[36], others observe a reduction in the modulus of elasticity with an increase in 
compressive strength [37], and some note an increase in the modulus of elasticity with an increase in fiber content [38], 
as occurred in this study. Other investigations found an increase in compressive strength as a result of the inclusion of 
fibers [39]–[42]. Nonetheless, increasing the fiber content may have a detrimental effect on the compressive strength 
of very high fiber volumes [43], [44], as an excessive amount of fibers can also lead to increased voids and microcracks 
in the concrete matrix, thereby rendering the concrete more brittle [44]. 

3.3 Residual tensile strength from three-point bending test 
Figure 10 shows the Load vs. CMOD curves of all the prismatic specimens and the average curves highlighted in 

bold lines. All curves exhibit strain-softening behavior, and residual strength increases with the fiber content. 
Table 4 presents the average values of flexural strength (𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) and residual strengths (𝑓𝑓𝑅𝑅1,𝑓𝑓𝑅𝑅2, 𝑓𝑓𝑅𝑅3, and 𝑓𝑓𝑅𝑅4), which 

were determined at CMOD values of 0.5, 1.5, 2.5, and 3.5, respectively. Additionally, the table includes standard 
deviation (SD) and the coefficient of variation (CV) for these parameters. 

All the compositions presented CV exhibited 25%, which is a limit specified in NBR 16938 [26]. SFRC0.75 
exhibited the highest coefficient of variation, while SFRC 0.50 exhibited the lowest coefficient of variation. 

Analyzing the average values with the Tukey test, it was observed that for all variables (𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ,𝑓𝑓𝑅𝑅1,𝑓𝑓𝑅𝑅2, 𝑓𝑓𝑅𝑅3, and 
𝑓𝑓𝑅𝑅4) there was a statistically significant difference only between SFRC0.50 and the other two compositions regarding 
flexural strength and residual strengths. It is known that the magnitude of the residual strength of SFRC depends on the 
properties of the concrete matrix (it is found that there was no significant difference in compressive strength between 
the concretes), the steel fibers applied (the same type was adopted for all compositions) and the fiber content. Generally, 
residual strength increased with the fiber content, aligning with the literature [1]–[3], [7], [45]–[47]. However, despite 
this increase, the load values from a CMOD of 1.5 mm were quite similar between SFRC0.75 and SFRC1.00 
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compositions. This suggests that beyond a certain threshold, increasing the volume of fibers may not guarantee a 
corresponding increase in the residual strength of the specimen. 

 
Figure 10. Load vs. CMOD of all concretes. 

Table 4. Residual strength at crack openings of 0.5, 1.5, 2.5 e 3.5 mm (fR,1, fR,2, fR,3, fR,4) for flexural beam test. 

Concrete fPEAK (MPa) fR,1 (MPa) fR,2 (MPa) fR,3 (MPa) fR,4 (MPa) 

SFRC0.50 
Mean 7.57 6.68 5.58 4.18 3.40 
SD 0.18 0.40 0.42 0.25 0.17 

CV (%) 2.45 6.07 7.52 5.86 4.94 

SFRC0.75 
Mean 9.00 8.75 7.35 5.60 4.60 
SD 1.11 1.33 1.80 0.93 0.76 

CV (%) 12.39 15.25 16.12 16.60 16.55 

SFRC1.00 
Mean 10.10 9.96 7.81 5.47 4.73 
SD 0.70 0.73 0.65 0.56 0.53 

CV (%) 7.02 7.32 8.26 9.70 11.04 

Complementing the analysis, Figure 11 illustrates the number of fibers found in the fracture section of the prismatic 
specimens following the 3PBT. Among the specimens with the same fiber volume, the coefficient of variation for the 
total number of fibers was: 5% for SFRC0.50, with a mean of 275 fibers and a standard deviation of 14 fibers; 15.28% 
for SFRC0.75, with a mean of 383 fibers and a standard deviation of 58 fibers; and 11.05% for SFRC1.00, with a mean 
of 444 fibers and a standard deviation of 49 fibers. SFRC0.75 exhibited the highest coefficient of variation in the 
number of fibers, which aligns with the observed mechanical behavior. 

 
Figure 11. Quantity of fibers vs. fiber content. 
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Another characteristic was that, as expected, the total fiber quantity increased between SFRC0.50, SFRC0.75, and 
SFRC1.00 concretes. According to the variance analysis, the fiber quantity for SFRC0.50 showed a significant difference 
compared to the others, while the same was not observed between SFRC0.75 and SFRC1.00. It was worth noting that, in 
the analysis of residual strengths, a significant difference had already been observed only for concrete SFRC0.50. 

Regarding the fiber distribution in the cross-section of the prismatic specimen (Figure 12), it can be observed that, for 
the SFRC0.50 mix, a higher quantity of fibers is concentrated on the bottom face of the beam. However, for SFRC0.75 
and SFRC1.00, this characteristic is not predominant, suggesting a more homogeneous internal distribution of steel fibers. 
Additionally, in the majority of specimens, the quantity of fibers in the section (after separation) is similar on both sides. 

 
Figure 12. Fiber distribution in the prismatic specimens. 

3.4 Effective fiber content - Inductive test 
Inductive tests were conducted on the cubic specimens, allowing the determination of incremental inductance values 

along the three axes. Subsequently, the fiber content (Cf) of each cubic specimen was calculated using Equation 5. The 
percentages of inductance along the three axes were calculated using Equations 6 and 7. Table 5 presents the results of 
the average fiber content (𝐶𝐶𝑓𝑓��� ) and the average fiber orientation, in percentage, in each axis (𝐶𝐶𝑥𝑥���, 𝐶𝐶𝑦𝑦���, and 𝐶𝐶𝑧𝑧���) determined 
through the inductive test. Additionally, the table includes the standard deviation (SD) and the coefficient of variation 
(CV) for these parameters. An incident occurred during the mixing of one SFRC0.50 batch, where the concrete mixer 
malfunctioned, leading to an uneven distribution of fibers. Consequently, the data from the cubic specimens 
(SFRC0.50-batch 1) were excluded from the analysis. 
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Table 5. Fiber distribution results based on inductive test. 

Concrete 
𝑪𝑪𝒇𝒇��� (kg/m3) 𝑪𝑪𝒙𝒙��� (%) 𝑪𝑪𝒚𝒚��� (%) 𝑪𝑪𝒛𝒛��� (%) 

Mean SD CV (%) Mean SD CV (%) Mean SD CV (%) Mean SD CV (%) 
SFRC0.50 46.19 3.13 6.78 36.43 1.64 4.49 36.69 1.55 4.22 26.88 2.08 7.73 
SFRC0.75 63.76 4.89 7.67 37.16 1.59 4.27 37.02 2.02 5.46 25.83 2.75 10.64 
SFRC1.00 89.17 6.57 7.36 38.89 0.86 2.20 37.57 0.80 2.13 23.55 0.86 3.64 

The estimated fiber content in cubic specimens was slightly higher than the expected value. Based on the mixture 
compositions, the expected fiber contents were 39.25 kg/m3, 58.88 kg/m3, and 78.5 kg/m3 for SFRC0.50, SFRC0.75, 
and SFRC1.00, respectively. However, the observed contents were 46.19 kg/m3, 63.76 kg/m3, and 89.17 kg/m3 for 
SFRC0.50, SFRC0.75, and SFRC1.00, respectively. 

The fiber orientation along the x and y axes was consistent across specimens and surpassed the fiber orientation along 
the z axes, indicating a preferential horizontal plane in the fiber distribution across all compositions. This phenomenon 
may be attributed to the uniformity of wall effects along both the x and y directions within a cubic specimen. The least 
contribution of fibers was observed in the z-direction, perpendicular to the horizontal plane, attributed to the influence of 
gravity and vibration. The fracture plane of the MVD test aligns with the y-z plane of the inductance test. 

3.5 Residual tensile strength from MVD test 
Figure 13 shows the Load vs. CMOD curves of all the specimens. The curves from the 28-day tests were presented in 

gray, while those from the 100-day tests were shown in purple. The average curves were emphasized with bold lines. All 
specimens showed “softening” behavior and, therefore, met the methodology proposed by Segura-Castillo et al. [18]. 
Similarly to the 3PBT, the load values increased with the addition of fiber content for both ages, demonstrating the 
contribution of the fibers. 

 
Figure 13. Load vs. CMOD test MVD: a) SFRC0.50; b) SFRC0.75; c) SFRC1.00. 
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Table 6 shows the results at 28 days and 100 days, showcasing the average peak load (FPeak) and average residual 
loads (𝐹𝐹𝑅𝑅1,𝐹𝐹𝑅𝑅2, 𝐹𝐹𝑅𝑅3, and 𝐹𝐹𝑅𝑅4). Theses values were determined at CMOD levels of 0.5, 1.5, 2.5, and 3.5, respectively, 
for cubic specimens and half-prismatic specimens. The table includes average values for each variable, as well as 
standard deviation (SD) and coefficient of variation (CV). 

Generally, for the same concrete mix and at both ages, the loads obtained from half-prismatic specimens were lower 
than those from cubic specimens. This observation underscores the influence of specimen size, shape, and casting 
process on the distribution of fibers and, consequently, on the residual tensile load determined by the MVD test. 

Table 6. Loads from MVD test. 

Concrete Variable 
Loads at 28 days (kN) Loads at 100 days (kN) 

Cubic Half-prismatic Average SD CV (%) Cubic Half-prismatic Average SD CV (%) 

SFRC0.50 

FPeak 18.37 17.95 18.16 2.24 12.31 19.86 18.53 19.19 1.01 5.28 
FR1 11.19 9.83 10.51 1.39 13.22 13.94 9.49 11.72 2.89 24.68 
FR2 9.88 8.38 9.13 1.56 17.05 8.47 6.59 7.53 1.06 14.05 
FR3 8.13 7.29 7.71 1.27 16.43 6.59 4.84 5.71 0.95 16.67 
FR4 6.72 5.74 6.23 1.19 19.06 4.65 3.60 4.13 0.78 18.84 

SFRC0.75 

FPeak 18.96 18.55 18.75 2.38 12.70 19.69 22.95 21.32 3.26 15.27 
FR1 16.47 14.65 15.56 3.00 19.30 16.73 15.51 16.11 3.07 19.03 
FR2 13.86 11.47 12.66 2.36 18.65 13.50 13.11 13.30 3.00 22.54 
FR3 12.02 9.55 10.78 2.13 19.71 10.92 9.69 10.31 2.33 22.61 
FR4 9.63 6.94 8.28 2.13 25.73 8.62 7.44 8.03 2.08 25.86 

SFRC1.00 

FPeak 22.54 24.75 23.64 3.12 13.20 31.30 28.00 29.65 3.08 10.39 
FR1 21.17 21.16 21.17 2.38 11.27 27.97 24.63 26.30 3.06 11.62 
FR2 18.80 15.64 17.22 3.38 19.63 21.41 20.06 20.74 3.10 14.96 
FR3 14.08 12.46 13.27 2.67 20.10 13.91 14.86 14.39 2.45 17.04 
FR4 11.11 9.00 10.06 2.69 26.74 10.20 11.78 10.99 2.56 23.29 

Comparing the peak load results for different ages for the same type of concrete, it was observed that for SFRC0.50 
and SFRC0.75, there was no significant difference between the results for 28 and 100 days. However, for SFRC1.00, a 
notable disparity in the average peak load between tests at 28 and 100 days was identified, suggesting an increase in 
tensile strength over the analyzed period. The disparity observed in SFRC1.00 likely arose from variations in the 
number of fibers intersecting the fracture plane. 

Concerning residual loads, for SFRC0.50, there was no significant difference in FR1 between the results at 28 and 
100 days, while a significant difference was observed for FR2 to FR4, with higher values at 28 days. In the case of 
SFRC0.75, there was no significant difference for any of the residual loads (FR1 to FR4) between the ages 28 and 100-
day results. In contrast, for SFRC1.00, a significant difference was noted in FR1 between the results for 28 and 100 days, 
and no significant difference was observed for FR2 to FR4 for the analyzed periods. 

3.6 Residual tensile strength from three-point bending test vs. MVD test 
The mechanical response of the MVD test demonstrated comparable performance to the 3PBT test outlined in NBR 

16940 [11] and EN 14651 [12]. Equation (8) defines the load correlation factor (kMVD) that establishes a correlation 
between the two tests, where FEN represents the load in the 3PBT test, and FMVD represents the load in the MVD test. 
Figure 14 presents the load correlation factor vs. CMOD from specimens’ tests at 28 days. 

𝑘𝑘𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐹𝐹𝐸𝐸𝐸𝐸
𝐹𝐹𝑀𝑀𝑀𝑀𝑀𝑀

 (8) 

The load correlation factor exhibited a reduction with an increase in fiber volume. Beyond CMOD equals to 2 mm, 
the values stabilized at approximately 1.90, 1.8, and 1,5 for SFRC0.050, SFRC0.75, and SFRC1.00, respectively. 
Segura-Castillo, Monte and Figueiredo [18] observed that, in the post-crack region, the kMVD value increases until 
reaching a CMOD of 2 mm, where it stabilizes at a correlation factor of 2.5. However, their study tested the same 
concrete derived from similar specimens, featuring a compressive strength of 35 MPa and 20 kg/m3 of steel fibers with 
hooked ends (0.25% of fiber content). 
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Figure 14. Load correlation factor vs. CMOD at 28 days. 

Table 7 shows the kMVD from this study at 28 days, considering only the MVD load results from half-prismatic 
specimens at CMOD values of 0.5, 1.5, 2.5, and 3.5 mm. Across all compositions, the kMVD values decrease with higher 
fiber content, and stabilization was observed from the FR1 load. 

Table 7. kMVD coefficient at 28 days. 

Load SFRC0.50 SFRC0.75 SFRC1.00 
FPeak 1.44 1.66 1.43 
FR1 2.32 2.05 1.65 
FR2 2.27 2.20 1.75 
FR3 1.97 2.01 1.63 
FR4 2.03 2.27 1.85 

Figure 15 illustrates the correlation between the loads obtained 3PBT and the estimated loads from the MVD test, 
all at 28 days. It is highlighted that this analysis considered only MVD loads from half-prismatic specimens resulting 
from the NBR 16940/EN 14651 test. Upon comparing the obtained loads, a correlation coefficient of 0.87763 was 
observed, indicating a reasonable correlation of results. 

 
Figure 15. Load comparison 3PBT vs. MVD estimates at 28 days 
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4 CONCLUSIONS 
In this study, the Montevideo (MVD) test was employed as an alternative approach to the three-point bending test 

to evaluate the tensile behavior and quality control of steel fiber-reinforced concrete. The results lead to the following 
conclusions: 
(1) The addition of fibers did not result in higher compressive strength, as the concrete maintained an approximate 

strength of 72.5 MPa across the different fiber volumes. On the other hand, the modulus of elasticity exhibited a 
significant increase, especially with the highest fiber volume. 

(2) The fiber orientation in the x and y directions were similar, suggesting the existence of a preferred horizontal plane 
in the distribution of fibers across all compositions. 

(3) In the MVD test, a typical Load vs. CMOD curve also exhibited softening behavior as in the 3PBT test. 
(4) A load correlation factor (kMVD) was derived to convert the loads from the MVD test to the NBR 16940 [11] and 

EN 14651 [12] test at 28 days. The kMVD beyond CMOD 2 mm decreased by 5.6% from SFRC0.50 to SFRC0.75 
and by 20% from SFRC0.75 to SFRC1.00 concrete. 

(5) MVD test offers a practical and simple method for routine quality control of SFRC. While this quality control 
method does not replace the necessity of material qualification through the NBR 16940 [11] and EN 14651 [12], it 
does provide a viable alternative procedure, with a correlation of 0.87763 between the loads estimated from the 
MVD test and the three-point bending test. 
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