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Concrete beams are structural elements primarily subjected to vertical loads, including self-weight (dead load) and
externally applied actions (live load). The sustained interaction of these loads induces bending deformations. As with
all structural materials, concrete beams experience mechanical damage when the applied stresses exceed their
ultimate capacity, typically manifested through cracking, which occurs on the tensile face opposite the load
application. For several decades, fiber reinforcement has been employed worldwide to enhance the physical and
mechanical properties of concrete, particularly its residual strength and crack control. In this study, concrete
specimens were reinforced with two types of fibers—steel and polypropylene—and evaluated using ultrasonic pulse
velocity (UPV) testing to characterize mechanical damage. After curing time, UPV measurements were taken to
assess internal damage development under flexural loading. Based on the experimental data, predictive equations
are proposed to estimate mechanical damage as a function of pulse velocity, allowing for improved evaluation of
reinforced concrete behavior under stress.
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HIGHLIGHTS

— Ultrasonic pulse velocity was used to assess mechanical damage in fiber-reinforced concrete beams.
— Steel and polypropylene fibers improved crack control and residual structural integrity.

— UPV measurements showed strong correlation with damage levels during flexural loading.

— The method enables non-destructive evaluation of fiber-reinforced concrete structures.

1 Introduction

Concrete is the most widely used material in modern infrastructure, and its proper application requires thorough analysis
of its structural behavior, particularly in response to load-induced deformations. The use of fibers in composite materials
predates the invention of modern cement, as early civilizations incorporated elements such as animal hair, straw, and plant
fibers into adobes to improve tensile strength and reduce cracking, as noted by Antillon [1].

Currently, steel and polypropylene fibers are incorporated into concrete mixes to enhance toughness and provide
better crack control. Deformation analysis allows the calculation of internal stresses, where strain levels under static
or dynamic loading are directly related to the system's stiffness and, consequently, its modulus of elasticity [2]. Upon
concrete failure, the toughness index is typically recorded, while post-failure data are often disregarded. However,
when fibers are used as reinforcement, their distribution within the concrete matrix enables post-failure load transfer,
increasing flexural capacity and reducing crack propagation [3].

Naaman [4] highlights that for fiber—matrix reinforcement to be effective, the fibers must exhibit properties such as
adequate bonding strength (comparable to the tensile strength of the matrix), a higher elastic modulus than concrete,
greater tensile strength, and preferably ductile behavior when combined with a brittle cementitious matrix.

Polypropylene fibers exhibit hydrophobic behavior, which enhances their resistance to moisture within the
cementitious matrix. According to Kakooei et al. [5], the hydrophobic nature of polypropylene does not significantly
affect the water demand in the concrete mix. Steel fibers typically enhance shear and torsional strength and promote
a more uniform distribution of cracks within the concrete matrix [6]. The appearance of cracks in a beam is typically
associated with flexural deformation, indicating the presence of internal structural damage.

Table 1. Characteristics of different fibers [6]

Specific weight Tensile strength Young's modulus Failure elongation
Fiber type
(g/cm3) (MPa) (GPa) (%)
Steel 7,84 345-3000 200 4-8
Glass 2,5 1000-2600 70-80 1,5-3,5
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Specific weight Tensile strength Young's modulus Failure elongation
Fiber type
(g/cmd) (MPa) (GPa) (%)
Polypropylene 0,9-0,95 200-760 3.5-15 5-25
Polyester 1,4 400-600 8.3 9-13
Concrete (For comparison) 2,4 2-6 20-50 -
1
i
AN

A

Fig. 1. Flexural crack progression [7]

According to Ospina et al. [8], the initial crack in a beam typically develops on the tensile face, opposite the point of
load application. The crack propagates vertically toward the neutral axis in response to the applied flexural stress;
this type of damage is visibly evident and can be detected without specialized instrumentation.

Mechanical damage quantification in concrete was studied by Lemaitre [9], who proposed a relationship between the
uniaxial stress at fracture (o,,) and the material's ultimate stress (G, ), expressed through the damage parameter D,
defined by the equation:

D, =1-"4/z (1)
If the value of Dcis between 0,5 and 0,9, it indicates the presence of damage.

Additionally, Lemaitre proposed an expression to estimate mechanical damage (Dc) based on the relative reduction
in wave velocity, calculated using the equation:

VZ
Do=1-"r/,, @

Where V, is the wave velocity in the damaged material and V. is the wave propagation velocity in the undamaged
material. When a value between 0,5 and 1 is obtained, it indicates that there is already significant damage, because
mechanical damage in beams is closely linked to their flexural behavior, it is essential to conduct standardized flexural
strength tests to quantify this response. This type of test allows for variation in the load application rate, facilitating
the collection of data on stress distribution and failure progression within the specimen, as outlined in NTC 2871 [10],
which aligns with ASTM C78/C78M.
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Fig. 2. Schematic view of the apparatus is suitable for the determination of the flexural strength of concrete by
using a third-point loading. Source: ASTM C78
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The calculation of stress in concrete is given by the expression:
PL
R=a &)
Where R is the Stress (MPa), P is the applied load indicated by the testing machine (N), L is the distance between

supports (mm), b is the average width of the specimen (mm) and d is the average height of the specimen (mm).

Concrete strength can also be assessed through non-destructive testing (NDT); although these methods do not yield
exact values, they provide highly reliable approximations. A major advantage of NDT is its low cost, as it does not
require specimen destruction and allows repeated measurements on the same element.

Among NDT techniques, the ultrasonic pulse velocity (UPV) test is considered one of the most effective for evaluating
mechanical damage in concrete, as it is based on the principle that the velocity of compressive waves propagating
through concrete is directly related to its elastic properties [11, 12]. When properly applied, this method yields reliable
information on the internal condition of the concrete.

However, caution must be exercised during in-situ applications, as the range of pulse velocities associated with concrete
quality is relatively narrow (typically 3,5-4,8 km/s). Guidelines for this method are provided in the Colombian standard NTC
4325 [13], which corresponds to ASTM C597 — Standard Test Method for Pulse Velocity Through Concrete.

The UPV method consists of measuring the travel time of an ultrasonic pulse between a transmitting transducer (Tx)
and a receiving transducer (Rx) placed on opposite faces of the concrete element.

Fig. 3. UPV test scheme. Source: Vidaud-Quintana, E. [14]

Wave propagation velocity depends on the elastic modulus and density of the material and can therefore be used to
evaluate the material’s elastic behavior. In an idealized infinite, homogeneous, elastic, and isotropic medium, the
compressive wave velocity V, is determined by the Equation:

_ E(1-w
V= Jramma-an @

Where E is the elastic modulus (kN/mm?), p: is the material density (kg/m?3), and u is the Poisson's ratio.

The velocity of the ultrasonic pulse is associated with the properties of the concrete and its density; therefore, it
allows predicting the quality state of the concrete in hardened state, which is expressed in meters per second (m/s),
which is determined by the simplified relation, V=L/t, where V is the transmission velocity, L is the separation between
the transducers, and t is the transit time [13, 14] Although the UPV procedure is relatively simple, obtaining reliable
results requires strict attention to testing conditions. Proper acoustic coupling between the transducer and the
concrete surface is essential. This is typically achieved using coupling agents such as petroleum jelly, liquid soap, or
thick grease. If the concrete surface is excessively rough or irregular, it must be prepared—either by grinding or
applying a thin layer of plaster or quick-setting mortar—to ensure optimal contact with the transducers, as described
by Ledn et al. [15]. Determining the flexural strength of the concrete is necessary in order to correlate it with the
information from the UPV test.

Despite the extensive use of ultrasonic pulse velocity (UPV) testing to assess concrete quality and detect internal
defects, most existing studies focus on static evaluations of undamaged or pre-cracked concrete elements. Limited
research has investigated the continuous evolution of ultrasonic pulse velocity in concrete elements subjected to
progressive mechanical loading, particularly in fiber-reinforced systems where the presence of fibers alters crack
development and post-failure behavior. Furthermore, few studies have attempted to quantitatively relate UPV
measurements with mechanical damage parameters, such as those proposed in Lemaitre’s damage mechanics
framework, during active flexural loading. Establishing such relationships is important for improving the interpretation
of non-destructive measurements and for enabling the use of UPV as a practical tool for structural assessment,
damage evaluation, and potential in-situ monitoring of concrete elements. Therefore, this study aims to
experimentally investigate the relationship between ultrasonic pulse velocity and the mechanical damage developing
in micro-reinforced concrete beams subjected to flexural loading, combining destructive flexural testing with
comparative UPV measurements in order to derive predictive relationships between wave velocity reduction and the
damage parameter D,.
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2 Materials and methods

This study was conducted at the Concrete Laboratory of the Faculty of Engineering, Universidad Militar Nueva
Granada, Cajica (Colombia) for concrete mixing and curing, and at the Calle 100 campus in Bogota for destructive
(flexural) and non-destructive (UPV) testing.

A quantitative approach was adopted based on the use of destructive and non-destructive testing methods. A total
of 42 beams were fabricated with different reinforcement configurations, comprising six beams per variable under
analysis. Each beam had a span of 0,5 m and a square cross-section of 0,15 m x 0,15 m. The mechanical properties
of the steel and polypropylene fibers used are summarized in Table 2.

Table 2. Technical specifications of the fibers used. Source: Manufacturer datasheets [16]

Fiber type Technical properties
Steel fibers Length (mm) Diameter (mm) Average tensile strength (MPa)
(SUPERCAM FR 80) 60 0,75 760
Polypropylene fibers Elongation at break (%) Elastic modulus (Gpa) Tensile strength (MPa)
(SikaFiber AD) 20 — 30 14,7 200 — 340

The fiber dosage was defined based on the recommendations provided by the respective manufacturers. For
polypropylene fibers, a dosage of 1kg/m? is recommended, while for steel fibers, a dosage ranging from 20 to
40 kg/m? is suggested. The concrete mix criteria and material dosage quantities were based on the methodology
reported by Ospina et al. [8], which follows the parameters established by the American Concrete Institute (ACI
211.1-91) for concrete proportioning [17].

Table 3. Criteria chosen for concrete mix design. Source: Ospina, Lizarazo and Salas [8].

Parameter Value
Design compressive strength 28 MPa
Modulus of rupture (flexural strength) 4,23 Mpa
Slump (consistency) 8 in 0 200 mm aprox.
Cement density 2,91 g/cm?
Maximum aggregate size 11/2 in 0 38,1 mm
Nominal maximum aggregate size 1lino25,4 mm
Bulk density of coarse aggregate 1589 kg/m3
Bulk density of fine aggregate 1574 kg/m3
Specific gravity of coarse aggregate 2540 kg/m3
Specific gravity of fine aggregate 2510 kg/m3
Fineness modulus (fine aggregate) 3,1

A total of six reinforced concrete mixtures were evaluated, three mixtures incorporated polypropylene fibers at
contents of 1,0%, 1,5%, and 2,0% relative to the cement weight; for these percentages were selected to investigate
the influence of increasing polypropylene fiber content on the mechanical behavior of the concrete while maintaining
workability during mixing, since excessive amounts of polypropylene fibers can significantly reduce mix homogeneity
[18]. For comparison purposes with the steel fiber mixtures, whose dosage is typically expressed in kg/m3, the
equivalent polypropylene fiber contents were estimated using a reference fiber density of 910 kg/m3, resulting in
approximate values of 9, 13,5, and 18 kg/m3. It should be noted that these values correspond only to an equivalent
conversion for comparison between fiber types and do not represent the original mixture design parameter.

Three additional mixtures incorporated steel fibers at dosages of 25, 50, and 75 kg/m?3. These dosages were selected
because higher fiber content increases the concrete’s mechanical resistance but also adds significant dead weight
to the structure [19], so the resulting data will be used to compare which type of fiber provides effective reinforcement
without negatively affecting the structural load. The experimental program therefore allows comparison between
polypropylene and steel fibers in terms of their contribution to concrete reinforcement and structural performance.

After curing, plain (unreinforced) concrete specimens were tested to obtain baseline values for comparison with the
results from steel and polypropylene fiber-reinforced mixes. For destructive testing, an MTS Landmark 370 system
with a monotonic loading configuration was used to apply the load until failure, this setup allowed measurement of
the maximum load sustained by each beam. For the non-destructive test, a Proceq Pundit 200 touchscreen device
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was used to measure ultrasonic pulse velocity (UPV) within the concrete; this dual setup enabled simultaneous
monitoring of UPV variation during flexural loading, allowing correlation between ultrasonic response and applied

mechanical stress.

Fig. 4. Destructive test setup (flexural failure with monotonic load setup) and non-destructive test (UPV)

To ensure proper instrument setup, custom clamping fixtures were designed for both the UPV specimens and the
LDT transducers, as shown in Figure 5. This configuration allowed the UPV test to be conducted simultaneously with
flexural loading in the MTS system, and optimized the contact pressure between the specimen, coupling agent, and
beam, thus enabling more accurate measurements, as proper contact between the specimen and transducer is
crucial for ensuring consistent and reliable data.

Fig. 5. Beam clamping device, for LDT transducers and VPU transducers. Source: Authors.

Once failure occurred in the specimens, unlike in plain concrete beams, the presence of reinforcing fibers allowed
the load to continue being applied, enabling observation of the post-cracking behavior and the additional strength

provided by the fibers.
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Fig. 7. Crack in concrete beam reinforced with 2.5% polypropylene fibers. Source: Authors.

3 Results and discussion

According to current design codes such as the ACI 318 and Colombia’s NSR-10, synthetic fibers—such as
polypropylene—are permitted as complementary reinforcement, particularly for crack control and post-cracking
behavior enhancement, but not as a replacement for structural steel reinforcement. In this study, the polypropylene
fibers were not used as primary reinforcement, but rather as an additive to improve ductility and delay sudden failure,
especially at a dosage of 1,5%, which demonstrated the best overall performance. Therefore, the experimental
design remains within the framework of code-compliant applications for fiber-reinforced concrete.

After conducting the tests on the various beams with their respective reinforcement configurations, the resulting data
were compiled for analysis, graphical representation, equation development, and conclusion formulation. The
ultrasonic pulse velocity (UPV) was higher in plain concrete beams due to lower internal porosity in the absence of
fibers, which facilitated more efficient wave propagation. However, flexural strength increased with higher steel fiber
content, while it showed an inverse relationship with increasing amounts of polypropylene fibers.

Table 4. Maximum ultrasonic pulse velocity on single beams. Source: Authors.

Beam Maximum pulse elocity (m/s)
1 3331
2 3018
3 2919
4 3187
Average 3114
Standard deviation 182,41
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The ultrasonic pulse velocity (UPV) values obtained for the plain concrete beams are summarized in Table 4, where
the maximum velocity for each beam was recorded, the average was calculated, and the standard deviation was
determined. Based on these values, the average and standard deviation were plotted in order to compare variability
and identify the most representative value for this type of beam.

As shown in Figure 8, specimens 1 and 3 fall outside the range defined by the standard deviation. Since specimens
2 and 4 fall within the defined range, they were compared with respect to the calculated average, with specimen 4
showing the closest value, and therefore selected as the reference for comparison with the reinforced beams. The
same procedure was applied to each reinforcement type and dosage.

Standard Desviation in without

reinforcement Beams

3400
3331

3300

3200
3187

3100
3000 3018

2919
2900

0 0 0 0

s | |pper Limit Lower Limit UPV Series (m/s) Average

Fig. 8. Standard eviation in without reinforcement beams. Source: Authors.

Table 5 presents the average UPV values and corresponding standard deviations for each reinforcement type and
dosage across all tested beams. Given the two different reinforcement types and three dosage levels for each, each
mix type was analyzed to determine which configuration performs best in terms of flexural strength and mechanical
damage.

Table 5. Average measurements on without reinforcement beams and beams with reinforcement. Source: Authors.

Average maximum i Average maximum | Standard velocity
. . Standard deviation ; )
Reinforcement bending stress ultrasonic pulse rate maximum ulse
flexural strength .
(MPa) (m/s) velocity
Without reinforcement 3,4 0,24 3114 182,41
SRFC 25 kg/m? 3,52 0,08 3105 57,32
SRFC 50 kg/m? 3,31 0,26 2275 108,66
SRFC 75 kg/m?3 4,16 0,1 3095 21,43
PFRC 1% 3,62 0,33 3084 25,59
PFRC 1,5% 3,42 0,15 2851 127,63
PFRC 2% 2,1 0,08 2127 98,56

After selecting the representative data for each reinforcement dosage, the bending stress diagram was constructed
(Figure 9), where similar values were observed for beams reinforced with 25 kg/m? and 75 kg/m? of steel fibers, as
well as with 1.5% polypropylene fibers. The 50 kg/m? steel fiber mix and the 1 % polypropylene fiber mix exhibited
higher flexural strength.
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Fig. 9. Bending stress in reinforced concrete beams. Source: Authors.

Figure 10 presents the mechanical damage graph, which was developed by combining the results of the flexural
strength and UPV tests, since the continuous application of load until failure, particularly in reinforced beams, allowed
additional post-failure UPV readings to assess concrete conditions under sustained loading. As shown in the graph,
steel reinforcements at all three dosages (25, 50, and 75kg/m3) and the 1,5% polypropylene reinforcement
contributed to extending the structural response beyond initial failure, since the mechanical damage exceeded the
theoretical threshold (0,5 — 1) [9], indicating significant cracking without leading to sudden collapse, as observed in

plain concrete beams.
1

Plain Concrete

0.9
SFRC 25 Kg/m"3 08
2359.603587, ’
SFRC 50 Kg/m*3 0.749592426
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Ultrasonic Pulse Velocity (m/s)
Fig. 10. VPU vs. Mechanical damage in reinforced concrete beams. Source: Authors.

Figure 11 shows that the flexural behavior of beams reinforced with steel fibers was very similar across all dosages,
with similar trends in flexural strength and deformation (creep), attributed to the use of the same concrete matrix.
However, plasticity increased with higher fiber dosages, leading to the construction of the mechanical damage curve
(Figure 12) to help identify the optimal fiber dosage. This graph revealed similar performance for the 75 kg/m?3 and
25 kg/m? steel fiber dosages; however, the 75 kg/m? dosage provided higher flexural strength compared to the other
configurations. The 25 kg/m3 dosage improved the concrete’s behavior by forming an internal fiber network that
helped prevent collapse at the onset of cracking, providing additional post-cracking resistance.
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Fig. 11. Bending stress in steel fiber reinforced concrete beams. Source: Authors.
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As shown in Figure 13, the performance of mixes with polypropylene fibers was highly variable, and the different
polypropylene dosages did not exhibit the consistent behavior observed with steel fiber reinforcement. Higher
polypropylene dosages resulted in lower flexural strength and reduced mechanical damage resistance, indicating
that the 2,0% mix may not be suitable for structural concrete reinforcement. Among the remaining two mixes, the 1%
dosage exhibited good flexural strength but relatively low resistance to mechanical damage, whereas the 1,5%
dosage demonstrated superior performance in both flexural strength and mechanical damage resistance.
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Fig. 13. Bending stress in polypropylene fiber reinforced concrete beams. Source: Authors.
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Fig. 14. Comparison of reinforcement results with polypropylene fibers. Source: Authors.

As Lemaitre, severe mechanical damage occurs when the damage index exceeds a value of 0.5, which corresponds
to a material that has lost more than 50% of its effective load-bearing capacity and can no longer be considered
structurally reliable. This is confirmed in Figures 10 and 15, where the plain concrete beam experienced a sudden
collapse when the damage index approached 0,5, interrupting UPV data acquisition due to the absence of a
continuous medium for wave propagation through the specimen. In contrast, fiber-reinforced beams allowed
continued wave propagation due to crack bridging, resulting in measurable UPV values and corresponding damage
indices above 0,5. To generate the UPV (m/s) vs. mechanical damage graph, Equation (3) was used, taking the
maximum UPV value as a reference and relating it to the other UPV readings obtained during the test. Once the
damage index was calculated throughout the MTS test, the corresponding graph was plotted.
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Fig. 15. Comparison of results for beams reinforced with: SFRC 25 kg/m3, PFRC 1,5% and without reinforcement.
Source: Authors.

Beams reinforced with 25 kg/m? of steel fibers and 2% of polypropylene fibers exhibited sufficient internal cohesion
to produce comparable performance. Although both reinforcements reduced the wave propagation velocity compared
to plain concrete beams, they improved damage resistance by providing post-cracking capacity, which extends the
structural response time and offers a margin for corrective action. Another advantage is that the element does not
collapse immediately upon exceeding its elastic limit but instead transitions from a rigid to a ductile behavior, as
illustrated in the mechanical behavior graphs.

Based on these findings, a series of regression analyses were performed to derive an equation that models the
relationship between mechanical damage and UPV, as presented in Table 6.
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Table 6. Equations obtained. Source: Authors.

Type of reinforcement Type of linear equation Coefficient of determination
Plain Concrete Dc =-0,0008V + 2,6787 R2=0,9994
PFRC 9 kg/m?3 Dc =-0,0008V + 2,5420 R2=0,9944
PFRC 13,5 kg/m3 Dc =-0,0015V + 4,1729 R2 = 0,9654
PFRC 18 kg/m?3 Dc =-0,0012V + 2,6271 R2=0,9989
SFRC 25 kg/m3 Dc =-0,0012V + 3,4844 R2=0,9848
SFRC 50 kg/m? Dc =-0,0014V + 3,5434 R2=0,9319
SFRC 75 kg/m3 Dc =-0,0011V + 3,4277 R2=0,9760
Dc = Mechanical damage
V = Ultrasonic pulse velocity (m/s)

For verifying whether the proposed equations can accurately predict the mechanical damage in fiber-reinforced
concrete beams, the bending stress and UPV data were correlated to produce the corresponding validation graph
(Figure 16), where at least nine coordinate points were identified and substituted into the regression equations to
calculate the corresponding mechanical damage values, which were then compared with the experimental results.

As shown in Figure 10, the damage index (Dc) for the plain concrete beam reached values up to 0,5, confirming
Lemaitre's theoretical threshold [9], indicating the need to consider the corresponding lower limit of UPV when using
the regression equation for this type of beam. Using the Solver tool in Excel, the minimum pulse velocity
corresponding to Dc = 0,5 was calculated as 2723,4 m/s.

For the plain concrete beam, the regression equation used is:
— Dc =-0,0008V + 2,6787
Using a UPV of 2750 m/s as an example:
— Dc =-0,0008(2750) + 2,6787
- Dc=-2,2+2,6787
- Dc=0,48
A comparison using the same velocity across the other regression equations yields the damage values shown in
Table 7.

Table 7. Mechanical damage values using equations obtained from the following equations. Source: Authors.

V = 2750
Reinforcement Dc

Without reinforcement 0,4787

PFRC 1% 0,342
PFRC 1,5% 0,0479
PFRC 2% -0,6729
SFRC 25 kg/m? 0,1844
SFRC 50 kg/m? -0,3066
SFRC 75 kg/m? 0,4027

The negative values observed in Table 7 indicate that the selected pulse velocity exceeds the upper applicability limit
of the regression equations, as mechanical damage values (Dc) must always be greater than zero. Therefore, it was
necessary to establish valid input limits for each evaluated regression equation, as presented in Table 8.

In addition, fiber-reinforced beams, the minimum valid pulse velocity corresponds to a damage index of Dc=1,
representing the point at which the element can no longer sustain any additional load. Based on the parameters
obtained in Table 8, the theoretical curves were compared with the experimental data, as shown in Figure 16.
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Table 8. Pulse rate limits for the obtained equations. Source: Authors.

Reinforcement type Regression equation Valid UPV range (m/s)
. Dc = -0,0008V + 2,6787 Vmax= 3348,38 m/s
Plain concrete .
R2 = 0,9994 Vmin= 2723,38 m/s
Dc =-0,0008V + 2,542 Vmax=3177,5 m/s
PFRC 1% .
R2 =0,9944 Vmin= 2098,38 m/s
Dc = -0,0015V + 4,1729 Vmax= 2781,93 m/s
PFRC 1,5% .
R2 = 0,9654 Vmin= 2115,27 m/s
PERC 204 Dc =-0,0012V + 2,6271 Vmax=2189,25 m/s
° R? = 0,9989 Vmin= 1355,92 m/s
Dc =-0,0012V + 3,4844 Vmax=2903,67 m/s
SFRC 25 kg/m3 .
R2=0,9848 Vmin= 2070,33 m/s
SERC 50 ka/m? Dc = -0,0014V + 3,5434 Vmax=2531 m/s
g R2 = 0,9319 Vmin= 1816,71 m/s
. Dc =-0,0011V + 3,4277 Vmax=3116,09 m/s
SFRC 75 kg/m R2 = 0,976 Vmin= 2207 m/s
1
Plain Concrete
SFRC 25 Kg,"m"?:
SFRC 50 Kg,"m"?: 03
SFRC75 Kg,"m"?a
: EE:E 1?;, 2359.603587, 08
—— PFRC2,0% 0.745592426 0.7

(=]
(4,
Mechanical Damage

3100 2500 2700 2500 2300 2100 1900 1700
Ultrasonic Pulse Velocity (m/s)

Fig. 16. Comparison of experimental values and predictive equations. Source: Authors.

The relationships established between ultrasonic pulse velocity (UPV) and the mechanical damage parameter
provide a practical framework for the non-destructive assessment of concrete structures. Since the propagation
velocity of ultrasonic waves is directly related to the internal condition of the material, the correlations obtained in this
study allow the estimation of mechanical damage levels in concrete beams subjected to flexural loading.

Also, from an engineering perspective, these relationships may contribute to structural assessment procedures by
enabling the detection and quantification of damage without requiring destructive testing. In addition, the proposed
correlations may support condition monitoring strategies, where periodic UPV measurements could be used to
evaluate the evolution of structural damage over time. This approach could be particularly useful for in-situ inspection
of reinforced concrete structures, where non-destructive techniques provide valuable information for maintenance
planning, safety evaluation, and service-life management.

4 Conclusions
The behavior of plain concrete is often unpredictable. However, reinforcing it enhances its mechanical stability,
making cracking more observable and enabling better prediction of failure.

Among the reinforcements studied, steel fibers demonstrated the best mechanical performance in terms of improving
concrete strength. Nonetheless, increasing the fiber content complicates the mixing process and increases the
beam's dead weight. An analysis of the SFRC mixes indicates that higher fiber content results in greater flexural
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strength. Furthermore, the presence of steel fibers prevents abrupt structural failure, as they act as an internal support
mesh that allows the beam to sustain higher levels of mechanical damage under loading. This confirms the findings
discussed in the state of the art.

Ultrasonic pulse velocity (UPV) was highest in plain concrete beams due to lower internal porosity in the absence of
reinforcement, which facilitates better wave propagation. In SFRC beams, the 25 kg/m3 and 75 kg/m?3 mixes exhibited
similar wave propagation, with UPV values only 2% and 3.5% lower, respectively, than those of plain concrete.
However, the 50 kg/m3 mix showed a 17% reduction in UPV, likely due to poor fiber distribution, which increased
internal porosity.

Although the 75 kg/m? steel fiber mix achieved the highest flexural strength, the 25 kg/m3 mix exhibited comparable
performance in terms of mechanical damage. Therefore, the 25 kg/m3 dosage was preferred, as it required less
material and involved a simpler mixing process. In contrast, polypropylene fibers reduce the overall weight of the
beam, but higher dosages increase internal porosity, which leads to reduced flexural strength and earlier structural
failure.

In PFRC mixes, flexural strength was inversely proportional to fiber dosage, while the damage index increased
proportionally. This is attributed to the fibers limited ability to bridge cracks, making the beam behave similarly to
plain concrete under load. As polypropylene dosage increased, UPV decreased—similar to what was observed in
the SFRC 50 kg/m3 mix—due to greater difficulty in achieving a homogeneous mix, which in turn increased porosity
and reduced concrete quality.

Although the PFRC 2% mix showed lower flexural strength than the 1 % mix, it demonstrated superior resistance to
mechanical damage and helped avoid sudden failure. For this reason, it is recommended as the most appropriate
polypropylene dosage among those tested.

The regression equations developed in this study provide an approximation of the mechanical damage index of
concrete based on ultrasonic pulse velocity. The variations observed across mixes and dosages align with the
theoretical thresholds proposed by Lemaitre, particularly in the range where the damage index is below 0,5 (indicating
no imminent failure) and above 0,5 (indicating that existing cracks may compromise structural safety under further
stress).

Finally, the proposed regression equations provide a useful correlation between ultrasonic pulse velocity (UPV) and
the mechanical damage parameter, their applicability is limited to the experimental conditions considered in this
study. The relationships were derived from tests conducted on concrete beams with a compressive strength of
approximately 28 MPa, a specific beam geometry, under controlled laboratory conditions. Therefore, the use of these
equations for concrete elements with different material properties, structural configurations, or loading conditions
should be approached with caution. Further studies are required to validate the proposed correlations for other
concrete strengths, structural elements, and long-term loading scenarios.
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