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Highlights

What are the main findings?

• Drop-weight impact tests on thin VHPC panels showed that synthetic fiber rein-
forcement significantly improves impact resistance: PVA microfibers reduced crack
openings by more than 20 times compared to plain VHPC, while PP macrofibers were
less effective at the tested energy level due to their greater efficiency at larger crack
openings.

• A finite element model based on the fib Model Code 2010 inverse analysis and the
Concrete Damaged Plasticity framework accurately reproduced the experimental
crack patterns and deflections of all fiber-reinforced panels.

What are the implications of the main findings?

• At low-to-medium impact energy levels, PVA microfibers provide the dominant
contribution to impact resistance in thin VHPC panels, suggesting that fiber selection
should account for the expected crack opening range under the design impact scenario.

• The proposed numerical approach, calibrated on quasi-static bending tests, proves
adequate for predicting the impact response of thin VHPC panels, offering a reliable
and practical tool for structural design.

Abstract

In recent years, Ultra High-Performance Fiber-Reinforced Concretes (UHPFRCs) have
gained significant attention for their applications in structural components, particularly for
improving impact resistance and post-cracking behavior. This study explores the behavior
of thin Ultra High-Performance Concrete (UHPC) panels reinforced with synthetic fibers,
focusing on the potential use of these materials for building façades. Three different syn-
thetic fiber-reinforced mixes were developed, utilizing polyvinyl alcohol (PVA) microfibers,
polypropylene (PP) macrofibers, and a hybrid combination of both. These thin, unrein-
forced panels were subjected to impact testing using a free-falling steel ball to evaluate their
mechanical response. The results were analyzed in terms of crack patterns, crack openings,
and overall impact resistance. Additionally, numerical analysis was implemented by using
the ABAQUSTM finite element code, in order to predict the panels’ performance under
impact, providing a comparison between experimental results and numerical simulations.
This investigation highlights the significant contribution of synthetic fibers in enhancing
the toughness and impact resistance of UHPC panels, demonstrating their viability for
structural applications requiring enhanced durability.
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1. Introduction
Concrete remains the most widely used construction material worldwide due to its

high compressive strength and high workability that makes it suitable for a very wide
range of design situations. In recent decades, novel classes of cementitious materials such
Ultra-High-Performance Concrete (UHPC, fc higher than 120 MPa) have been developed, in
order to reach enhanced compressive strength, reduced porosity, and improved durability
compared to conventional concretes [1–3].

Despite significant increases in mechanical performance, the inadequate energy ab-
sorption and post-cracking ductility of conventional concrete under dynamic loading may
be still a limit to overcome extreme load conditions [4]. In recent decades, the frequency and
intensity of accidental and deliberate dynamic loading events affecting concrete structures
has increased significantly, driven by factors such as urban densification, transportation
accidents, and security threats [5–8]. To address the limitations of plain concrete when
subjected to impacts and explosions, several studies [7,9] have proposed reinforcing meth-
ods such as continuous textile layers, randomly distributed short fibers, or strengthening
methods by using externally bonded fiber-reinforced polymer (FRP) systems. Among these
techniques, the incorporation of short discontinuous fibers—made from materials like
steel, polymer, carbon, or basalt—has been the most widely adopted [10], as they can be
easily mixed into concrete, effectively enhance its toughness under impact or blast through
fiber bridging, and provide a more cost-effective solution compared to other reinforcement
methods [11]. The durability in terms of reduced crack opening under static loads is also
increased [12,13]. In addition, both steel and PP fibers have been demonstrated to play
a beneficial role under fire exposure [14]. PP fibers melt at relatively low temperatures
(approximately 160 ◦C), creating additional porosity that facilitates the release of internal
pore pressure and significantly reduces the risk of explosive spalling [15,16], which is a
particularly critical failure mode for high-strength and high-performance concrete. On
the other hand, steel fibers can enhance strength of concrete during fires due to its strong
thermal stability, resulting in fewer cracks [17].

Starting from the earliest studies to the most recent applications, the random distri-
bution of steel fibers within the concrete matrix has been shown to clearly influence the
material’s mechanical performance. Specifically, steel fibers help to control the initiation
and propagation of cracks, thereby enhancing the tensile, flexural, and impact strength as
well as the overall toughness of concrete [18,19]. On the other hand, exposure to aggressive
chloride environments can damage the protective film on steel fibers, leading to corrosion
and reduced concrete durability [20]. Research has shown that both pitting and uniform
corrosion significantly decrease the tensile strength of steel fibers, with pitting often caus-
ing brittle failure [21,22], ultimately compromising the mechanical performance of steel
fiber-reinforced concrete [23].

Synthetic fibers have proven to be a great alternative, able to offer enhanced crack
control, improved toughness [24], and superior resistance to chemical degradation, thus
overcoming the durability issues typically associated with steel fibers [25]. In fact, they
may be used to improve concrete performance in a cost-effective and sustainable man-
ner. A wide range of polymeric fibers has been successfully incorporated into cementi-
tious composites through the years, including polyethylene (PE), polyvinyl alcohol (PVA),
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polypropylene (PP), polyamide (PA), aramid, polyacrylonitrile (PAN), polyester (PES), and
carbon fibers [26].

Among synthetic fibers, polypropylene (PP) has gained particular interest due to its
ability to maintain mechanical performance even when exposed to aggressive environments,
where steel fibers tend to suffer corrosion-induced degradation. PP fibers are commercially
available in a wide range of shapes and surface textures, such as straight, embossed,
and crimped profiles, which are specifically engineered to enhance mechanical interlock
with the cementitious matrix [27]. These geometrical modifications play a crucial role in
improving pull-out resistance and increasing the post-cracking energy absorption capacity
of concrete [28,29]. From a mechanical point of view, PP fibers typically exhibit tensile
strengths up to 900 MPa and elastic moduli within the range characteristic of polymer-based
reinforcements, making them effective in mitigating crack propagation under tensile and
impact loading. Several experimental studies have shown that the inclusion of PP macro-
fibers does not adversely influence compressive strength and, in some cases, leads to slight
improvements, depending on fiber dosage and matrix composition [30,31]. Additionally,
PP fibers have been reported to influence the permeability of concrete in two contrasting
ways. On one hand, non-uniform fiber distribution may induce voids in the concrete matrix,
potentially increasing water permeability in the uncracked material [32]. On the other hand,
fiber bridging limits the opening of micro-cracks, reducing the pathways available for
aggressive agents to penetrate the cracked material; a reduction in cracked area of 65% with
0.07% PP fiber content was associated with a 24.3% decrease in average water penetration
depth [33]. The net effect on permeability therefore depends on fiber dosage, distribution,
and the extent of cracking experienced by the element [13], contributing to the long-term
durability of concrete structures exposed to aggressive environments when crack control is
effective [13,34].

As previously introduced, impact resistance represents another crucial aspect of fiber
reinforcement, especially for thin structural or precast elements. As defined in [35], there
are four categories in which the existing high-rate strain test system can be divided:
(1) potential-energy-based, in which a relatively heavy mass is released by falling or
swinging from a defined height to strike the specimen at low velocity, as in Charpy, Izod,
and drop-weight setups [36,37]; (2) kinetic-energy-based, in which a lighter projectile is ac-
celerated to high speed, typically using a gas-gun arrangement, and then directed onto the
specimen [38,39]; (3) hydraulic-machine-based, in which hydraulic actuators are employed
to impose deformation on the sample at intermediate loading velocities [40]; and (4) stress-
wave-propagation-based, where a stress wave is generated and transmitted through an
elongated bar before reaching and loading the specimen [8,8]. Drop-weight tests are the
most common for structural elements: they are simple to set up and allow good control
of impact energy, but are limited to low-to-medium velocity ranges [41]. Projectile and
ballistic impact tests replicate high-velocity scenarios and are used for protective structures,
though they require complex equipment and strict safety measures [42]. Split Hopkinson
pressure bar (SHPB) tests are suitable for material characterization at high strain rates,
but are restricted to small specimens and cannot reproduce structural-scale behavior [43].
Charpy and pendulum tests are standardized and widely used to assess fracture toughness,
but apply mainly to notched specimens and are less representative of real impact events on
structural elements [44].

The drop-weight impact technique allows evaluating the specimen’s flexural and
compressive behaviors [36,45]. This setup applies an impact at midspan by dropping a
mass from a selected height, which governs the input energy. Assuming negligible friction
between the hammer and its guide, the corresponding impact velocity can be derived from
the energy balance E = 1

2 mv2, where m is the hammer mass and v the velocity at impact.
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The impact resistance of concrete is strongly influenced by matrix compressive and
tensile strength [46–50]. Higher strength improves resistance to crack initiation and in-
creases energy absorption. Drop-weight tests show that impact resistance grows with both
compressive strength and fiber dosage [46]. Tests on high-strength concrete confirm that
higher strength reduces crack development and improves energy dissipation [48,50]. UHPC
achieves superior impact resistance due to its dense microstructure and fiber bridging,
with fracture energy above 2000 N/m when steel fibers are used [49]. Tensile strength also
governs the fracture mode: lower values produce tensile cracks, while higher values lead
to shear-type failure [47].

It is well established that the mechanical properties of fiber-reinforced concrete are
strain-rate dependent. Experimental studies on steel fiber-reinforced concrete have reported
considerable increases in tensile strength, strain at maximum stress, and fracture energy
with increasing loading rate [51]. For high-performance fiber-reinforced cementitious
composites (HPFRCC), dynamic increase factors (DIF) for first-cracking and post-cracking
strength up to 2.0 and 1.7, respectively, have been reported depending on fiber type and
volume fraction [40]. The response of UHP-FRC under varying strain rates has been
investigated by Fujikake et al. [52], who proposed a rate-dependent bridging law relating
tensile stress to crack opening, and by Wille et al. [53], who observed that both strength and
energy absorption capacity increase with fiber volume fraction at a given strain rate. More
recently, Pyo et al. [54] reported that for UHP-FRC the DIF for post-cracking strength and
energy absorption capacity increase log-linearly with strain rate, reaching approximately
1.3 and 2.0 at seismic rates (0.1 s−1), respectively. Notably, unlike conventional HPFRCC,
the strain capacity of UHP-FRC was found not to decrease with increasing strain rate.
Under drop-weight impact loading, strain rates are typically higher than the seismic range,
implying that the actual dynamic response of the material would be at least as favorable as
quasi-static predictions.

Several studies have compared the contributions of different fiber types to the impact
performance of concrete. At low fiber dosages (up to about 0.5%), hooked-end steel fibers
have been shown to enhance the fracture energy of concrete beams under impact more
effectively than PP fibers. In [36], it has been observed that steel fibers provided the most
significant improvement in toughness for wet-mix shotcrete elements, under both static
and dynamic loading, in respect to PP and PVA fibers. When comparing polymeric fibers,
Ref. [36] reported PP fibers generally offered higher impact resistance than PVA. In the
same way, Refs. [55,56] further demonstrated that macro steel fibers deliver substantially
greater resistance to crack propagation than micro-PP fibers under either static or impact
loading conditions.

On the other hand, Refs. [55,57] report that the gap between steel and polymeric fibers
reduces as the impact load increases. Although deformed steel fibers generally produce
much higher energy absorption than synthetic fibers in flexural tests, the relative difference
is lower under higher energy impact loading. In fact, long PP fibers were able to dissipate
about 80% of the energy absorbed by steel fibers under impact. Based on these observations,
the authors concluded that appropriately designed PP fibers, considering length, shape, and
surface deformation, can reach similar levels of fracture-energy absorption as deformed
steel fibers. At even higher impact energies (impact energy around 600 J), ultra high-
performance concretes reinforced with crimped PP fibers were found to exceed the flexural
toughness of those reinforced with flat-end steel fibers [58]. This trend was attributed to
the enhanced elastic response of the PP fibers under high-rate loading.

https://doi.org/10.3390/fib14050063

https://doi.org/10.3390/fib14050063


Fibers 2026, 14, 63 5 of 19

2. Materials and Methods
2.1. Methodology

In this paper, the impact resistance of UHPC reinforced with different types of synthetic
fibers has been investigated. Three fiber-reinforced mixes and a plain UHPC mix have
been tested under drop-weight impact loading. A complete and detailed overview of the
mechanical characteristics of these UHPC mixes, including compression strength, elastic
modulus and toughness, according to both EN 14651 [59] and ASTM 1609 [60], has been
reported in [61]. In particular, the fiber-reinforced UHPC mixes (UHPFRC) were realized
with these types of fibers: one with PVA microfibers, one with PP macrofibers, and one
hybrid combination of the two previous types. Their performance under drop-weight
impact loading was compared with that of plain UHPC panels, and the results were
validated against finite element simulations. The outcomes provide new insights into the
role of synthetic fibers in enhancing toughness, crack control, and energy absorption in
thin UHPFRC elements, highlighting their potential for precast façade applications where
durability and impact resistance are critical design issues.

2.2. Materials

Three different types of synthetic fibers have been used in this research activity, as
shown in Table 1. These fibers were chosen for their potential to improve impact resistance
and toughness of the concrete panels as defined in [61].

Table 1. Fibers properties according to manufacturer technical data sheet.

Fiber Name Material Length
[mm]

Equivalent
Diameter [mm]

Aspect
Ratio Shape Tensile Strength

[MPa]
Elastic Modulus

[MPa]

MasterFiber 401 Polyvinyl alcohol 12 0.20 60 straight 800 27,000
MasterFiber 236 Polypropylene 29 0.75 38.6 waved 450 3250
MasterFiber 246 Polypropylene 40 0.75 53.3 waved 450 3250

• PVA Microfibers (MasterFiber 401): These 12 mm-long fibers with a diameter of
0.2 mm were selected for their ability to control crack formation, particularly in
reducing shrinkage cracks.

• PP Macrofibers (MasterFiber 236 and 246): These fibers, 30 mm and 40 mm in length,
respectively, have a waved shape, which enhances their bond with the concrete matrix,
thereby improving toughness and ductility under impact loads.

The experimental investigation involved the four UHPC mixtures described and tested
in [61], one of which served as a control mix without any fiber reinforcement, while the
other three were reinforced with different synthetic fibers. The control mix consisted of
cement, silica fume, fine, medium, and coarse sands, water, and superplasticizer, as shown
in Table 2. Two different fibers length were used since it is expected, from the studies under
monotonic static loads [30], that the propagation of the crack is sensitive, at different stages,
to fibers dispersion and length.

Table 2. UHPFRC mix design used and characterized in [61].

Components
Quantity [kg/m3]

UHPC UHPFRC_1 UHPFRC_2 UHPFRC_3

Fine Sand (<0.5) 305 305 305 305
Medium Sand (0.6 < d < 1.2) 365 365 365 365

Coarse Sand (>1.2) 225 225 225 225
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Table 2. Cont.

Components
Quantity [kg/m3]

UHPC UHPFRC_1 UHPFRC_2 UHPFRC_3

Silica fume 175 175 175 175
Cement 800 800 800 800
Water 170 170 170 170

Superplasticizer 31.8 31.8 31.8 31.8
MF401 - 30 - 20
MF236 - - 30 -
MF246 - - - 10

2.3. Mechanical Properties of UHPFRC

As previously reported, the outcome of the experimental activity regarding the me-
chanical characterization of these mixes is shown and deeply discussed in [61]. The
three-point bending tests were carried out on prismatic notched beams with dimensions
of 150 × 150 × 600 mm3 (width × height × length), with a notch of 25 mm depth cut at
mid-span, in accordance with UNI EN 14651 [59]. In particular, the crack mouth opening
displacement (CMOD) has been measured by means of a linear variable displacement
transducer (LVDT) positioned below the notch of the beam. As suggested by the standard,
the results of these tests are given as flexural strength vs. CMOD graphs. The average
results obtained from compression tests on five cubic specimens, elastic modulus tests
on three cylinders, and the three-point bending tests are shown in Table 3. The results
of the bending tests are expressed in terms of limit of proportionality (LOP) stress and
the flexural stresses frj corresponding to the CMODj values (j = 1, 2, 3, 4). Regarding the
toughness results (Figure 1), it can be seen that the first linear elastic stage is the same
for the three mixes in terms of both the LOP and the slope of the initial branch. Once the
crack occurred, it is evident how the PVA microfibers allowed better control of the load
decay and faster recovery of the load than the other mixes. Finally, the evident differences
in the post-cracking behavior for high values of crack opening mount can be seen. The
PP macrofibers included in mix UHPFRC_2 allowed the specimens to carry a higher load
from CMOD equal to 1 mm to the end of the tests. On the other hand, the mix UHPFRC_3,
realized with both PVA microfibers and PP macrofibers, seemed to stay in the middle
between the other two UHPFRC mixes. Despite the fact that the contribution of the PVA
microfibers appeared not so evident in this mix, since no significant differences are seen
for low CMOD values, the influence of MF246 can be noted for a larger CMOD when the
curve is compared with the one of UHPFRC_1.

Table 3. Compressive strength Rc, elastic modulus E and CMOD from three-point bending tests on
notched beams (CoV values in parentheses) [61].

MIX

Properties from Compression Properties from Three Point Bending Test

Rc [MPa] E [MPa] LOP [MPa]

CMOD
0.5 mm

CMOD
1.5 mm

CMOD
2.5 mm

CMOD
3.5 mm

fr3/fr1
[-]

fr1 [MPa] fr2 [MPa] fr3 [MPa] fr4 [MPa]

UHPC 121.39
(4.1%)

44234
(0.9%)

6.71
(2.8%) - - - - -

UHPFRC_1 119.9
(6.0%) 41452 6.77

(2.4%)
6.77

(3.8%)
4.38

(7.5%)
2.03

(10.2%)
1.11

(10.9%) 0.30

UHPFRC_2 108.4
(1.2%)

40407
(2.1%)

6.54
(4.0%)

5.83
(11.0%)

7.97
(11.5%)

8.43
(12.8%)

8.13
(13.2%) 1.45

UHPFRC_3 111.0
(2.7%)

42306
(2.0%)

7.04
(4.8%)

5.97
(20.8%)

5.82
(24.0%)

4.87
(24.4%)

4.63
(31.6%) 0.82
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Figure 1. Average curves of three-point bending results on UHPFRC mixes [61] and zoomed inset of
the initial CMOD region.

3. Impact Tests
3.1. Tests Setup

The primary objective of the impact tests conducted and described in this study was
to compare the reference mix without fibers to three different UHPFRC mixes, assessing
the effects of various fiber types and their combination. Additionally, the results obtained
were used to validate a numerical model, which could later be applied for quantitative
analysis in specific cases.

Four thin, unreinforced panels—one for each mix—were cast using the three UHPFRC
mixes and the previously described reference UHPC mix. Each panel had a square surface
with a side length of 1000 mm and a thickness of 40 mm. The test setup, illustrated in
Figure 2, involved dropping a steel ball with a diameter of 120 mm and a weight of 7.7 kg
from a height of 1000 mm onto the center of the panels. The panels were supported along
all four edges by steel beams, as shown in Figure 2. The panels rested on the beams over
a contact width of a few centimeters, with no mechanical fastening. This configuration
closely approximates simply supported boundary conditions, allowing free rotation at the
edges. The ball was suspended from a horizontal rod by a rope, which was cut to initiate
the test.

 

Figure 2. Impact tests setup (dimensions in mm).

The central deflection at the moment of impact was estimated by means of scaled
digital photo analysis of images captured during the test. A reference scale was placed
adjacent to the panel, and the deflection of the panel center was measured from the
photographic record. This approach was adopted due to the absence of contact sensors
at the impact location, which could interfere with the free-fall trajectory of the steel ball.
In addiction, after each test, the crack width has been measured using a Dino-Lite digital
microscope(AnMo Electronics Corporation, New Taipei City, Taiwan). The drop height
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of 1000 mm was set by fixing the release point of the steel ball at a measured and marked
position above the panel surface, verified before each test with a graduated measuring
tape. The ball was centered over the panel by means of a laser pointer, ensuring that the
impact point coincided with the geometric center of the upper surface. The same setup,
drop height, and steel ball were used for all tests to guarantee consistent conditions across
the four panels.

Since in this case it was not possible to measure the peak impact force, the following
procedure has been used in order to calculate the average impact force for each test (i.e.,
average over distance impact force). Generally, it is considered that the average impact
force corresponds to half the peak force during impact. In particular, this process is based
on the work-energy principle according to whom the change in the kinetic energy of an
object is equal to the net work (Wnet), in terms of kinetic energy, done on the object:

Wnet =
1
2

mv2
f −

1
2

mv2
i

where m is the mass, the final velocity vf is equal to zero after the impact and the initial
velocity vi is the velocity of the ball right after the impact. For straight-line impact, the net
work can be calculated as the average force of impact (Favg) multiplied for the distance
traveled by the object during the impact:

Wnet = Favg·x

in such case, the distance x covered by the object during the impact corresponds to the
deflection of the panel measured in the impact point (i.e., the central point of the panel).
Firstly, the application of the conservation energy to a falling object allows easily predicting
its impact velocity and the kinetic energy. In fact, the impact velocity can be obtained by
means of the equation:

v =
√

2gh

where g is the gravity acceleration and h is the height from which the ball was dropped.
In this case the impact velocity resulted to be equal to 4.43 m/s and allow calculating the
kinetic energy at the impact as:

K =
1
2

mv2

where m is the weight of the steel ball. For these tests, the ball had a kinetic energy of 75.5 J
at the instant before impact. In practice, the steel ball may not come to a complete stop
and could rebound producing secondary impacts. However, for the purpose of calculating
the average impact force, the final velocity ve is conservatively assumed to be zero, so that
the total kinetic energy equals the net work transferred to the panel. This assumption is
consistent with the experimental observations: for all tested panels, the rebound of the
steel ball after impact was negligible, with the ball coming to a near-complete stop at the
panel surface. Under this condition, the kinetic energy at impact is entirely transferred to
the panel, and the assumption does not introduce a significant error in the average force
calculation. The average impact force can then be calculated as:

Favg = Wnet/x

where x is considered as the central point panel deflection.

3.2. Results

The first panel subjected to the drop-weight impact test was the plain concrete one,
without any fiber reinforcement. Figure 3 shows the crack mapping on the upper and
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lower surface of each panel. In the case of the UHPC panel (Figure 3a), upon impact, a
prominent crack suddenly formed, as clearly visible in the images, extending from the
point of impact to one edge of the panel. In this case, as well as for the other panels tested,
no perforation of the panel by the steel ball was detected. The rebound of the steel ball
after impact was monitored for all tested panels. In all cases, the rebound was negligible:
the ball came to a near-complete stop at the panel surface, with no appreciable secondary
impact detected. This behavior indicates that the panels effectively dissipated the kinetic
energy of the impactor through crack formation, fiber bridging, and inelastic deformation,
with minimal elastic energy returned to the ball.

(a) (b) (c) (d) 

 
Figure 3. Crack mapping on the upper and lower surface (orange line for through-cracks) of:
(a) UHPC; (b) UHPFRC_1; (c) UHPFRC_2; and (d) UHPFRC_3.

The maximum crack opening measured on the UHPC specimen was 3.87 mm, located
at the center of the lower panel surface. Additionally, as shown in Table 4, the deflection at
the panel’s central point, determined through scaled digital photo analysis, was 6.4 mm.

Table 4. Impact test results.

Mix Higher Crack
Opening [mm]

Central Point
Deflection [mm]

Average Impact
Force [kN]

UHPC 3.87 6.4 11.8

UHPFRC_1 0.19 2.4 31.5

UHPFRC_2 0.46 3.2 23.6

UHPFRC_3 0.19 2.2 34.3

The impact effects on the UHPFRC_1 panel are illustrated in Figure 3b. The top surface
of the panel showed no significant damage from the steel ball impact. Apart from a small,
localized crack at the point of impact, no additional cracks were detected across the surface.
In contrast, damage to the lower surface was considerably reduced compared to the plain
UHPC panel. As seen in Figure 3b, only two cracks formed after impact. The maximum
crack opening measured was 0.19 mm—more than an order of magnitude smaller than that
observed in the UHPC panel. This indicates that the PVA microfibers (MF 401) played a
crucial role in minimizing the damage propagation inside the panel.

The images in Figure 3c illustrate the impact test results for the UHPFRC_2 panel.
Similar to the UHPFRC_1 panel, no through-cracks were observed in this case. The crack
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pattern on the lower surface is shown in Figure 3c. Although a circular perimeter crack
was observed on the lower surface of the UHPFRC_2 panel, no cracks were detected on the
upper surface. This crack pattern is consistent with a flexural failure mode, in which tensile
cracks develop on the bottom face without propagating through the full panel thickness.
No through-thickness cracking was detected.

The maximum crack opening measured was slightly larger than that of the UHPFRC_1
panel, reaching 0.46 mm. This finding is supported by the bending characterization reported
in Table 3 [48]. PVA microfibers (MF401, 12 mm) possess superior mechanical properties—
tensile strength 800 MPa and elastic modulus 27 GPa—compared to PP macrofibers (MF236,
30 mm: 450 MPa and 3.25 GPa). These properties make PVA fibers more efficient in
bridging micro-cracks at small crack openings (CMOD up to approximately 1.2 mm). At
larger crack openings, PP macrofibers become progressively more effective: their greater
length allows sustained load transfer across wider crack faces. Specifically, Table 3 reports
residual flexural strengths of fR1 = 6.77 MPa at CMOD = 0.5 mm for UHPFRC_1 (PVA)
and 5.83 MPa for UHPFRC_2 (PP), confirming the superior bridging efficiency of PVA at
early crack opening stages. The crack openings measured under impact are consistent with
this behavior.

For the panel incorporating both PVA microfibers and PP macrofibers (MF 246), the
resulting crack pattern is shown in Figure 3d. Notably, the damage closely resembled
that observed in the UHPFRC_1 panel, primarily due to the reinforcing effect of the PVA
microfibers. As seen in Figure 3d, only two cracks formed, with the maximum crack
opening measuring 0.19 mm.

The addition of synthetic fibers significantly improved the impact response of thin
UHPC panels. As shown in Table 4 and Figure 3, all fiber-reinforced mixes outperformed
the plain UHPC panel. The UHPFRC_3 hybrid mix (PVA + PP) achieved the highest
average impact force (34.3 kN) and the lowest central deflection (2.2 mm), followed by
UHPFRC_1 (PVA only, 31.5 kN, 2.4 mm) and UHPFRC_2 (PP only, 23.6 kN, 3.2 mm). The
plain UHPC panel recorded the lowest values (11.8 kN, 6.4 mm). In terms of crack control,
PVA microfibers proved more effective than PP macrofibers for this application, as con-
firmed by the comparison between UHPFRC_1 and UHPFRC_2: PVA fibers reduced crack
number, length, and opening during the formation and propagation stages. The results in
Table 4 show that UHPFRC_1 and UHPFRC_3 achieved similar impact performance, with
differences within the range of experimental scatter. This suggests that, at the tested energy
level, PVA microfibers provide the dominant contribution to impact resistance, owing to
their effectiveness at controlling crack initiation and bridging at small crack openings. PP
macrofibers, which are more effective at larger openings, are expected to become more
influential at higher impact energies, where crack propagation extends over a wider range
of opening widths [61]. For this purpose, the addition of PP macrofibers in UHPFRC_3
does not produce a systematic improvement at this scale.

4. Numerical Analysis
In order to implement the mechanical properties of the tested UHPFRC into a numeri-

cal code able to run a finite element analysis (FEA), an inverse analysis has been performed
priorly by means of the experimental data obtained from three-point bending tests [62]. In
this case, the inverse analysis has been conducted by following the indications reported
in the fib Model Code 2010 (MC 2010) [2] section dedicated to fiber-reinforced concrete as
shown in Figure 4.
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Figure 4. Direct approach inverse analysis according to Model Code 2010 [2].

The parameters used in the inverse analysis illustrated in Figure 4 are defined as
follows: fct is the concrete tension strength, here determined with the formulationIn Pro-
ceedings of the fct = 2, 12·ln(1 + ( fc/10)) purposed by Eurocode 2 [3]; fFts is the service-
ability residual strength; fFtu is the ultimate residual strength; wu is the maximum crack
opening accepted for structural design, considered equal to 2.5 mm; εSLS and εSLU represent
the strain at the serviceability and ultimate limit state respectively; lcs is the structural
characteristic length, assumed equal to the height of the specimen above the notch hsp

(as defined in [59]), which for elements without traditional reinforcement under bending
corresponds to the height of the resisting cross-section; and εFu is the ultimate strain. The
inverse analysis yields a stress–strain relationship in which crack opening and strain are
linked through lcs as w = ε × lcs. In the finite element model, lcs was set equal to the element
size in the impact zone (10 mm), so that the fracture energy dissipated per unit crack area
remains independent of mesh refinement, consistently with the crack band approach.

Based on the experimental results obtained from the three-point bending tests
(Figure 1), it has been considered a tensile stress–strain softening behavior for the mixes
UHPFRC_1 and UHPFRC_3 and a hardening branch in the case of UHPFRC_2 mix.

A calibration phase was subsequently performed in order to ensure consistency be-
tween the experimental impact results and the numerical response of the panels. The
calibration involved minor adjustments of the post-cracking parameters within the range
of experimental variability observed in the bending tests. This step was considered neces-
sary to account for the specific behavior of UHPC reinforced with synthetic fibers, whose
crack-bridging mechanisms differ from those typically associated with steel fiber-reinforced
concrete, for which the inverse analysis procedure was originally formulated.

The calibrated model showed good agreement with the laboratory results in terms of
crack opening and deflection, confirming the reliability of the adopted approach.

4.1. Simulations Setup and Input Parameters

The simulated impact test on ABAQUS™ (Dassault Systèmes Simulia Corp., Provi-
dence, USA) reproduced the same conditions as the laboratory tests. The panel dimensions
were 1000 × 1000 mm2 with 40 mm thickness. The ball had 120 mm diameter and weighed
7.7 kg; it was released from rest at 1 m above the panel, with gravity applied throughout the
analysis. Supports were modeled as boundary strips along all four panel edges, with the
same width as the actual contact area and simple support constraints, as can be seen from
Figure 5a. The compressive behavior was modeled using a parabolic stress–strain law [2],
with the compressive strength values from Table 3 as input. Cracking was simulated with
the Concrete Damaged Plasticity (CDP) model. The steel ball was modeled as an elastic
body (E = 210 GPa, ν = 0.3), with a general contact interaction at the ball-panel interface.
Table 5 reports the main parameters used in the finite element model. A mesh size of
10 mm was used in the impact zone and 20 mm in the outer regions (Figure 5b); a mesh
convergence study confirmed that results from the 10 mm and 5 mm meshes differ by less
than 3%. Apart from the tensile post-cracking behavior defined by inverse analysis, five
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additional parameters required by the CDP model were set based on values commonly
adopted for UHPC [63–65]:

• Dilation angle ψ in the p-q plane, in which p corresponds to the hydrostatic stress state
and q represents the Von-Mises criterion, considered equal to 31◦;

• Flow potential eccentricity ϵ considered equal to 0.1;
• The ratio fb0 / fc0 of biaxial compressive yield stress to uniaxial compressive yield

stress considered equal to 1.16;
• The ratio K of the second stress invariant on the tensile meridian to that on the

compressive meridian for the yield function considered equal to 2/3;
• The viscosity parameter µ (relaxation time) considered equal to 0.

(a) (b) 

Figure 5. Finite element model: (a) support and gravity load; (b) elements mesh.

Table 5. Summary of finite element model parameters.

Parameter Value/Description

Software ABAQUS™/Explicit v.2022

Crack model Concrete Damaged Plasticity (CDP)

Panel element type Hex elements, structured technique

Steel ball element type Hex-dominated elements, sweep technique

Mesh size (panel-impact zone) 10 mm

Mesh size (panel-edges) 20 mm

Mesh size (steel ball) 5 mm

Contact formulation General “hard” contact, friction coefficient = 0.2

Buondary conditions Simply supported on four edges (pinned)

Gravity Included

4.2. Results of FEM Analysis

The results of the numerical impact simulations are summarized in Figure 6, which
reports, for each panel, the distribution of Von Mises stresses, the deflection and the tensile
damage dt of both the upper and lower surface. In particular, the results are reported at
the time of maximum panel deflection, corresponding to approximately t = 0.46 s from the
start of the steel ball free fall, when it reaches its lowest position and the panel deformation
is at its peak. The “damaget” contour plots in Figure 6 show the distribution of the tensile
damage variable dt obtained from the CDP model. Values of dt approaching 1 indicate
fully damaged (cracked) regions, while dt = 0 corresponds to undamaged material. A
direct comparison with the experimental tests is provided in Table 6. The crack opening
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width was estimated in post-processing from the maximum principal plastic strain εtl

multiplied by the element size le (crack band approach: w = εtl × le), consistently with the
formulation adopted in the constitutive law definition (Section 4). For the UHPC panel
(Figure 6a), the damage map shows a clear diagonal pattern on the lower surface, with
d5 values approaching 1 in the cracked regions. The crack opening estimated with the
crack band approach is 0.45 mm, and the deflection is 4.5 mm. The UHPFRC_1 panel
(Figure 6b) shows a similar damage pattern but with markedly reduced crack opening
(0.24 mm) and deflection (2.8 mm). No significant damage is observed on the top surface
except at the impact point. The UHPFRC_2 panel (Figure 6c) presents a different response:
damage is more concentrated in the impact zone, with a crack opening of 0.28 mm and a
deflection of 3.3 mm. The UHPFRC_3 panel (Figure 6d) shows a response closely aligned
with UHPFRC_1, with a crack opening of 0.24 mm and deflection of 2.9 mm.

  

  
(a) 

  

  
(b) 

UP 

UP DOWN 

DOWN 

Figure 6. Cont.
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Figure 6. Impact test simulation results: (a) plain UHPC; (b) UHPFRC_1; (c) UHPFRC_2; and
(d) UHPFRC_3.

Table 6. Impact test results of laboratory tests and numerical simulations.

Laboratory Tests FEM Simulations

Mix
Higher Crack

Opening
[mm]

Deflection
[mm]

Average
Impact Force

[kN]

Higher Crack
Opening

[mm]

Deflection
[mm]

Impact Force
[kN]

UHPC 3.87 6.4 11.8 0.45 5.1 30.6
UHPFRC_1 0.19 2.4 31.5 0.24 3.5 39.1
UHPFRC_2 0.46 3.2 23.6 0.28 3.9 35.6
UHPFRC_3 0.19 2.2 34.3 0.24 3.7 37.7
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Moreover, Figure 7 shows the time histories of impact force and central deflection
for the four panel specimens. All panels reach maximum deflection at approximately
t = 0.46 s, shortly after first contact with the steel ball. The onset of the deflection coincides
with that of the impact force for all panels, consistent with the collocated measurement
at the panel center. The peak impact force is lower for UHPC, equal to 30.6 kN, than
for the fiber-reinforced panels, for which it ranges between 35.6 kN and 39.1 kN. This
difference is consistent with the greater damage and larger deflection of the plain UHPC
panel: since the average impact force is inversely related to the central deflection for the
same input energy, a larger deflection corresponds to a lower force. The impact force pulse
is brief and returns to zero once the steel ball separates from the panel surface. After the
impact event, the panel undergoes free vibration about its deformed equilibrium position:
the deflection oscillates and gradually settles to a non-zero residual value, reflecting the
permanent inelastic deformation caused by cracking. The amplitude of the post-impact
oscillation is larger for the plain UHPC panel, consistent with its greater damage and lower
residual stiffness. The numerical results show that the hybrid mix UHPFRC_3 falls between
UHPFRC_1 and UHPFRC_2, consistent with the expected behavior of a mix combining
PVA microfibers and PP macrofibers.

 

  

Figure 7. Time histories of impact force and central deflection.

As summarized in Table 6, the numerical results agree well with the experimental
data in terms of both crack opening and deflection. The plain UHPC panel exhibits the
highest values in both tests and simulations. Among the UHPFRC mixes, UHPFRC_2
shows larger crack openings and deflections than UHPFRC_1 and UHPFRC_3, consistent
with the laboratory observations. The numerical model reproduces the qualitative trends
of the fiber-reinforced mixes with reasonable accuracy; in particular, the hybrid mix UH-
PFRC_3 falls between UHPFRC_1 and UHPFRC_2 in terms of both crack opening and
deflection, consistent with the expected behavior of a mix combining PVA microfibers and
PP macrofibers. A significant discrepancy is observed for the plain UHPC panel: the pre-
dicted crack opening (0.45 mm) is considerably lower than the measured value (3.87 mm),
attributed to the brittle, unstable fracture behavior of the unreinforced panel, which is more
difficult to capture with the calibrated CDP model. The adopted inverse analysis procedure,
based on EN 14651 [59] bending tests and the fib Model Code 2010 [2], proves adequate to
describe the post-cracking behavior of UHPC reinforced with synthetic fibers.
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These results confirm that the calibrated material model is capable of capturing the
main impact-response mechanisms, including crack limitation and stiffness retention pro-
vided by synthetic fibers, and therefore represents a reliable tool for further parametric
investigations.

5. Conclusions
In the present work, laboratory tests and FEM analyses were carried out on thin

UHPC panels reinforced with synthetic fibers. PVA microfibers and PP macrofibers were
investigated. Four panels were tested and simulated: one made of plain UHPC and
three made of UHPFRC with different fiber combinations (PVA only, PP only, and hybrid
PVA–PP).

Based on the results obtained, the following conclusions can be drawn:

• The mechanical characterization previously reported in [61], including three-point
bending tests on notched beams, is consistent with the behavior observed under
impact loading.

• Synthetic fibers significantly improve the impact resistance of thin panels without
conventional bar reinforcement. Both PVA microfibers and PP macrofibers effectively
reduce crack opening. PVA microfibers are particularly effective during crack initi-
ation and early propagation stages. The use of MF 401 leads to a clear reduction in
crack number and crack length.

• Fiber reinforcement also reduces deflection under impact. Panels reinforced with
PVA microfibers show better overall performance compared to those reinforced only
with PP macrofibers, as highlighted by the differences between UHPFRC_1 and
UHPFRC_2.

• The numerical simulations reproduce both the trends and the magnitude of the
experimental results. The plain UHPC panel exhibits the largest crack openings and
deflections, while all fiber-reinforced panels show improved behavior. Among them,
UHPFRC_2 consistently presents larger crack openings compared to UHPFRC_1 and
UHPFRC_3.

Future research will focus on improving the modeling of high- and ultra-high-
performance concretes reinforced with synthetic fibers. In particular, further refinement of
the inverse analysis procedure is required to define constitutive models capable of accu-
rately describing the toughness and post-cracking response of ultra-high-strength concretes
with synthetic fibers. The inverse analysis approach proposed in the fib Model Code 2010
was primarily developed for steel fiber-reinforced concrete and may not fully capture the
crack-bridging mechanisms typical of synthetic fibers. The development and calibration
of dedicated models for synthetic fiber reinforcement are therefore necessary for reliable
numerical simulations and design applications.

Additional experimental investigations on impact behavior are also needed. Future
tests should consider different fiber contents and varying impact energy levels in order
to better quantify damage evolution, crack propagation, and energy absorption capacity
under dynamic loading.
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