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A B S T R A C T

Innovative high-performance cementitious materials lead the way for the development of advanced structural
systems, characterized by improved durability, mechanical performance, and construction efficiency. In this
paper, we introduce a partially precast unidirectional ribbed slab system, featuring very high-performance
fiber-reinforced concrete (VHPFRC) I-beams, textile-reinforced concrete (TRC) stay-in-place formworks, and
ordinary steel fiber-reinforced concrete (SFRC) finishes. Engineered to maximize the advantages of these
innovative materials, the system achieves a lightweight configuration, minimizing the need for on-site steel
reinforcement placement. After outlining the conceptual design of the proposed structural system, the paper
thoroughly examines the characterization of materials and details the prototyping procedures employed. The
theoretical framework is substantiated by an extensive experimental campaign on individual components,
offering insights into the full-scale response of the precast elements, and is supplemented by simplified sectional
analyses aimed at estimating the flexural behavior of the full composite slab. Additionally, a preliminary
assessment of the environmental sustainability of the solution is provided.
1. Introduction

In the evolving world of construction, there is a crucial demand for
structural solutions that can adapt to the requirements of contempo-
rary social and technical scenarios. Traditional construction methods
are gradually yielding to industrialized solutions, where prefabricated
elements [1,2] and modular systems [3] are embraced to ensure preci-
sion, shorten construction times and extend the service life of struc-
tures. This leads to an increasing need for inventive solutions that
incorporate features such as lightweight design [4], ease of assem-
bly, cost-effectiveness, environmental sustainability [5,6] and superior
mechanical properties.

In this context, high-performance cement-based composites emerge
as highly promising solutions for optimizing various structural com-
ponents. Expanding upon the pioneering work of Pier Luigi Nervi on
ribbed and corrugated systems integrating ferrocement formworks [7,
8], this study explores a novel approach for semi-prefabricated elevated
slabs. It leverages the mechanical characteristics of advanced cemen-
titious materials, such as very-high performance fiber-reinforced con-
crete (VHPFRC) [9,10] used in precast I-beams, textile-reinforced con-
crete (TRC) [11,12] employed in thin-walled shape-resistant shells [13–
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17], and ordinary fiber-reinforced concrete (FRC) introduced as a cast-
in-place topping layer.

The proposed semi-prefabricated system was primarily designed
with the aim of achieving a lightweight solution (approximately 3
kN/m2), exerting positive effects on the entire building structure. Si-
multaneously, it was engineered for simplicity in the construction
process, via the incorporation of modular prefabricated elements and
the minimization of extensive on-site operations (e.g. the placement of
additional rebar).

This paper, after detailing the technology and materials used, dis-
cusses the results of the experimental campaign encompassing differ-
ent structural components, which have been partially documented in
preliminary studies [18,19]. Additionally, it provides a simplified as-
sessment of the flexural response and environmental impact of the full
composite slab, deferring refined evaluations, including experimental
and numerical analyses, to future studies.

2. Conceptual design of the semi-precast slab

The semi-precast slab of Fig. 1 is composed of an array of VHPFRC
structural beams, spaced at 1.15 m intervals with a span of 6 m, coupled
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Fig. 1. Scheme of the proposed lightweight elevated slab composed by VHPFRC I-beams, TRC stay-in-place formworks, and ordinary cast-in-place SFRC.
Source: Adapted from [19].
Fig. 2. Details of the proposed slab system: VHPFRC I-beams, TRC shells and full slab section including the cast-in-place SFRC (measures expressed in mm).
with lightweight TRC-based integrated formworks. This configuration
reduces weight and enhances structural robustness, positively impact-
ing the overall building structure. Additionally, a cast-in-place steel
fiber-reinforced concrete (SFRC) finishing layer is introduced to con-
nect the various structural components, while minimizing the need for
on-site rebar placement along the transverse direction. This structural
configuration offers several advantages, including: (i) a reduction in
overall mass, which in turn results in lower gravitational and inertial
loads on structural elements; (ii) enhanced environmental sustainabil-
ity, due to the lower material usage; and (iii) increased durability, due
to the relevant mechanical performance of the materials employed.
Moreover, it is expected to shorten construction times compared to a
conventionally cast-in-place solution.

Observing the geometry of the VHPFRC beam in Figs. 1 and 2, it
is possible to note the total absence of shear reinforcement, achieved
by the significant contribution of dispersed steel fibers and two sets of
longitudinal reinforcement (four 𝜙10 mm and two 𝜙12 mm diameter
bars). In bending, the beam section is strongly reinforced, with the top
reinforcement layer designed to ensure adequate mechanical perfor-
mance of the whole slab even under fire conditions. In addition, circular
holes are introduced along the web of the beams to increase shear
transfer between the different structural components and potentially
allow for the passage of utilities in the transverse direction.
2 
The purpose of the TRC shell elements (Figs. 1 and 2), similarly to
hollow clay bricks in lightened reinforced concrete slabs traditionally
employed in Italy, is to reduce dead weights, simplify transient con-
struction phases and allow the longitudinal passage of utilities without
interfering with the clear span between storeys. The TRC element has
a base of approximately 1 × 1 m2, a gross depth of 0.22 m, a wall
thickness ranging from 6 to 10 mm and a global weight of around 30 kg,
making it manually transportable by two operators. Its shape was ini-
tially conceived as a cylindrical ellipse, or an extruded omega featuring
a flat walking surface. However, both preliminary designs promptly
revealed limitations in transient scenarios. To improve the structural
performance, alternative geometries leveraging shape and curvature
resistance were considered. The optimization process was conducted
through preliminary numerical modeling, with a focus on minimizing
principal tensile stresses under transient load conditions, ensuring ge-
ometric compatibility with the chosen wall reinforcement, reducing
the risk of rainwater accumulation on the element, and simplifying
production procedures. The preliminary analyses involved evaluating
displacements and stresses using linear elastic models. Shell elements,
10 mm thick and incorporating a Simpson thickness integration rule,
were used, with an elastic modulus of 45 GPa. The models, representing
various design options, were subjected to a central concentrated load
distributed over a 100 × 100 mm2 footprint and were supported
unilaterally at the base of the modules.
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Table 1
Mix design of the VHPFRC.

Ingredient Dosage [kg/m3]

Cement I 52.5 600
Sand 0–2 mm 977
Water 200
Superplasticizer 33
Blast furnace slag 500
Steel microfibers 100

Table 2
VHPFRC uniaxial compression test results; fc: uniaxial compressive strength.

Specimen Load [kN] fc [MPa]

1 962 125.0
2 1011 131.3
3 995 129.3

Avg (std) 989.3 (25.0) 128.5 (3.2)

As shown in Figs. 1 and 2, prefabricated elements are ultimately
topped with a layer of SFRC with a minimum thickness of 30 mm,
serving to complete the slab and ensure collaboration between its
constituent elements. In the transient phase the self-weight of the fresh
SFRC is supported by shells and beams, and in this regard it proved
essential to minimize its total volume, i.e. its weight. Under permanent
conditions, conversely, the SFRC area becomes important as it predom-
inantly undergoes compressive stresses, thereby counterbalancing the
tensile resultant in the flexural mechanism and imparting ductility to
the composite section.

3. Materials

As presented, the slab system is based on two prefabricated elements
made of high-performance cementitious materials. The I-beams are con-
structed using VHPFRC, reinforced with traditional ribbed steel bars.
The shell elements in TRC are made of a high-performance concrete
(HPC), reinforced with a single alkali-resistant (AR) glass fabric. The
key mechanical characteristics of these materials are detailed below.
Regarding the material for the topping pour, steel fiber-reinforced
concrete (SFRC) of class 4b in tension and C45 in compression was
selected according to the fib Model Code 2010 (MC2010) [20]. This
material was not subjected to mechanical characterization tests, as
full-scale experiments were conducted solely on the prefabricated parts.

3.1. Prefabricated beams

3.1.1. VHPFRC
The VHPFRC mix design, selected through an extensive optimization

process, is detailed in Table 1. The formulation includes a dosage
of 100 kg/m3 of high-carbon steel brass-plated microfibers (length
13 mm, diameter 0.16 mm, aspect ratio approximately 80), correspond-
ing to a 1.2% dosage by volume.

The characterization of the cementitious composite was carried out
according to MC2010 [20]. Specifically, the concrete was classified as
C120, following uniaxial compression tests on three nominally identical
cylinders with a diameter of 100 mm (see Table 2). Regarding the
post-peak tensile strength, the material was characterized on three
nominally identical notched beams under a center-point loading, ac-
cording to the EN14651 [21] standard. The results are presented in
Fig. 3 and Table 3.

The characteristic values of the flexural residual strengths relevant
for serviceability (fR1,k) and ultimate (fR3,k) conditions were computed
using the data from Table 3. They amount to 14.11 MPa and 8.01 MPa,
respectively; consequently, the VHPFRC is classified as a 14a material,
as per MC2010.
3 
Fig. 3. Flexural response of VHPFRC notched beams: nominal flexural stress (𝜎N)
vs. crack mouth opening displacement (CMOD) diagrams. Note: the gray solid hatch
represent the dispersion of experimental results.

Table 3
Flexural residual strengths of the VHPFRC notched beams; fR1 and fR3: residual tensile
strengths.

Specimen fR1 [MPa] fR3 [MPa]

1 15.90 14.51
2 15.11 12.27
3 15.38 11.82

Avg (std) 15.46 (0.40) 12.87 (1.44)

3.1.2. Steel rebar
Three nominally identical B450C grade steel 𝜙10 mm diameter bars

were experimentally tested in uniaxial tension. The mean values of
yield strength fym, yield strain 𝜀𝑠𝑦, ultimate strength fum and ultimate
strain 𝜀𝑠𝑦 were respectively equal to 534.0 MPa, 0.293%, 626.7 MPa
and 12%. Note that, due to the unavailability of 𝜙12 mm samples from
the same production batch, experiments were conducted exclusively on
the 𝜙10 mm ones.

3.2. Prefabricated stay-in-place formworks

The TRC was obtained by embedding a layer of alkali-resistant
glass double leno weave fabric into a fine-grained high-performance
concrete (HPC). The mix design for the HPC was chosen through a
procedure focused on achieving optimal workability in the fresh state.
This workability criterion was essential for the full-scale production
process, which, as will be shown later, entailed pouring the matrix into
the casting mold through multiple small openings situated on one side.

3.2.1. Characterization of the base materials
The mix design of the self-compacting HPC is shown in Table 4. The

resulting matrix exhibits a water-to-binder ratio of 0.2 and a water-
to-cement ratio of 0.36. The maximum aggregate size was reduced
to 1 mm to promote a stronger bond between the cementitious ma-
terial and the coated glass yarns. Relevant mechanical characteristics
were assessed through conventional bending and compressive tests
on prismatic specimens, following EN 196-1 [22] and MC2010 [20].
The average results obtained from a series of 12 samples measuring
40 × 40 × 160 mm3 are: bending tensile strength fctf of 13.5 MPa (std
1.9 MPa), uniaxial tensile strength fct of 4.7 MPa (std 0.7 MPa) and
cubic compressive strength fcc of 100.5 MPa (std 9.3 MPa).

As depicted in Table 5, the chosen alkali-resistant glass fabric,
coated with a styrene butadiene rubber (SBR), is characterized by
an orthotropic geometry. Specifically, its equivalent thickness t is
eq
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Table 4
Mix design of the HPC.

Ingredient Dosage [kg/m3]

Cement I 52.5 600
Sand 0–1 mm 846.5
Water 214.7
Superplasticizer 55.8
Blast furnace slag 500

Table 5
Characteristics of the AR glass fabric.

Characteristic

Fabrication technique Leno weave
Warp spacing [mm] 4.9
Weft spacing [mm] 10.1
Warp yarn [Tex] 2 × 1200
Weft yarn [Tex] 1200

0.183 mm in the warp direction and 0.044 mm in the weft direction, re-
ulting in a strength ratio of approximately 4:1. According to Colombo
t al. (please refer to fabric F3 in [23]), the average tensile capacity in
he warp direction is 157.4 kN/m. Consequently, a maximum load of
pproximately 39.4 kN/m shall be expected along the weft.

3.2.2. Tensile response of the composite
In order to analyze the tensile characteristics of the composite in

the two primary fabric weaving directions, uniaxial tensile tests were
conducted on six specimens with nominal dimensions of 9 × 70 × 400
mm3. Three coupons featured a fabric oriented in the weft direction,
while the remaining three had a fabric arranged in the warp direction.
In all instances, the fabric was centrally placed within the sample
thickness and a hand lay-up technique was used for casting.

The tests were carried out using constant displacement control at
 fixed rate of 0.02 mm/s. Four steel plates, 2 mm thick and mea-
uring 50 × 70 mm2, were glued to the specimens ends to ensure a
ore uniform distribution of pressure applied by the grips (clamping

orce of approximately 8 kN). Additionally, two LVDT (linear variable
ifferential transformer) sensors were applied, one at the front and one
t the back of each specimen, to measure the relative crack opening
isplacements (COD) over a nominal gauge length of 200 mm. The
ominal free length 𝐿0 of the specimens was 300 mm.

The experimental curves for the nominal tensile stress (𝜎𝑁 ) vs.
ormalized stroke displacement (𝛿∕𝐿0) are depicted in Fig. 4. The
ndividual responses are presented in black alongside the red average
ehavior, both in the warp (Fig. 4a) and weft (Fig. 4b) reinforcing
irections. It is important to note that the reported nominal stresses
ere computed by dividing the load measured by the load cell by the
ctual cross-sectional area of each composite. Fig. 4 also features the

crack patterns of all six specimens; it can be observed that all of them
displayed multiple cracks before reaching failure, except for the weft-
N01 specimen, which fractured near the steel plate due to the loss of
adhesion between the fabric and the matrix, potentially caused by a
ocalized manufacturing defect. As a result, the test was interrupted
nd the following part of the graph is omitted. It is noteworthy that
he TRC exhibited a maximum in-plane tensile stress of approximately

15 MPa and 5 MPa in the warp and weft directions, respectively. This
asymmetry can be attributed to the intrinsic characteristics of the glass
fabric detailed in Table 5.

3.2.3. Flexural response of the composite
Given the stress conditions expected in TRC shells, especially under

transient situations that may involve out-of-plane actions, the decision
was made to investigate the flexural behavior of the TRC through 12
bending tests on specimens with nominal size of 15 × 70 × 500 mm3.
These specimens were obtained by sawing a larger plate that was cast
4 
alongside the full-scale shells. Six specimens were cut along the weft
abric direction, and six along the warp. However, it is crucial to note
hat the positioning of the reinforcing fabric within the thickness of
he large plate could not be controlled during the casting process.
onsidering the potential sub-optimal positioning in the full-scale shells
s well (see Section 4), for each direction it was decided to evaluate

three bending specimens with the fabric placed in the tensile zone and
three with the fabric positioned near the top chord of the cross-section.

The experiments employed a four-point bending setup, with a
450 mm distance between supports and a nominal shear span of
150 mm. Since the flexural specimens were unnotched, four displace-

ent transducers (LVDT) were arranged as follows: two positioned
n the bottom surface of the specimen, with a nominal gauge length
f 200 mm, and two smaller LVDTs on the top surface, spanning a
auge length of 40 mm. The tests were conducted by controlling the
isplacement of the loading knives at a constant speed of 0.002 mm/s.
owever, for the specimens tested with the fabric positioned near the

op edge, a brittle behavior was observed. Therefore, after the initial
racking occurred, the testing rate was increased to 0.004 mm/s.

As predictable, the placement of the AR glass fabric within the
sample thickness significantly affected the flexural response (Figs. 5
and 6, displaying the nominal flexural stress vs. stroke displacement
diagrams). This impact was further accentuated by opting for a stati-
ally determinate testing arrangement, which precluded the activation

of membrane mechanisms, minimizing the contribution of the fabric in
ases of limited internal lever arm.

The warp-N01, warp-N02, and warp-N04 specimens, with the fabric
positioned in the tensile zone (refer to the cross-sections at the failure
locations investigated through machine sawing in Figs. 5 and 7a),
consistently exhibited the ability to withstand higher loads after the
nitial cracking, owing to the characteristic trilinear strain-hardening

behavior of TRC. This provided evidence of the effectiveness of the
einforcement, resulting in a peak flexural stress of approximately 30

MPa, which varied depending on the number of intact glass rovings
emaining after the sample extraction. In contrast, specimens warp-N03,
arp-N05, and warp-N06, which had the fabric positioned near the top

edge, experienced a loss of equilibrium after the initial cracking. Only
warp-N03 demonstrated some residual strength, attributed to its ability
to develop a modest flexural capacity (as clearly seen in the cross-
section of Fig. 5). It is worth noting that warp-N03 was the only sample
in the set with an effective reinforcement depth of a few millimeters.

Similar behaviors are evident in the weft direction (Figs. 6 and
7b). However, it is crucial to note the absence of a typical trilinear
behavior in the weft-N01, weft-N02, and weft-N03 specimens. In this
case, the pronounced strain-hardening was not observed due to the
lower reinforcement ratio in the weft direction.

The crack patterns on the bottom surfaces of the 12 flexural spec-
mens are depicted in Fig. 7. These images provide a clear insight

into the distinct fracture mechanisms – and, consequently, the different
potential for strain energy dissipation – based on the location of the AR
glass fabric within the depth of the composite.

4. Prototyping of prefabricated elements

In order to verify the feasibility of prefabricated elements and test
heir individual full-scale mechanical performance, the prototyping of

two VHPFRC beams and two TRC formworks was carried out. The
eams were produced using a reusable timber formwork, with sur-
aces in contact with fresh concrete treated to minimize the use of
huttering oil. To prevent shrinkage cracking, particularly significant
n the selected matrix (long-term shrinkage strain 𝜀𝑠ℎ,∞ is estimated at
pproximately 1‰), the lateral surfaces of the formwork were removed
fter about 24 h of curing at laboratory conditions. As shown in Fig. 8a,

the self-compacting self-leveling concrete was slowly poured from the
top, preventing a pronounced orientation of fibers in the longitudinal
direction but ensuring complete filling. Note that reinforcement bars
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Fig. 4. Tensile tests responses in terms of nominal composite stress (𝜎𝑁 ) vs. normalized displacement (𝛿∕𝐿0) in the warp (a) and the weft (b) directions. Note that in case of the
loss of a specimen, red curves continue by averaging the results of remaining samples. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
Source: Adapted from [19].

Fig. 5. Nominal flexural stress (𝜎𝑁 ) vs. stroke curves for the warp-oriented TRC coupons and zoom in the 0–2 mm stroke range. Cases with the textile positioned upwards are
identified in red. Pictures of the 15 × 70 mm2 TRC nominal cross-sections displaying the fabric position at the failure region are also included. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Source: Adapted from [19].

Fig. 6. Nominal flexural stress (𝜎𝑁 ) vs. stroke curves for the weft-oriented TRC coupons and zoom in the 0–2 mm stroke range. Cases with the textile positioned upwards are
identified in red. Pictures of the 15 × 70 mm2 TRC nominal cross-sections displaying the fabric position at the failure region are also included. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Source: Adapted from [19].
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Fig. 7. Crack patterns on the tensile face of the (a) warp and (b) weft flexural specimens. Note: the red dashed line represents the post-failure sawing section.
Fig. 8. Casting of the VHPFRC beam from the top of the timber formwork (a), and positioning of the AR glass fabric in the negative fiberglass mold before assembling and casting
(b). In the background, the positive mold is partially visible, ready to be inserted.
were positioned at the bottom of the formwork before the solidarization
of its different parts. In the first beam (B01), an undesirable bowing
of the two lateral boards of the timber formwork was observed. This
effect, more prominent in the central section, resulted from the hydro-
static pressure exerted by the freshly poured VHPFRC and implied a
slight variation in the geometry of Fig. 2 (the upper width increased
from 60 mm to about 70 mm), corrected in the second beam cast
through the use of contrasting elements.

The TRC element was similarly prototyped, using a double reusable
fiberglass mold (Fig. 9), manufactured with computer numerical con-
trol (CNC) techniques, based on the final geometry of the TRC shell.
Also in this case, surfaces in direct contact with the HPC were super-
ficially treated to ensure a smooth finish. The glass fabric was placed
on the negative mold (Fig. 8b), orienting the warp in the direction of
the maximum principal tensile stresses (transverse direction of the slab)
numerically estimated in transient phases. The insertion of the positive
mold, tightened to the structure of the first element (Fig. 9), facilitated
the draping of the AR glass fabric onto the complex shell geometry;
it is emphasized that, in this case, it was decided not to impose the
placement of the fabric halfway through the TRC wall thickness, mainly
relying in transient phases on the activation of membrane behaviors. As
shown in Fig. 9, openings were provided on the surface of the positive
mold for the pouring of the HPC matrix and for venting the trapped
air. At the end of a 24-h curing phase, the positive mold was removed,
and the prototype was extracted, preventing the formation of restrained
shrinkage damage. Finally, the overlap of the elements displayed in
Fig. 1 was verified by superimposing the two TRC shell prototypes.
6 
5. Full-scale tests on VHPFRC beams

In order to evaluate the capacity of the VHPFRC beam, two four
point bending tests and four center-point loading shear tests were
conducted. Test setups and mechanical results are reported below.

5.1. Bending tests

Two four-point bending tests were carried out on two nominally
identical 3.4 m long VHPFRC beams, each featured with three 100 mm
diameter circular holes with a 200 mm spacing (Fig. 10). These holes
were introduced to explore the possibility of ensuring a transverse
passage for utilities (in combination with specifically designed TRC
shells) and to enhance shear transfer between the different components
of the slab. They were included in the test on the individual component
to rule out potential impacts on the flexural response, despite their
placement in the region of minimum (theoretically zero) shear force.

The total span was fixed at 3.2 m and the loading knives were
positioned at 1.3 m from the supports, leading to a constant bending
moment zone of 0.6 m. Vertical displacements were monitored by
means of three potentiometric displacement transducers (PDTs) placed
at the mid-span and at the loading knives locations. Readings 𝛿1,2,3 were
measured as relative displacements from a horizontal steel bar hinged
at points C in Fig. 10. Longitudinal relative displacements at top and
bottom fibers of the beam, respectively measuring the axial shortening
(COM) and elongation (integral crack opening displacement, COD),
were monitored using four LVTDs (2+2, front and back). The uniformly
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Fig. 9. Schematic representation of the fiberglass formwork used for prototyping the two TRC shells. From left to right: positive mold, negative mold, and assembly by inserting
the positive mold into the negative one.
Fig. 10. Four-point bending test setup, nominal geometry of the VHPFRC-beam and
instruments arrangement.

distributed strains, 𝜀𝐶 𝑂 𝑀 ,𝐶 𝑂 𝐷, were then estimated by dividing COM
and COD readings by the gauge lengths, nominally equal to 500 mm.

The first beam, B01, was tested under load control up to 90 kN, at
a rate of 25 N/s. Then, after the unloading phase, the test progressed
in displacement control at a 0.08 mm/s rate. Conversely, the second
one, B02, was directly tested under displacement control, setting the
head actuator displacement velocity at 0.035 mm/s. The results of
the two tests are reported respectively in terms of load vs. mid-span
displacement and moment vs. curvature in Fig. 11; axial shortening and
elongation are depicted in Fig. 12. The curvature in the middle zone of
the beam was computed as the ratio between the sum of |𝜀𝐶 𝑂 𝑀 | and
𝜀𝐶 𝑂 𝐷 and the vertical distance between top and bottom LVDTs, equal
to 225 mm, as visible in Fig. 10. Note that the values plotted in Fig. 12
were obtained by averaging front and back measurements.

Both the tests revealed the brittle compression failure of the top
bulb at 96.8 kN and 89.2 kN, respectively for beams B01 and B02; this
result is consistent with the significant geometric reinforcement ratio
of the structural element. In Fig. 11a, a detail of the failure mode is
reported for the B02 case. Specimen B01 displayed a broader ductile
branch before failure, which can be attributed to the unintentional
10 mm enlargement of the top section width, as previously mentioned
in Section 4. While brittle failure in compression is generally not
recommended in a structural beam, it can be deemed acceptable for
the specific case because it is expected to be active only under transient
conditions. In the final stage, in fact, the VHPFRC beams operate within
the composite slab alongside the integrated cast of SFRC, as explained
in Section 2. Discussion of the behavior of the composite elevated slab
is provided in Section 7.
7 
The influence of the larger width in beam B01 is also confirmed
by the experimental response in terms of moment vs. top axial short-
ening (COM). In fact, greater deformability is evident in the B02 case
(Fig. 12a), and this is also slightly reflected in the moment vs. curvature
diagram (Fig. 11b).

Fig. 13 documents the crack patterns traced at the end of the two
tests on both the front and back side of the beams. Despite the limited
differences observed in the structural response diagrams, a different
crack pattern was obtained. In particular, in the second case, a larger
number of shear cracks developed on one of the two sides of the
specimen. This variation, which will be the subject of future in-depth
investigation through advanced nonlinear numerical analyses, may be
attributed to the combined effect of testing procedures, geometrical
variability, and uneven distribution of short fibers during the casting.
As can be observed in the figure, the three holes represent a minor
defect, as the cracking pattern appears locally altered, and the flexural
failure occurred in both cases at the location of a hole.

5.2. Shear tests

Four preliminary shear tests were performed on beam specimens
extracted by sawing the 3.4 m long beams along the dashed line A-A
of Fig. 10, following the bending test and avoiding interaction with
pre-existing cracks as much as possible. In this case, the holes were
not included, as it is expected that in the actual solution no holes will
be present near the supports. However, detailed studies would still
be required to precisely determine the placement of the holes on the
6-meter precast element, considering real load configurations.

Three-point bending tests were carried out, setting the span at 0.7 m
(shear span 0.35 m), under displacement control up the reaching of the
brittle failure. The peak loads recorded during the tests were 99.2 kN
and 77.8 kN in segments 1A and 1B (beam B01), and 74.2 kN and 66.5
kN for the specimens obtained from beam B02. Examining the segments
at the end of the tests (see Fig. 14), only specimen 2A exhibited a
typical shear failure. In the samples extracted from beam B01, the peak
capacity was attained by local crushing beneath the loading knife. In
case of segment 2B, caution is advised regarding the peak value, due
to the diffuse cracking developed during bending test.

6. Full-scale tests on TRC formworks

The lightweight TRC-based stay-in-place formworks serve a dual
purpose: redistributing the surface loads (e.g. the self-weight of the
fresh SFRC) to the VHPFRC I-beams and ensuring the safe passage
of the operators during the transient assembling phases. The latter
condition represents the most critical scenario for the TRC shells, as
they are subjected to localized point-loads associated with the walking
action of workers. For this reason, two experimental tests were carried
out with the aim to assess the capacity of the formwork to withstand
the expected actions, which correspond to 1.2 kN distributed over a
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Fig. 11. Results of the VHPFRC beam bending tests in terms of load vs. mid-span displacement, 𝛿1 (a) and moment vs. curvature (b). A detail of the top bulb failure of sample
B02 is also provided.

Fig. 12. Results of the VHPFRC beam bending tests in terms of load vs. axial shortening, COM (a), and load vs. axial elongation, COD (b).

Fig. 13. Crack patterns on the front and back faces of the beams at the end of the tests. Red dots identify the compressive failure locations. Note that, as only cracks recognizable
by visual inspection were marked, the potential presence of micro-cracks cannot be excluded. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 14. Crack patterns on the front and back faces of the beam segments at the end of the shear tests: (a) samples 1A, 1B and (b) samples 2A and 2B. Note: pre-existing flexural
cracks are traced in black, while shear cracks are traced in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
Fig. 15. Test setup and instruments arrangement. Load (𝑃 ), 𝛿6 and COD1−3 positions refer to centered (blue) and eccentric (red) load tests. Please note that the warp direction of
the AR glass fabric was oriented parallel to the 𝑥-axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: Adapted from [19].
100 × 100 mm2 equivalent footprint, in accordance with mandatory
standards. In the two tests the load was applied alternatively in a
centered and an eccentric position, as visible in Fig. 15, representing
the most challenging transient conditions for the shell. Note that, to
precisely apply the point-loads on the extrados surface, a CNC custom-
shaped wooden block was carefully positioned on the top surface of the
shells (see Figs. 16a and 19). In both the tests, the load was introduced
by imposing a constant increase of stroke equal to 0.001 mm/s, with the
aid of a loading frame equipped with an electro-mechanical actuator
with a capacity of 1000 kN. To precisely monitor the acting load, a
5-kN piezo-resistive load cell was also interposed and screwed to the
top of the wooden blocks.
9 
Six PDTs and three LVDTs were used to monitor respectively the
vertical displacements and the relative displacements along selected
reference points on the TRC surface (identified also as crack opening
displacement, COD). Five PDTs were placed under the point-load and
at each rib of the shell along the axis of symmetry (𝛿1−5), while one
PDT was used to capture the transverse behavior (𝛿6). The three LVDTs
were arranged to monitor the sequential formation of cracks close to
the load application area, consistently with the results of preliminary
numerical analyses. Note that, as visible in Fig. 15, two alternative
configurations of transducers were implemented to adequately monitor
the shell response as a function of the point of load introduction. To
replicate the actual boundary conditions, the TRC formworks were
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strategically positioned on two segments of VHPFRC I-beams, matching
he design of the full composite slab. The results of the two mechanical

tests are reported in the following.

6.1. Centered load test

The results of the centered test in terms of load vs. displacement,
oad vs. COD, and crack pattern development are reported in the

following (see again the centered test setup in Fig. 15). As one should
note, the shell exhibited an almost linear response over the nominal 1.2
kN load (see P-𝛿 curves in Fig. 17), thereby confirming the fulfillment
f the minimum capacity requirement. The COD1,2 outputs, reported
n Fig. 18a, remained close to zero up to a level of load of about
.5 kN, demonstrating the reversible behavior of the shell in this load

range. Conversely, the COD3 exhibited a limited opening since a lower
load was applied; this was probably caused by the presence of pre-
existing micro-cracks and trapped air bubbles related to the prototyping
operations. After reaching the maximum load cell capacity (i.e. 5 kN),
the prototype was unloaded and all the on-board instruments removed.
Subsequently, the test was carried out with the same stroke rate,
monitoring the force with the 1000 kN cell connected to the jack.
As the maximum capacity of around 5.8 kN was attained (nearly five
times the nominal load), a softening behavior characterized by the
progressive tearing of the AR glass fabric and the ejection of the matrix
(see Fig. 16b) was triggered.

The overall behavior of the shell was mainly governed by the
development of membrane stresses; in fact, even if permanent deforma-
tions were recorded after the unloading-reloading phase, no significant
damage of the fabric carrying in-plane stresses was identified before the
response peak, as confirmed by the limited COD values at peak and the
modest crack development (see Fig. 18). The results of the test in terms
f load vs. vertical displacements, Fig. 17b, show the non-symmetrical

response of the formwork; the presence of a stiffer overlapping zone led
to a lower vertical displacement than of the opposite side (𝛿1 against
3) and the absence of cracks (see Fig. 18b). This confirms the choice

of considering point-load application at eccentric position as the most
critical for the TRC shell response.

6.2. Eccentric load test

As for the centered position, the results of the eccentric test are
eported in terms of load vs. displacement, CODs and crack pattern.
he response of the shell remained linear-elastic up to the reaching
f 1.4 kN (linear P-𝛿 and zero crack opening, Figs. 20 and 21a),

load at which a main crack was formed (see Fig. 21b). Then, the
aximum prototype capacity of 2.0 kN was attained (over 1.5 times the

equired nominal load), undergoing a sequential formation of plastic
inges (light blue cracks in Fig. 21); this proves the activation of a
embrane behavior which took over a rather poor flexural capacity

caused by the possibly incorrect positioning of the fabric within the
wall thickness. The evolution of COD readings, exhibiting opening,
closure, and subsequent re-opening during the test (Fig. 21a), attests
he evolution of the crack pattern (Fig. 21b). Note that COD1 reading

was lost due to an electrical connectivity issue. The test was arrested at
around 60 mm of stroke, corresponding to a significant rotation of the
prototype (opposing readings from PDTs on opposite sides, 𝛿1 and 𝛿3)
and to the tearing of the textile across the main crack (see Fig. 19b).

7. Simplified sectional analyses and insights into the full compos-
ite solution

In this section, the bending behavior of the VHPFRC beam is esti-
mated by means of a plane-section approach and compared with the
experimental results previously presented. Subsequently, the analytical
procedure is extended to simulate the entire composite slab, aiming
to assess its structural performance under bending actions. The main
 d

10 
assumptions on geometry and constitutive laws are presented in the
ollowing, together with the obtained results. Finally, preliminary con-

siderations on the sustainability of the proposed solution are discussed,
ith reference to traditional floor systems.

7.1. Validation on the VHPFRC beam

In order to better understand the experimental behavior of the
HPFRC beams reported in Section 5, simplified analyses were per-

formed under the typical assumption of a plane-section kinematic
model. Regarding materials behavior, a bilinear curve was taken for the
teel bars (same law for both diameters), while compressive and tensile
onstitutive laws of the VHPFRC were determined according to the
ormulations proposed by the fib Model Code 2010 [20]. A Sargin-type
ompressive curve was derived from the mean cylindrical compressive
trength, fcm, and a simplified piecewise-linear tensile law was obtained
rom the average residual strengths, fFts and fFtu, introducing a char-
cteristic length, lcs, to calculate equivalent tensile strains (𝜀 = w/lcs)
rom corresponding crack openings w. The adopted lcs corresponds to
 crack spacing equal to 45.4 mm, calculated by means of well-proven
talian Standards [24]. Despite the common knowledge that relevant

dosages of short fibers positively affect the uniaxial compression post-
peak behavior of high-strength concretes, precautionary assumptions
suggested to omit the softening branch in this analysis. In fact, phenom-
na such as fibers segregation within the mold can significantly reduce
he volume fraction at the top section layer, implying a sudden rupture
f the cement-based material after reaching the peak strength, as holds
n plain concrete. In order to assess the suitability of the plane-section
pproach in replicating the experimental response, average values of
he mechanical parameters reported in Section 3 were used. Note that,

due to the uneven increment of the top bulb width in the casting of
the first VHPFRC beam (B01, described in Section 5), only the behavior
of the second one, B02, is taken as reference. The analytical moment
s. curvature was computed by iteratively writing sectional equilibrium
quations and integrating the stress distributions over the beam depth.

The assumptions of plane-section and perfect bond between concrete
and steel rebar were considered, together with the previously described
onstitutive laws and the member nominal geometry. The results of

the computation are reported in Fig. 22, both for the running solid
section and for the one corresponding to the hole (see sections A-A
and B-B Fig. 2). It is worth noticing that no substantial differences
were found between the two, and a peak moment capacity, Mu, equal
o around 64 kN m was estimated for the B-B section (around 10%
arger than the experimental result discussed in Section 5). A brittle

failure associated with the rupture of the top bulb in compression was
identified, following a very limited yielding of the bottom steel bars.
As above mentioned, this failure mode was assumed acceptable, since
in the proposed slab technology the VHPFRC beams are intended to
be working as components of a composite section, together with the
ast-in-place SFRC (see Fig. 1).

The analytical response adequately reproduces the ultimate capacity
and failure mechanism, but a strong difference in the first branch
tiffness can be observed. This phenomenon is probably due to the con-
trained shrinkage of the cement-based material, which occurs during
he hardening and curing phases, leading to pervasive micro-cracking.
his effect could be induced by the interaction with the longitudinal
ebar and the intricate geometry of the element. In order to take
t into account, the analytical procedure was refined by imposing a
niform shrinkage strain distribution (𝜀𝑠ℎ = 1 ⋅ 10−3) to the VHPFRC.
he refined moment vs. curvature response reported in Fig. 22 for

the B-B section confirmed the hypothesis, leading to lower discrep-
ncies on the estimation of both the ultimate capacity (Mu = 61.6
N m, error of around 6%) and the initial stiffness. Considering the
xperimental equilibrium scheme, the analytical ultimate shear, Vu,
orresponding to the peak bending moment was equal to 47.4 kN (Mu
ivided by the experimental shear span). The discrepancy between the
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Fig. 16. Picture of the centered load test setup (a) and detail of the failure mode at the end of the test (b).
Fig. 17. Load vs. displacement curves of the centered load test: comparison between the stroke and 𝛿2,6 (a), and plot of all 𝛿1−6 (b).
Source: Adapted from [19].
Fig. 18. Centered load test results: load vs. CODs (a) and crack pattern evolution during the test (b). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
Source: Adapted from [19].
refined curve and the experimental response of the central part of
the beam, concerning the moment–curvature relationship, underscores
the limitations of the employed plane-section assumption. Specifically,
the kinematic model fails to simulate the longitudinal slip between
11 
the upper (compressed) and lower (tensioned) segments of the beam,
especially in the region affected by the presence of web holes. The
observed shear cracking around the holes, as depicted in Fig. 13,
validates the necessity to incorporate such an effect for an accurate
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Fig. 19. Picture of the eccentric load test setup (a) and detail of the failure mode at the end of the test (b).
Fig. 20. Load vs. displacement curves of the eccentric load test: comparison between the stroke and 𝛿3,6 (a), and plot of all 𝛿1−6 (b).
Source: Adapted from [19].
Fig. 21. Eccentric load test results: load vs. CODs (a) and crack pattern evolution during the test (b). Note that COD1 reading was lost, while three different colors were used to
help identify the COD2,3 evolution. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: Adapted from [19].
representation of the experimental behavior. Despite this limitation, the
simplified model adequately captures the maximum capacity and can
be considered suitable for a preliminary assessment of the structural be-
havior of the composite solution. The shear resistance of the full beam
section was estimated with the formulation proposed by MC2010 [20]
12 
for members with conventional longitudinal bars and without specific
shear reinforcement (Eq. (1)):

𝑉𝑅𝑚 =

{

0.18 ⋅ 𝑘
𝛾𝑚

⋅
[

100 ⋅ 𝜌1 ⋅
(

1 + 7.5 ⋅ 𝑓𝐹 𝑡𝑢
𝑓𝑐 𝑡

)

⋅ 𝑓𝑐 𝑚
]1∕3

}

⋅ 𝑏𝑤 ⋅ 𝑑 . (1)
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Fig. 22. Comparison between the analytical and the experimental moment vs. curva-
ture response of the VHPFRC beam. Note: the measurements in the figure are expressed
in mm.

An average shear resistance VRm of 48.1 kN was obtained setting the
safety coefficient 𝛾𝑚 equal to 1 and assuming the average tensile and
cylindrical compressive strengths of a C120 grade concrete (fct = 5.6
MPa and fcm = 128 MPa respectively). The other introduced parameters
are the effective depth (d = 233 mm), the smallest width of the cross
section (𝑏𝑤 = 30 mm), the size-effect factor (k = 1.926), the longitudinal
reinforcement ratio (𝜌𝑙 = 0.077), and the residual mean strength of the
VHPFRC at a crack opening of 1.5 mm (fFtu = 5.15 MPa).

Besides underestimating the experimental response obtained by test-
ing the beam segments (minimum of 66.5 kN reported in Section 5.2),
the average shear strength VRm results higher than the analytically es-
timated ultimate shear Vu, corroborating the interpretation of a failure
mode dominated by bending.

7.2. Structural and environmental considerations for the full composite slab

After being validated for the individually tested VHPFRC beam, the
plane-section approach was extended to estimate the flexural behavior
of the composite slab. Two different analyses were carried out to de-
termine its moment vs. curvature response, identify the most probable
failure mode, and estimate its maximum design capacity.

In the first case, the results of which are depicted in Fig. 23 with
a solid line, the average constitutive laws used for the VHPFRC and
the steel rebar were the same defined earlier for the sole prefabricated
beam. In addition, the characteristic compressive and tensile laws of a
C45-4b grade SFRC (according to [20] provisions) were implemented.
On the other hand, in the second case (black dashed line in Fig. 23)
safety material coefficients (1.5 for the cement-based materials and
1.15 for the steel bars) were introduced, to determine the design laws
of all the involved materials and estimate the ultimate design moment
(MRd) to be compared with the bending moment acting at the ultimate
limit state (MEd). The latter, which results equal to 41.5 kN m, was
evaluated considering the real geometry of the slab, see Section 2,
under the hypothesis of a uniformly distributed live load of 3.0 kN/m2

combined with structural dead loads at the ultimate limit state (ULS).
A simplified cross-section was assumed in both the analytical sim-

ulations to discretize the 1.15 m wide strip of the composite slab. The
set geometry is reported in Fig. 23; as one should note, geometric
simplifications were introduced on the SFRC portion, and the contri-
bution of the TRC shell was neglected. This was partly due to the
limited tensile capacity of the AR glass fabric in the weft direction,
13 
Fig. 23. Simplified estimation of the composite slab behavior and comparison with
the ultimate limit state (ULS) design bending moment. Note: the measurements in the
figure are expressed in mm.

the discontinuity of the fabric between individual TRC modules, and
the fact that the majority of the TRC shell is located near the neutral
axis of the composite section, rendering its contribution under small
displacement conditions negligible.

In both the analyses, the effect of restrained shrinkage was also
neglected and the constitutive law of the steel rebar was cut at a
conventional ultimate strain of 1%. For this reason, only a minor
variation can be noted in the curvature values at the end of the two
diagrams. In both cases, the curves terminate upon reaching this strain
limit, and the absence of brittle failure modes was identified, in contrast
to what was experimentally observed and analytically confirmed for the
VHPFRC beam. This demonstrates that the brittle compressive failure
exhibited by the single VHPFRC beam due to the high reinforcement
ratio is avoided in the final application, as the additional FRC layer
significantly increases the compression area, promoting a ductile failure
mode. From the results of this last investigation, a safety margin of 1.8
was computed, corresponding to the ratio between the resistant (MRd
= 73.9 kN m) and the acting bending moment (MEd = 41.5 kN m) at
ULS.

To provide a preliminary quantitative assessment of the environ-
mental sustainability of the proposed solution, a comparison was made
with traditional concrete floor systems considered in a recent study
by Broyles et al. [25]. Using the interactive web app developed in
their work, embodied carbon (ECtot) values were estimated for 1 m2

of six reinforced concrete (RC) solutions and four prestressed concrete
(PC) solutions. The assumptions considered were: a span L of 6 m,
concrete compressive strength of 40 MPa, an applied live load of 3
kN/m2, no applied dead load other than the structural self-weight,
and a L/480 long-term deflection limit. Under these assumptions, the
estimated values in the cradle-to-gate (A1–A3) life cycle assessment
(LCA) stages are those collected in Table 6.

The solution proposed in this paper was evaluated using the conser-
vative parameters reported in Table 7, which lists the various materials
constituting the structural system, associated with the estimated mate-
rial quantities (MQ) based on Fig. 2, and estimates of global warming
potential (GWP) determined from literature data [25–27] and envi-
ronmental product declarations (EPD) provided by the mix design
ingredient manufacturers. The total embodied carbon (ECtot) of the
proposed slab is 60.1 kgCO2e/m2, and the normalized quantity of
concrete used is 0.11 m3/m2.

The EC results reported in Table 7 show that, despite the higher
GWP of the materials used (largely due to the increased dosages of
cement, the use of superplasticizers, and steel fibers), the embodied
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Table 6
Environmental impacts of material use per 1 m2 of traditional slab systems discussed in
[25], compared with the proposed solution. MQ: material quantity (normalized concrete
slab volume); ECtot: embodied carbon of the system.

Floor system MQ [m3] ECtot [kgCO2e]

RC flat plate 0.24 107.61
RC flat slab 0.24 109.73
RC pan joist slab (one-way) 0.17 81.2
RC two-way slab 0.21 95.77
RC waffle slab 0.21 93.61
RC voided plate 0.19 89.76
PC flat plate 0.18 82.95
PC precast hollow core slab (one-way) 0.11 70.29
PC voided plate with orthogonal layout 0.16 74.16
PC voided plate with diagonal layout 0.16 77.36

Proposed solution 0.11 60.1

Table 7
Environmental impact of material use per 1 m2 of the proposed structural solution in
the cradle-to-gate (A1–A3) LCA stages. MQ: material quantity; GWP: global warming
potential; EC: embodied carbon; EC/ECtot: relative contribution to the total embodied
carbon.

Material MQ [–] GWP [–] EC [kgCO2e] EC/ECtot [–]

FRC 8.93E−2 m3 430 kgCO2e/m3 38.4 64%
VHPFRC 1.37E−2 m3 790 kgCO2e/m3 10.8 18%
HPC 1.09E−2 m3 630 kgCO2e/m3 6.8 11%
Steel (rebar) 3.69 kg 0.854 kgCO2e/kg 3.2 5%
AR glass fabric 1.05 m2 0.86 kgCO2e/m2 0.9 1%

carbon of the solution is kept low thanks to structural optimization that
esults in the use of reduced material volumes. The component that has

the greatest impact on the ECtot value (see the relative contributions
n Table 7) is the supplementary FRC casting, characterized by the
argest specific volume. Therefore, further benefits could be achieved
y improving the environmental performance of the mix used.

From the comparison with the floor systems reported in Table 6,
it can be noted that the proposed solution is comparable to the best
solution analyzed in [25], which corresponds to the PC precast hollow
core slab one-way system. The normalized concrete volume, and thus
the structural mass of the solution, is identical, and from an environ-
mental perspective, a similar EC is identified, allowing for a positive
evaluation of the sustainability potential of the proposed system.

Despite a comparable ECtot value, it is noteworthy that the imposed
ive load of 3 kN/m2 is conservative. The MRd value reported in Fig. 23

is in fact oversized by a factor 1.8 with respect to MEd, and following
detailed SLS and ULS checks in both longitudinal and transverse direc-
tions, it would be possible to assign a maximum live load of 7 kN/m2 to
the solution. In this scenario, the PC precast hollow core slab solution
would entail MQ values of 0.15 m3/m2 and ECtot values of 91.85 kg
CO2e/m2, thus highlighting worse environmental performance and a
greater structural mass, which in turn has secondary effects on the
supporting structures of the building.

However, to fully validate the sustainability results, it would be
ecessary to: (i) use the same database (which currently does not in-
lude advanced cement-based materials), conducting a comparison on
he average global warming potential values of the concrete mixes; (ii)

account for the high variability of GWP data highlighted in [25]; (iii)
se the same structural design code; and (iv) include the contribution of
he primary beams of the proposed solution, which were not optimized
nd considered in this preliminary study. Furthermore, to provide
ound conclusions, it would be appropriate to evaluate the cradle-to-
rave scenario, also exploring the durability of the alternative solutions
nd the recycling potential of the materials used. Such detailed LCA
nalyses are beyond the scope of this work and are deferred to future
tudies.
 v
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8. Concluding remarks and future perspectives

The results underscore the application potential of high-
performance cementitious materials in semi-prefabricated structural
solutions, providing the dual advantages of ensuring robust mechanical
erformance while minimizing dead loads. Based on the presented

findings, the following conclusions can be drawn:

• properly designed TRC exhibits typical trilinear strain-hardening
behaviors, providing membrane and flexural responses capable
of withstanding significant post-cracking stresses. Full-scale tests
on TRC lost formworks subjected to both centered and eccen-
tric point loads, yielded promising results. Geometric effects and
structural redundancy help avoid local failure due to incorrect
fabric placement. Satisfactory outcomes were achieved for both
load combinations, highlighting the ability of thin TRC shells to
ensure safety during assembly, through the activation of second-
order mechanisms contributing to overall strength through the
development of membrane stresses.

• The VHPFRC beam reinforced only with longitudinal rebar demon-
strates significant resistance in both bending and shear. Simplified
calculations prove that, owing to the contribution of fibers and
alternative shear resistance mechanisms, bending failure precedes
shear failure. This satisfies capacity design criteria, eliminating
the necessity for conventional shear reinforcement. The brittle
compressive failure of the top bulb is not a cause for concern, as in
the permanent scenario the presence of finishing SFRC increases
the compressed zone area, fostering a ductile flexural response.

• Analyses based on the plane-section kinematic assumption and
on the MC2010 constitutive relationships provide reasonable es-
timates of the VHPFRC beam capacity. In this particular case,
the MC2010 shear formulation for fiber-reinforced members with
longitudinal rebar underestimates shear strength, ensuring a sig-
nificant safety margin. For these reasons, it is believed that the
simplified approaches adopted can be effectively used in the
design of structural composite systems, as demonstrated by the
complete elevated slab solution.

• The results demonstrate that, despite the higher GWP of the mate-
rials used, the embodied carbon of the proposed solution remains
low due to efficient structural optimization. While the overall
environmental impact is comparable to the lower bound of exist-
ing floor systems, the conservatively assumed live load suggests
potential for increased load capacity. To fully validate the sustain-
ability of the proposed solution, future studies should incorporate
a comprehensive cradle-to-grave assessment, including detailed
analysis of durability, recycling potential, and contributions from
primary beams, which were not considered in this preliminary
study.

Future prospects could include confirmation of the behavior of
different elements through nonlinear numerical analyses. In particular,
this would allow the introduction of the shear deformability of the VH-
PFRC beam and a more accurate simulation of both the local behavior
of the TRC formwork (to evaluate, for example, the optimization of the
thicknesses and fabric used) and of the entire composite slab.
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