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ABSTRACT

The two major earthquakes occurred in Northern Italy in 2012 (magnitude 6.1 and 5.8) shown that a serious debate over the structural safety of existing 
industrial buildings is utterly necessary, also in regions traditionally considered less exposed to the seismic hazard. A promising retrofitting strategy may be 
represented by the substitution of inefficient secondary roof components with innovative lightweight panels, capable of simulta-neously ensuring a global
reduction of the inertial forces and an increase of the building energy performances. In this paper, the structural behavior of a multilayered solution, consisting 
of an advanced cement-based case enclosing a thick insulating core, is presented and investigated on real-scale specimens. The mechanical char-acterization of 
the employed materials (High-Performance Fiber Reinforced Cementitious Composite and Textile Reinforced Concrete) at the laboratory level is followed by 
the discussion of the major challenges arisen in transferring such sensitive construction technologies to the prototyping plant. Structural performances are 
evaluated by means of longitudinal and transverse bending tests and simplified plane-section design approaches are finally explored and critically assessed.

1. Introduction

According to recent surveys, Italy is the second largest country in 
the European Union for the number of industrial buildings, counting 
about 650,000 structures, of which more than 120,000 only in the 
Lombardy Region [1]. A great part of them appears not to be longer in 
compliance with updated regulations, being characterized by un-
satisfactory structural and energy performances. Given this context, a 
promising solution to limit soil consumption and effectively increase 
the overall quality of the industrial stock is represented by the re-
placement of existing cement-based roofing systems, frequently devoid 
of insulation layers, combined with hazardous asbestos components and 
vitiated by their significant self-weight (about 2–3 kN/m2). In the 
aftermath of the launch of regional funding and national retrofitting 
incentives programs, Politecnico di Milano was involved in a research 
consortium committed to develop a sustainable cement-based sec-
ondary roof element characterized by lightness, structural safety, 
thermal efficiency and compatibility with photovoltaic devices. The 
proposed 2.5 × 5 m2 panel is comprehensively displayed in Fig. 1; it 
consists of a multilayered structure, in which the internal insulating 
core is encased in thin high-performance cementitious composites. The 
cross-section represents the holistic synthesis of preliminary investiga-
tions aimed at meeting a series of target performances. The proposed

solution is characterized by: (i) a self-weight of 1.2 kN/m2; (ii) a 
thermal transmittance (average value accounting for the presence of 
thermal bridges) of 0.42 W/(m2·K); (iii) a fire classification R30; (iv) the 
simple installation of building-integrated photovoltaic (P V) panels 
through glued connections and (v) water-tightness without additional 
membranes.

The s tructural c oncept harks back to the traditional s andwich 
technology [ 2], i n which the outer wythes are c oupled by means of a 
soft c ore and a s ignificant bearing c apacity i s obtained thanks to the 
high bending s tiffness to weight ratio [ 3–10]. At the meso-scale l evel, 
the mechanical transfer between the 20 mm thick High-Performance 
Fiber Reinforced Cementitious Composite ( HPFRCC) [ 11,12] and the 
10 mm thick Textile Reinforced Concrete ( TRC) [ 13–16], reinforced 
with Alkali-Resistant ( AR) g lass f abrics, i s e ntrusted to the c ore; i n 
this s ense, the polystyrene ( EPS) i s employed as a s tructural 
material, due to i ts c apability to s ustain weak, yet not negligible, 
shear s tresses [ 3,5]. Two HPFRCC ribs reinforced with Φ 14 mm 
ordinary s teel bars run i n the l ongitudinal direction. To f avor a 
box-like behavior, the s hort s ides are c ompleted by 20 mm thick 
HPFRCC head plates, with the e xception of the c orner areas, where 
100 mm thick b locks are i ntroduced to adequately house anchoring 
and uplifting devices. Ductility and ro-bustness are f inally e nhanced 
by three additional f abric s heets, placed beneath the HP FRCC l ayers. 
The e xperimental c ampaign c omprised
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materials characterization, meso-scale investigations and full-scale 
tests, carried out on ten prototypes produced in a precast plant. Re-
garding the prototypes, two were tested in longitudinal bending, two in 
transverse bending, two in shear, one in fire conditions [17] and three 
were installed on a small demo-building to investigate on-field as-
sembly operations, energy performances and durability in real en-
vironmental conditions [18]. In this paper, the experiments at the 
material level, aimed at defining the basic properties and provide ef-
fective constitutive laws, will be followed by the longitudinal and 
transverse bending responses and by simplified plane-section analyses 
proposing valuable structural design tools.

2. Materials

As mentioned, the panel consists of a thin-walled cementitious case
enveloping a thick soft core. To control the overall weight, high-per-
formance cement-based materials were employed, so as to decrease
their thickness to minimum practical values. A 10mm thick TRC was
placed on the bottom tensile side, while a 20mm thick HPFRCC was
chosen for the remaining layers, following structural and fire con-
siderations.

It is important to mention that, despite the middle and top HPFRCC
layers were additionally reinforced with AR glass fabrics, they will not

be referred in the following as hybrid composites, since the samples 
extracted from one nominally identical prototype (panel subjected to 
fire test, not discussed in this paper, Fig. 2) shown that a full embed-
ment of the textiles within the matrix was achieved only in the bottom 
layer, thanks to the small thickness and the greater hydrostatic pressure 
exerted by the fresh-state concrete.

Each l ateral rib was reinforced with a Φ  14 mm B450C g rade s teel 
bar; uniaxial tensile tests, c arried out according to the I SO 15630-1 
Standard [ 19] on three nominally i dentical s pecimens, l ed to the 
following average properties: yield s trength f y = 529.3 MP a, 
ultimate s trength f su = 611.3 MPa and ultimate s train εsu = 10.8% 
(in the analytical calculations an elastic modulus Es of 210 GP a 
was also considered).

Regarding the core, even though different insulating materials and 
interlayer couplings were investigated at the meso-scale [20], an or-
dinary EPS 100, connected to the fresh-state cementitious materials by 
means of simple chemo-mechanical adhesion, was selected for its 
thermal properties, lightness, cheapness and mechanical ductility in 
shear. Due to the scarce relevance of the soft layer in the proposed 
analytical approach based on a plane-section kinematical model, its 
characterization will be omitted in the following. A comprehensive 
experimental investigation carried out on an analogous material can be 
found in [21].

Fig. 1. Transverse sections and axonometric view of the proposed roofing panel (measures expressed in mm).



2.1. HPFRCC

Preliminary design was based on a reference HPFRCC (Table 1); this 
first material was prepared at the laboratory scale, paying great at-
tention to the water control, also in respect of the aggregates moisture 
contents. The mechanical responses of three nominally identical EN 
14651 [22] notched beam specimens, encoded as Rilem Beams (RB) 
and tested under a center-point loading (RB in Fig. 3), are displayed in 
Fig. 4(a) (Reference RB and dark gray solid hatches). As one should 
note, the carefulness observed in the production resulted in remarkable 
residual stresses – fR1 and fR3, respectively associated to Crack Mouth 
Opening Displacements (CMOD) typical of Serviceability 
(CMOD1 = 0.5 mm) and Ultimate (CMOD3 = 2.5 mm) Limit States –
and limited coefficients of variation (Table 3); according to the fib 
Model Code 2010 (MC2010) [23,24], this material is classified as a 14a 
class fiber-reinforced composite (FRC).

The technology transfer at the i ndustrial s cale e ntailed a moderate 
adjustment of the original mix design, as i t c an be noticed i n Table 
2; i n particular, the water dosage was i ncreased, to e nsure an 
effective transportation of the mix throughout the automated 
distribution l ine, and the reference s traight high-carbon s teel 
microfibers ( length l f = 13 mm, diameter d f = 0.16 mm, aspect ratio 
lf/df ≈ 80) were s ubstituted by the most s imilar product ( in terms of 
shape and material s trength) readily available on the market ( lf = 13 
mm, d f = 0.20 mm, l f/df = 65).

In literature it is well known that the most critical issues concerning 
high performance self-compacting and self-leveling concretes are con-
nected to their fresh-state conditions, with reference to the workability 
and the robustness exhibited in the casting phase. Since traditional 
concrete plants are designed to meet the quality requirements of or-
dinary cement-based admixtures, problems arise when sensitive com-
posites such as HPFRCC are considered. In particular, the poor control 
of aggregates storage conditions, the need to extend workability and the 
excessive tolerances of humidity sensors might lead to an unsatisfactory 
control over the water content. This appears clear in Fig. 4(a) (Used 
RB), where the responses of ten nominally identical notched beams, 
produced together with the prototypes and tested after 28 days of

natural curing, are displayed. As one should note, the specimens ex-
hibited significant differences in their mechanical behavior due to the 
matrix lack of consistency which, in turn, caused a non-homogeneous 
fiber dispersion. Segregation phenomena occurred at two different 
stages: within the fresh-state concrete mixing and distribution appara-
tuses and, after the casting, within the specimen depth, as proved by the 
two cross-sections displayed in Fig. 4(a), showing uneven volume 
fractions and accumulation towards the bottom face of the molds. Al-
though some curves appear to be close to the average reference beha-
vior, the presence of significantly under-reinforced samples leads to a 
3b classification, again based on the characteristic values of lognormal 
residual strength distributions (Fig. 4(b) and Table 3).

It i s worth noting that also the c hange i n the f ibers dimension 
might have played a s ubstantial c ontribution to the overall material 
response: g iven the dosages of Tables 1  and 2, the c hoice of a g reater 
wire dia-meter i mplied a 34% reduction of the number of f ibers ( ∝ 
df2), which penalizing e ffects were only partially balanced by the 
increase of the pull-out s trength ( ∝ df).

In case of applications comprising markedly deflection-hardening 
materials or sections thinner than 150 mm subjected to bending, it is 
advantageous to perform a characterization on structural specimens (SB 
in Fig. 3). The mechanical response of five nominally identical 20 mm 
thick unnotched beam specimens, encoded as Structural Beams (SB), is 
displayed in Fig. 4(c), in terms of Nominal Stress vs. an integral Crack 
Opening Displacement (COD) measured over a 200 mm gage length. 
Third-point tests on thin unnotched samples highlighted significant 
differences in terms of sectional ductility, peak strength and toughness, 
thanks to the ability to account for the reduced thickness, the wall ef-
fects and the impact of the casting direction on fiber orientation [25].

Table 1
Mix design of the reference HPFRCC (w/c=0.33, w/b=0.18).

Component Dosage

Cement I 52.5 582 kg/m3

Sand 0–2mm 948 kg/m3

Water 194 l/m3

Superplasticizer 32 kg/m3

Blast furnace slag 485 kg/m3

Steel fibers lf/df=13/0.16 97 kg/m3 Fig. 3. Rilem beam (RB) specimen (top) and structural beam (SB) specimen
(bottom) test configurations (measures expressed in mm).

Fig. 2. Samples of the middle HPFRCC (a) and the bottom TRC (b) layers extracted from the full-scale panel.



By the comparison with the reference specimens, it is clear that despite 
fiber segregation within the depth is generally connected to better SB 
behaviors – due to a l ocal i ncrease of volume f raction on the tensile 
side ( see the c asting direction of F ig. 3) – the s et g enerally resulted 
under-performing and c haracterized by s ignificant s cattering of 
results; this f urther demonstrates that, due to the poor production 
control, the batch was already c haracterized by a s trong 
heterogeneity prior to the s am-ples preparation. I t i s f air to note, 
however, that i n Reference SB s pe-cimens the orientation of f ibers 
was additionally e nhanced by c on-trolling the c asting f low with a 
small s lide, while, i n Used SB, the f resh-state c omposite was j ust 
vertically dropped i n the mold, s imulating the real production 
procedures. Two e quivalent residual values, f eq1 for the S erviceability 
Limit S tate ( SLS) and f eq2 for the Ultimate Limit S tate ( ULS), were 
averaged on two assigned COD ranges, namely 3·wI ≤ COD ≤ 5 ·wI and 
0.8·wu ≤ COD ≤ 1.2·wu, where wI is the f irst c racking COD, 
identified at the maximum nominal s tress value i n the i nterval 0  ≤ 
COD ≤ 0.1 mm, and wu is e qual to 3 mm.Considering a linear post-cracking behavior, as suggested by the

MC2010, two responses based on strengths fFts and fFtu, respectively 
associated to c rack openings w of 0.5 mm ( SLS) and 2.5 mm ( ULS), 
were obtained ( Fig. 4(d)). I n c ase of notched beam s pecimens ( non-
oriented f iber rienforced c oncrete) f FtsRB = 0.45·fR1 = 3.75 MP a and 
fFtuRB = 0.5·fR3 − 0.2·fR1 = 1.84 MPa, while in case of structural speci-
mens (recalled in the following as “oriented material” because of the 
partial orientation favored by the small thickness and the wall effect), 
adopting a similar approach, fFtsSB = 0.45·feq1 = 5.40 MP a and 
fFtuSB = 0.5·feq2 − 0.2·feq1 = 4.36 MPa. Two orientation factors K1 and 
K2 were estimated on the average reference values as the ratios 
K1 = fFtsRB/fFtsSB = 0.69 and K2 = fFtuRB/fFtuSB = 0.42, and the average 
constitutive law of Fig. 4(d) was finally built, combining the identified 
post-cracking responses with the MC2010 plain concrete stress-strain 
and stress-crack opening relations for uniaxial tension. To this aim, a 
C120 concrete grade was considered, as confirmed by 27 compressive 
tests carried out on 100 mm size cube specimens according to the UNI 
EN 12390-3 Standard [26] (fcc,av = 138.8 MPa).

2.2. TRC

Textile Reinforced Concrete is a composite material obtained by 
embedding varied kinds of high tensile capacity fabrics within a fine-
grained concrete. Among different r einforcement t echnologies in-
vestigated in the preliminary optimization phase, that included glass, 
carbon, aramid and basalt fibers, an Alkali-Resistant (AR) glass fabric 
(Table 4), impregnated with a styrene-butadiene rubber (SBR), was 
selected for its limited cost and its controlled loss of strength when 
exposed to a cementitious environment [27]; as confirmed by recent 
results [28], the strength loss of AR-glass in an alkaline environment is

Fig. 4. HPFRCC material characterization: notched beams nominal stress vs. CMOD diagrams, together with two typical cross-sections (a), identification of notched
beams average and characteristic residual strengths (b), structural beams nominal stress vs. COD diagrams (c) and identification of multilinear tensile laws (d).

Table 2
Mix design of the used HPFRCC (w/c= 0.38, w/b= 0.20).

Component Dosage

Cement I 52.5 600 kg/m3

Sand 0–2mm 847 kg/m3

Water 225 l/m3

Superplasticizer 28 kg/m3

Blast furnace slag 500 kg/m3

Steel fibers lf/df=13/0.20 100 kg/m3



generally limited to about 20%. Regarding the matrix, the High Per-
formance Concrete (HPC) admixture of Table 5 was defined by simply 
removing steel microfibers from the HP FRCC mix of Table 2, read-
justing the specific dosages.

As i ntroduced i n Fig. 1, the 10 mm thick TRC l ayer f orms the 
bottom f ace of the s andwich panel. The orthotropic c omposite behavior 
was e xplored by testing 10 × 70 × 400 mm3 ( free l ength ℓ0 equal to

∼300mm) specimens in uniaxial tension, wherein three specimens
were prepared for both warp and weft reinforcing directions. The
samples ends were clamped by means of a pneumatic system and a
constant stroke rate of 0.02mm/s was assumed as the feedback para-
meter of a 30 kN electromechanical press.

The results, referring to c omposites reinforced with a s ingle l ayer 
of AR-glass f abric placed i n a barycentric position, are displayed i n 
Fig. 5, i n terms of average responses, s olid-hatched dispersion of 
results, c omparison with the average plain f abric responses ( uniaxial 
tensile tests on 70 × 400 mm2 s trips, f ree l ength e qual to ∼300 mm) 
and c racking patterns at f ailure.

A transverse clamping force of about 12 kN was imposed over an 
area of 70 × 50 mm2, through 3 mm thick steel plates glued on the 
specimens to avoid stress concentrations. Despite this, the failure modes 
were affected b y f abric e nd s lippage p henomena, a s p roved b y the

pronounced loss of stiffness detectable on the post-cracking branches. It 
is believed that the inability to fully exploit the AR-glass bearing ca-
pacity was mostly related to the inadequacy of the clamping surfaces; as 
a matter of fact, recent recommendations for TRC uniaxial tensile tests 
[29,30] suggest a load introduction zone twice as much to the one 
considered in this campaign. Turning to the real application – char-
acterized by uneven tensile stress distributions, with maximum values 
located far from the TRC edges – the experimental results were never-
theless considered sufficient to derive the simplified constitutive law 
implemented in the plane-section analyses.

3. Prototypes preparation

In the sequence of the material choices and mechanical character-
ization, ten nominally identical full-scale prototypes were produced in a 
prefabrication plant. Operational procedures were slightly adjusted 
along the way, to address minor issues such as the buoyancy of the 
insulating core and the control of the cement-based composites thick-
ness.

The manufacturing steps can be summarized as follows: (i) five 
0.2 × 1 × 2.5 m3 EPS 100 boards were preliminary shaped according to 
the transverse section of Fig. 1 and glued together to form a monolithic 
core; (ii) four strips of AR-glass fabrics were cut from a 1.48 m wide roll 
and spot-glued on the bottom face of the polystyrene (Fig. 6(a)), en-
suring an overlap length of about 0.3 m and a double-sided bond with 
the cementitious matrix. Since the fabric was characterized by a highly 
orthotropic behavior, the stronger warp was aligned to the transverse 
panel direction, devoid of ordinary steel reinforcement; (iii) additional 
fabrics were glued on the top core surfaces, with the aim of providing 
extra robustness and stabilizing the HPFRCC cracking mechanism; (iv) 
following the casting of the HP C intrados (Fig. 6(b)), the fabric-re-
inforced core was put in place, together with the longitudinal steel bars 
and the anchoring systems; (v) once the middle HPFRCC layer was cast 
on the top EPS face, reaching through the perimeter the bottom fresh-
state HPC, a second steel formwork was positioned (Fig. 6(c)); (vi) the 
panel was completed with the last HPFRCC batch and demolded after a 
night of steam curing. As shown in (Fig. 6(d)), the uplifting of the 
polystyrene due to the hydrostatic pressure was hampered by the in-
sertion of a series of distribution plates connected to contrast rods. This 
obviously represents a first attempt solution, that should be improved 
in the future whether an effective water-tightness of the exposed sur-
face needs to be achieved.

4. Full-scale bending tests

The main objective of the present paper is the discussion of real 
scale bending tests on roof elements prototypes. In particular, two 
elements were tested according to a longitudinal bending scheme, while 
a transverse bending loading scheme was used to test other two struc-
tural elements. All the tests were performed with an electromechanical 
jack with a maximum loading capacity of 1000 kN.

Regarding the longitudinal bending (LB) tests, a four-point bending 
scheme was adopted: the roof elements were simply supported over two 
linear steel supports, characterized by a width of 160 mm and placed 
exactly at the end of the elements. A 5 mm thick neoprene sheet was 
placed between the bottom surface of the prototype and each linear 
support to avoid s tress l ocalization due to the not perfect c ontact be-
tween the two s urfaces. These s upports are s chematized i n F ig. 7(a) 
as a l inear s upport at 80 mm f rom the e dge. Two s teel l oading 
knives, 3 m l ong, were directly c onnected to the j ack head and were 
used to apply the l oad over the top s urface of the two e xternal ribs, 
again through a 5  mm thick neoprene s heet. The adopted s hear s pan 
(aLB) was e qual to 1670 mm, while the c onstant bending moment 
region was 1500 mm wide. All the tests were displacement c ontrolled 
using the j ack head displacement ( stroke) as f eedback parameter; a 
displacement rate ran-ging between 15 μm/s and 45 μm/s was 
imposed. I n order to better

Table 4
Fabric specifications.

Characteristic

Material AR-glass
Fabrication technique Leno weave
Warp wire spacing [mm] ∼5
Weft wire spacing [mm] ∼12.5
Warp fineness [tex] 2× 1200
Weft fineness [tex] 2400
Warp cross-sectional area [mm2/m] 179.10
Weft cross-sectional area [mm2/m] 62.69
Warp avg. tensile load on 70mm [kN] 10.99
Weft avg. tensile load on 70mm [kN] 6.23

Table 5
Mix design of the used HPC (w/c=0.37, w/b= 0.20).

Component Dosage

Cement I 52.5 609 kg/m3

Sand 0–2mm 860 kg/m3

Water 228 l/m3

Superplasticizer 28 kg/m3

Blast furnace slag 507 kg/m3

HPFRCC material Reference Used

Specimens (n.) RB (3) SB (5) RB (10) SB (5)

Residual strength fR1 fR3 feq1 feq2 fR1 fR3 feq1 feq2

Average value fRi,m,
feqi,m [MPa]

15.46 12.87 15.33 24.45 8.33 7.00 12.00 13.53

Coefficient of
variation [%]

2.6 11.2 5.1 5.0 43.5 49.3 38.6 61.0

Characteristic value
(lognormal) fRi,k
[MPa]

14.17 8.87 13.61 21.67 3.30 2.74 4.21 1.53

Table 3
Residual tensile properties of the considered HPFRCCs.



comprehend the structural behavior of the element, a proper set of
instruments was installed to monitor the specimen response. In parti-
cular, three Potentiometer Displacement Transducers (PDT) with
maximum stroke equal to 150mm were used to measure the mid-span
deflection at the center of the specimen width (δ1) and close to the
lateral edge, respectively at the center of the lateral ribs (δ2 and δ3).
Two additional PDTs (δ4 and δ5), with stroke equal to 50mm, were
used to measure the deflections close to the supports, just 310mm far
away from the roof element shorter sides. Three PDTs (COD1,2,3) were
applied to the specimen bottom surface to measure crack opening dis-
placement astride the constant bending moment region, with a gage
length equal to 1600mm. As many transducers of the same type
(COM1,2,3) were glued on the specimen upper surface to record axial
compression displacement over a gage length equal to 1m. The position

of all the displacement transducers, as well as the loading schemes and 
the specimen geometry are given in Fig. 7(a). All the instruments sig-
nals were recorded by a Data Acquisition System with a measuring rate 
equal to 1 Hz and with a 16-bit precision.

Regarding the transverse bending (TB) tests, the same loading 
knives and the same steel linear supports previously described for 
longitudinal bending, were adopted. The loading scheme and the in-
strumentation are represented in Fig. 7(b), where it is possible to point 
out that supports and loading lines, both 3 m long, did not cover the 
whole length of the specimen and were hence placed at its center. A 
four-point bending test setup was adopted also in this case, considering 
a shear span (aTB) equal to 870 mm and a distance between the loading 
points equal to 600 mm. Three P DTs (stroke 150 mm) were used to 
measure mid-span deflection: in particular, one (δ1) was placed exactly

Fig. 5. TRC mechanical response in uniaxial tension along the warp (a) and weft (b) fabric directions.

Fig. 6. Prototypes production phases: AR-glass fabrics gluing (a), casting of the HPC intrados (b), positioning of the second steel formwork (c) and system introduced
to contrast the EPS uplifting (d).



at the center of the roof element, while the remaining two (δ2 and δ3)
were located close to the specimen edges. The deflections at the posi-
tions characterized by the change of the cross-section depth (both at the
center and close to the edge) were measured by two additional PDTs
(δ4 and δ5, stroke 50mm), just on one side. Crack opening displace-
ment at the center of the specimen (COD1) was measured by a 10mm
stroke displacement transducer, placed on the bottom surface of the
element over a gage length equal to 600mm. Two additional dis-
placement transducers (COD2,3) were used to measure crack opening
propagation close to the edge of the bottom surface. In the same loca-
tion, but on the upper face of the specimen, three transducers
(COM1,2,3) were applied to measure the compressive strain over gage
lengths respectively equal to 300, 600 and 600mm. It is worth to note
that all the instruments close to the border of the specimen (COD2,3
and COM2,3) were instrumental also to take into account the load
diffusion, due to the fact that, as mentioned, both the loading knives
and the supports did not cover the whole length of the specimen.

4.1. Longitudinal bending results

The experimental behavior of the two nominally identical panels
tested according to a longitudinal bending (LB) setup is presented in
Fig. 8, in terms of Load (P) vs. Stroke/Displacement (Stroke/δ1), Mo-
ment (M) vs. Curvature ( ) and Moment vs. COD/COM diagrams;
bending moment was evaluated as M= P/2·aLB, while the i-th curva-
ture was estimated as follows:

i
CODi GL COMi GL

h
/ /COD i COM i

i

, ,=
+

(1)

with CODi and COMi taken with the signs of Fig. 8 (please refer to the 
caption) and where GLCOD,i, GLCOM,i and hi respectively represent the 
gage length of the i-th intrados transducer, the gage length of the i-th 
extrados transducer and the distance amid the outermost chords of the 
considered section, i.e. 130 or 230 mm.

In Fig. 8(a) it is possible to observe the comparison between the 
stroke displacement, as recorded at the jack head, and the displacement 
measured by the potentiometer δ1. Please note that the small plateaus 
exhibited by the stroke measures at about 9 and 19 kN were associated 
to the testing frame mechanical interplays. It is also important to 
mention that, before the peak load was reached, safety concerns always 
led to the samples unloading and the early removal of the transducers; in 
this sense, only the load-stroke diagrams must be considered re-
presentative of the panel responses up to the end of the tests.

Even though the mechanical behavior of the two LB samples ap-
peared to be similar up to a load of about 80 kN, the collapse was as-
sociated to different mechanisms. As displayed in Fig. 9(a), specimen 
LB1 failed due to the widening of a flexural crack located between the 
loading knives; on the contrary, as shown in Fig. 9(b), specimen LB2 
suffered a premature softening, triggered by the unsymmetrical shear 
cracking of a lateral web. Unfortunately, LB1_COM1 data went missing 
at M ≈ 31 kNm (P ≈ 37 kN) due to a communication problem, but since 
the transducers were de-installed before the onset of the ultimate modes, 
the LB2_COM1 trend may be considered sufficiently re-presentative of 
both the panels (Fig. 8(d)).

Fig. 8(b) shows that, while specimen LB1 was characterized by ra-
ther uniform M- i responses, prototype LB2 experienced a delayed 
deformation of its central region, as entailed by an unbalanced flexural 
stiffness; as a matter of fact, the intrados area monitored by the 
LB2_COD1 transducer (Fig. 8(c)) started cracking only at M ≈ 26 kNm 
(P ≈ 31 kN). It is also interesting to observe that the middle HPFRCC 
plate, initially subjected to a weak compression, switched to a tensile 
state of stress at M ≈ 32 kNm (P ≈ 38 kN), with a pronounced slope 
variation at M ≈ 42 kNm (P ≈ 50 kN). The sharp change of the 
LB2_COM1 output could be related to a drop of stiffness at the bottom 
layer, as exhibited by a cracked TRC: considering the average CODav at 
M = 42 kNm, an equivalent tensile strain can be calculated as CODav/
GLCOD = 1.75 mm/1600 mm = 0.11%; referring to Fig. 5(b) and 
roughly considering a normalized displacement (δ/ℓ0) of the same order

Fig. 7. Top, bottom and side views of the instrumented prototypes tested in longitudinal (a) and transverse (b) bending. Please note that the darker solid hatches
represent the neoprene sheets introduced to prevent stress concentration (measures expressed in mm).



of magnitude, it is possible to notice that the value corresponds to the 
beginning of the TRC multi-cracking phase.

The considerable shifting of the neutral axis is confirmed also by the 
LB1 crack pattern analysis of Fig. 9(c), in which it appears that, fo-
cusing on the middle plate, additional flexural cracks were activated 
and the pre-existing ones were quickly widened at a load P greater than 
45 kN. To better understand the prototypes responses, HP FRCC cores 
were drilled and measured at relevant positions (numbers and letters in 
Fig. 9(c)). According to the data collected in Table 6, it is possible to 
conclude that panel LB2 was penalized by thinner extrados layers, most 
likely to be due to the uncontrolled buoyancy of the EP S core. The 
reduced thickness further explains the different mechanical response 
highlighted in Fig. 8, the unsymmetrical diffusion of the applied load 
from the external ribs towards the center and the mentioned un-
expected propagation of shear cracks. To this aim, it should be noted 
that the region displayed in Fig. 9(b) was close to coring A, char-
acterized by a top plate thickness of only 9 mm and a web thickness of 
only 12 mm (both to be compared with the 20 mm nominal thicknesses 
of Fig. 1).

4.2. Transverse bending results

In Fig. 10, the results pertaining to the two nominally identical 
panels tested according to a transverse bending (TB) scheme are pre-
sented in terms of Load (P) vs. Stroke/Displacement (Stroke/δ1), 
Bending moment (M) vs. Curvature ( ) and Bending moment vs. COD/
COM diagrams. The bending moment was evaluated as M = P/2·(aTB), 
while the curvature was calculated according to Eq. (1), considering hi 
= 130 mm. Also in this situation, the two prototypes exhibited

different failure mechanisms: the peak load of test TB1 was associated
to the localization of a flexural crack initially developed at the midspan
of the HPFRCC end plate (Fig. 11(a)), while specimen TB2 experienced
an early failure caused by the delamination of the TRC bottom layer
(Fig. 11(b)). As depicted in Fig. 11(c), prototype TB1 underwent the
development of circular plastic hinges on the middle HPFRCC layer,
which behave as a quasi-brittle thin plate supported by a soft elastic
material.

The continuity of the middle HPFRCC plate was firstly lost in the x
direction (see the cracks at P=65 kN and P=100 kN in Fig. 11(c)),
leading to a greater out-of-plane loading of the TRC intrados; the loss of
stiffness of this central area, worsened by the release also in the z di-
rection, finally favored the development of a dense cracking pattern in
the TRC outer regions (stiffened by the 20mm thick HPFRCC head
plates). This mechanism is confirmed by the measures displayed in
Fig. 10, where it is possible to observe the limited vertical displacement
at the bottom level (TB1_δ1), the delayed cracking of the TRC
(TB1_COD1) and the complete absence of compressive strains in the
central region (TB1_COM1 in Fig. 10(d)). Even though localization
occurred within the area monitored by the transducer TB1_COD2 (i.e.
close to coring D of Fig. 11(c)), for a fixed value of M, curvature 3
appears to be larger than 2; this can be explained by the fact that,
according to the reconstructed pattern, much more cracks were devel-
oped across the TB1_COD3 gage length, but none of them led to a lo-
calization.

Regarding prototype TB2, delamination was explained by the fact
that, in order to prevent the core uplifting, the HPFRCC was cast on a
slightly hardened HPC (60min of curing were imposed between the two
batches). In the absence of dedicated shear connectors, the weakened

Fig. 8. Full-scale longitudinal bending (LB1, LB2) tests: Load vs. Displacement (a), Moment vs. Curvature (b), Moment vs. Crack Opening Displacement (c) and
Moment vs. Compressive Displacement (d) experimental results. Please note that positive outputs respectively represent a COD elongation and a COM contraction.



interface hindered the activation of the mentioned plastic hinges and 
the subsequent vertical crushing of the EPS.

In Fig. 10(a) it is possible to notice that, net of the frame interplays, 
the output TB2_δ1 does not substantially differ from the jack head 
displacement and in Fig. 10(d), where the strong difference between the 
TB2_COM1 and the TB1_COM1 outputs can be appreciated. Strain lo-
calization again occurred on the outer zones, with some lag on the side 
hosting the transducers TB2_COM3 and TB2_COD3, opposite to the head 
of Fig. 11(b).

5. Plane-section analyses

To assess the reliability of simplified design models as an easy en-
gineering approach, plane-section (PS) analyses were carried out by
imposing an increasing curvature over the section, calculating the
corresponding bending moments through the integration of stresses;
known the M- sectional responses, the P-δ structural behaviors were
finally obtained by equilibrium and integration of curvatures. The
analytical investigations targeted the longitudinal bending tests, on
account of the efficacy of the Euler-Bernoulli kinematic model in

simulating the responses discussed in Section 4. Shear deformability 
was not deemed relevant since the softness of the EP S core was con-
trolled by the presence of the two HPFRCC ribs working in parallel (a 
box-like panel behavior was observed). Nevertheless, it should be noted 
that the EP S plays a role in ensuring the applicability of the plane-
section approach, because its ability to work in compression along the y 
axis limits the transverse deformability of the section (especially in the 
central region, where the effect of the ribs is less relevant).

Cement-based composites and steel bars were respectively ac-
counted for by means of average multilinear and bilinear laws retrieved 
from the characterization campaign (Section 2), while the EP S was 
omitted due to its negligible contribution resulting from its very low 
elastic modulus. Concerning the HPFRCC, mode I stress-strain relations 
were derived from the stress-crack opening results (Fig. 4(d)), by 
smearing w over a characteristic length ℓcs, such that ε = w/ℓcs [31]. As 
shown in recent works, better predictions of the mechanical response of 
fiber-reinforced structural elements can be obtained by considering 
multiple characteristic lengths within the cross-section [32], as dis-
played in Fig. 12(a) (ℓcsA-ℓcsD). Since the employed algorithm was based 
on material properties that could vary only along the section depth, two 
values ℓcs1 = ℓcsA and ℓcs2 = ℓcsD were introduced; the first, ℓcs1, was 
assigned to the area hosting the longitudinal steel bars (first 100 mm 
measured from the HPFRCC bottom chord), while the second, ℓcs2, was 
attributed to the extrados region (from the middle plate upwards, as 
displayed in Fig. 12(b)); considering the small contribution of the webs 
in the ℓcs2 region on the overall behavior, such simplification was 
considered acceptable.

According to the MC2010, the characteristic length ℓcs of con-
ventionally reinforced FRC elements should be taken as the lowest of:(i) 
the distance y between the neutral axis and the extreme bottom 
stretched fiber and (ii) the average spacing srm between cracks. The

Fig. 9. Longitudinal bending tests: failure modes of prototypes LB1 (a) and LB2 (b) and crack patterns of prototype LB1 (c); please note that since the intrados cracks
could be safely traced only at the end of the tests, it was not possible to distinguish the opening of cracks among different loading levels. Numbers and letters indicate
the coring positions (Φ20 and Φ100mm in diameter, respectively).

Table 6
HPFRCC thickness [mm] at different coring locations (please refer to Figs. 9(c) 
and 11(c)).

A B C D E F G H I J 1 2 3 4

LB1 20 26 18 17 17 17 21 31 27 30 22 20 20 18
LB2 9 23 14 8 20 18 10 10 27 12 12 20 19 21
TB1 20 26 20 20 16 20 19 22 27 25 23 29 15 19
TB2 20 21 11 22 11 17 17 25 22 13 19 20 19 21



former value is measured from a neutral axis n-n estimated in a cracked 
situation, in which both the tensile strength of concrete and the con-
tribution of fibers are neglected (Fig. 13(b)).

Given these hypotheses and considering only the HPFRCC depth h, 
since the characteristic length should be intended as a local material 
property, y takes the value of 193.1 mm, as shown in Fig. 13(b). The 
average crack spacing srm is instead calculated as:

s k c
f f

1.5 · 1
4

· ·rm
s

s ef

ctm Ftsm

bm,
= +

(2)

where k is an empirical parameter assumed equal to 1, c (28 mm) is the 
minimum concrete cover, Φs (14 mm) is the longitudinal bar diameter, 
ρs,ef (1.77%) is the effective reinforcement ratio, calculated as the ratio 
between the area As of the steel bar and the effective area Ac,ef (8723.9 
mm2, see Fig. 13(b)) of the HPFRCC in tension, fctm (5.64 MPa) is the 
mean tensile strength of the plain C120 concrete, fFtsm is the average SLS 
strength calculated in Section 2.1 (fFtsRB = 3.75 MPa) and τbm is the 
mean bond strength between steel and concrete, calculated as 1.8·fctm = 
1.8·5.64 MPa = 10.2 MPa.

Being srm = 97.4 mm < y, the average crack spacing was identified 
as the characteristic length ℓcs1 of the HPFRCC surrounding the long-
itudinal reinforcement. Regarding the extrados area, on account of the 
lack of traditional reinforcement and the deflection-hardening behavior 
observed on the structural beams (Fig. 4(c)), the characteristic length ℓcs2 

was assumed to be equal to the HPFRCC plates nominal thickness, i.e. 20 
mm [11]. It is worth noting that, as displayed in Fig. 13(a), the 
estimated lengths of the fracture process zone are consistent with the

crack patterns observed on sample LB1. The resulting constitutive laws 
are shown in Fig. 14(a), where it is possible to notice that favorable 
fiber orientation effects were also considered, increasing the post-
cracking behavior in line with that already discussed in Section 2.1.

Textile reinforced concrete was modelled by means of a trilinear 
strain-hardening law (Fig. 14(b)), whose points were identified on the 
average experimental curve of Fig. 5(b) according to the following 
procedure: point A was identified by imposing the same elastic modulus 
assigned to the HPFRCC (46877 MPa, evaluated according to the ISO 
1920-10 Standard) to the average first-cracking nominal stress in the 
weft direction; point B was selected on the same curve, as the point 
representing the end of the multi-cracking branch (strain was estimated 
as the ratio between the displacement in the uniaxial tensile test and the 
free specimen length ℓ0); point C was found tracing through point B a 
line parallel to the fabric weft response, limited at its maximum me-
chanical capacity (6.23 kN of Table 4, divided by the average TRC cross-
sectional area). In this sense, considering the large anchoring lengths 
available on the real structure, a TRC efficiency factor (Ppeak,TRC/
Ppeak,FABRIC) [16] equal to 1 was assumed, overcoming the fabric end 
slippage observed in Section 2.2.

A series of plane-section analyses was performed (Table 7) and 
compared with the full-scale tests results (Fig. 15), to confirm the in-
terpretation of the experimental evidences and highlight the contribu-
tion of individual materials to the overall mechanical response. In the 
first two simulations the intrados was omitted and the HPFRCC area, 
reinforced with the two Φ14 steel bars, was alternately treated as a plain 
concrete with zero tensile strength (ps1) and a fiber-reinforced 
composite with two characteristic lengths and the residual tensile

Fig. 10. Full-scale transverse bending (TB1, TB2) tests: Load vs. Displacement (a), Specific moment vs. Curvature (b), Specific moment vs. Crack Opening
Displacement (c) and Specific moment vs. Compressive Displacement (d) experimental results. Please note that positive outputs respectively represent a COD
elongation and a COM contraction.



behavior of the non-oriented material (ps2). Please note that, referring 
to the compressive behaviors of the cement-based materials, the C120 
grade non-linear law suggested by the MC2010 was implemented in all 
the algorithms. In simulation ps3, the intrados layer was introduced, 
assigning the 0-C′ law of Fig. 14(b), representing the plain fabric tensile 
behavior; the choice of penalizing the TRC – both in terms of initial 
stiffness and global toughness – was made because the prototypes were 
affected by the presence of pre-existing cracks (see Fig. 9(c)) resulting 
from constrained shrinkage and inadequate handling/storage proce-
dures. In simulation ps5 the intrados was described by the complete 0-
A-B-C trilinear law and finally, in simulations ps4 and ps6, the effect of 
fibers o rientation w as i ntroduced i n t he ℓ cs2 r egions. T he r esults are
presented in the following, in terms of sectional (M- ) and structural (P-
δ) behaviors.

In Fig. 15(a), the analytical M- curves are compared with the 
average ones detected on the two prototypes (mean of M- 2 and M- 3); 
as one should note also in Fig. 15(b), analyses ps3 and ps4 can be

considered as reliable predictions of the P-δ experimental responses, in 
particular with regard to prototype LB1 (characterized by a symme-
trical flexural failure and good geometrical tolerances). Since the 
cracking patterns of Fig. 9(c) proved that the TRC was not fully cracked 
prior to the tests, it is believed that the most representative behavior 
may fall between curves ps3 and ps6.

Reference points of Fig. 16 and Table 8 were selected on the ps4 
curve, taken as a reference, in order to identify the sequence of typical 
mechanisms. The first branch (0-A) is characterized by linear-elastic 
material behaviors (see the stress distributions of Fig. 17), with the 
exception of the TRC, in which the pre-cracked condition was imposed 
a priori. The HPFRCC starts cracking on the tensile side of the lateral 
webs (before point B) and the propagation through the middle plate 
(phase B-C) occurs at M values comparable with the experimental 
evidences (see Fig. 9(c)). The development of flexural cracks is followed 
by the yielding of the steel bars (point C) and by the rupture of the 
intrados layer (point D).

Fig. 11. Transverse bending tests: failure modes of prototypes TB1 (a) and TB2 (b) and crack patterns of prototype TB1 (c); please note that since the intrados cracks
could be safely traced only at the end of the tests, it was not possible to distinguish the opening of cracks among different loading levels. Numbers and letters indicate
the coring positions (Φ20 and Φ100mm in diameter, respectively).

Fig. 12. Identification of the material characteristic lengths (a) and simplification considered in the plane-section analyses (b).



For the sake of completeness, in Fig. 16 the analytical curve is also 
compared to the peak experimental responses and to the acting design 
bending moments at serviceability and ultimate limit states 
(MSLS = 21.9 kNm, MULS = 30.3 kNm), evaluated assuming a uniformly 
distributed load consisting of a self-weight of 1.2 kN/m2, a non-struc-
tural dead load of 0.4 kN/m2 (PV system) and an accidental snow load 
of 1.2 kN/m2.

Regarding the transverse direction, the plane-section approach was 
considered unfit to simulate the entire sectional and structural re-
sponses, because of the uneven distribution of loads/supports and the 
presence of out-of-plane mechanisms, as discussed in Section 4. Con-
sidering an ultimate capacity mainly governed by the TRC warp 
strength, the analysis was confined to the estimation of the peak 
bending moment M. Two alternative results, respectively associated to 
the whole cross-section and the only external portions (1 + 1 m wide, 
stiffened by the 20 mm thick head plates) of Fig. 18, take values of 
121 kNm and 48.7 kNm, roughly confirming that the resisting me-
chanism was mostly controlled by the outer regions (see Figs. 10(b) and 
11(c)).

Even though the full-scale sample population was not sufficiently 
large to allow a proper statistical determination of design values as-
sisted by testing [33], by using an indirect approach it is possible to 
evaluate the allowed standard deviation that satisfies the bending

requirement (resisting bending moment MRd equal to the acting
bending moment MSd). In this regard, the coefficients of variation Vx
associated to an assumed infinite number of experiments were esti-
mated by considering the Eurocode 0 – Annex D formulation for the
assessment of the design capacity Xd:

X m k V(1 · )d
d

m
X n x=

(3)

Reversing Eq. (3) and considering a conversion factor ηd equal to 1, a 
partial factor γm of 1.5 (typical of cement-based materials), average 
values mx corresponding to the average experimental peak responses 
(78.2 kNm for LB and 13.4 kNm/m for TB), a characteristic fractile 
factor kn equal to 1.64 and design values Xd coincident with the ULS 
demands (30.3 kNm for LB and 3.0 kNm/m for TB), the admissible 
coefficients of variation Vx take values of 25.5% for the longitudinal 
bending and 40.2% for the transverse bending. Despite the scarcely 
repeatable responses discussed in Section 4, the experimental coeffi-
cients of variation Vx (to a preliminary attempt calculated on the basis of 
the limited experimental results) are lower than the admissible ones 
(12.9% < 25.5% for LB and 18.6% < 40.2% for TB) and, conse-quently, 
it can be assumed that a controlled production could easily satisfy the 
requirements of a design by testing procedure.

Fig. 13. Comparison between the calculated and the experimental characteristic lengths, over the constant bending moment region of prototype LB1 (a) and
evaluation of the effective HPFRCC area in tension, based on the position of the neutral axis in a plain concrete section, reinforced with the steel bars and the glass
fabric (b).

Fig. 14. HPFRCC mode I stress-inelastic strain laws (a) and TRC tensile laws (b) implemented in the PS analyses. Please note that the last points of the constitutive
laws were always followed by a zero tensile strength.



6. Concluding remarks

Based on the experimental results and the simplified simulations, it
is possible to draw the following conclusions.

1. Environmental sustainability can be improved by integrating
thermal insulation and energy production within the same structural
component. In this field, advanced cement-based materials can play
an important role, since the lightness associated to the reduced
structural thickness positively impacts production, storage, trans-
portation and dismantling costs. Within the framework of industrial
building retrofitting, lighter roof elements imply a significant de-
crease of inertia-induced forces, automatically improving the
structural safety of existing beams, walls, columns and foundations.

2. As confirmed by the characterization tests at the material level, the
technological transfer of high-performance composites from the la-
boratory scale to the precast plant may involve undesirable phe-
nomena like poor control over the fiber distribution. In order to
achieve smaller scattering of results, an improvement of the tech-
nological preparation procedure is needed, to significantly reduce
the measured standard deviations.

3. Materials such as HPFRCC and TRC can be effectively employed in
innovative multilayered panels, thanks to their excellent tensile
behaviors, respectively provided by high-carbon steel microfibers
and AR-glass textiles. The bending behaviors exhibited by the full-
scale prototypes were characterized by a significant structural re-
sponse, in terms of strength, ductility and robustness. The compar-
ison between the average peak bearing capacities and the estimated
ULS actions gives loading ratios of ∼2.6 in case of longitudinal
bending and ∼4.4 in case of transverse bending.

4. In longitudinal bending, sectional and structural behaviors can be

Table 7
Summary of the performed plane-section analyses. Peak curvatures of analyses ps1 and ps2 are omitted, being associated to failure mechanisms different from the
ones observed on the full-scale panels.

Analysis Intrados Extrados peak,PS [1/mm] Mpeak,PS [kNm] M
M

peak,PS

peak,LB1

M
M

peak,PS

peak,LB2

ps1 – plain concrete (fct=0) – 29.50 0.35 0.41
ps2 – non-oriented, ℓcs1+non-oriented, ℓcs2 – 53.00 0.62 0.75
ps3 fabric non-oriented, ℓcs1+non-oriented, ℓcs2 9.37e−5 109.00 1.28 1.53
ps4 fabric non-oriented, ℓcs1+oriented, ℓcs2 9.47e−5 115.00 1.35 1.62
ps5 TRC non-oriented, ℓcs1+non-oriented, ℓcs2 9.42e−5 110.00 1.29 1.55
ps6 TRC non-oriented, ℓcs1+oriented, ℓcs2 9.52e−5 116.00 1.36 1.63

Fig. 15. Comparison between the analytical and the LB experimental results: bending moment vs. curvature (a) and load vs. displacement (b) diagrams. Please note
that the plots are interrupted at a fixed curvature/displacement value, to allow a better inspection of the analytical results.

Fig. 16. Reference points on the ps4 moment-curvature diagram and compar-
ison with the experimental (LB1 max, LB2 max) and the acting design bending
moments (SLS, ULS).

Table 8
Description of the sectional response in plane-section analysis ps4.

Phase Description

0-A Elastic, with pre-cracked intrados
A-B HPFRCC cracking on the lateral webs
B-C HPFRCC cracking on the middle plate
C-D Yielding of the steel bars
Point D Rupture of the intrados



successfully simulated by means of simplified plane-section ap-
proaches. In spite of the introduction of a strong hypothesis such as
the Euler-Bernoulli kinematic model, the results confirm the relia-
bility of the design method, even though the peak loads and ultimate
displacements were over-estimated due to the inability to represent
all the observed heterogeneities.

5. In transverse bending the resisting mechanism was rather complex,
hence difficult to simulate with simplified approaches. Given the
non-uniform distribution of load/supports, the global behavior was
strongly influenced by the out-of-plane response of the thin cement-
based layers.

6. Although the prototypes exhibited considerable structural capa-
cities, unexpected failure modes were activated by the lack of
thickness control. Further developments should hence focus on the
refinement of the production procedures, also in the interest of
preventing pre-existing cracks.
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