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ARTICLE INFO ABSTRACT

A wide experimental campaign of 40 three-point-bending tests on small-scale foamed concrete beams in the low-
to-medium density range (400-800 kg/m?>) is presented. The considered “extrudable foamed concrete” can keep
its dimensional stability at fresh state. In order to increase the mechanical characteristics while preserving
lightweight properties associated with the low densities, bi-directional grids of glass fibers are placed close to the
bottom external face of the beams. Additionally, the use of short polymer fibers embedded within the ce-
mentitious matrix is investigated. Different specimen characteristics are explored, including: three curing con-
ditions, three target dry densities, and two fiber contents. The presence of bi-directional grids increases the
bending strength values for all the examined conditions: for 400 kg/m> the increase is up to 1700%, and for
higher densities is, on average, 175%. The curing condition affects the failure mode: specimens cured in water
with densities higher than 600 kg/m?> exhibit a premature failure of the grid reinforcement without separation
from the concrete substrate, whereas in those cured in air and cellophane typical bond failures with detachment
occur. Only for densities of 800 kg/m® the further addition of short polymer fibers produces non-negligible
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flexural strength increase of 31%, on average.

1. Introduction

In order to achieve concrete elements with low self-weight, the
addition of preformed foam is a usual and effective strategy that can be
employed so as to obtain the so-called foamed concrete. This combined
material also may include other ingredients like fly ash or silica fume as
partial replacement of the traditional aggregates to enhance the me-
chanical properties [1]. The possibility of re-using slags of by-products
of other manufacturing processes is also convenient from a sustain-
ability point of view. As an example, electric arc furnace slag [2,3],
recycled glass, or foundry slag [4] could be employed.

The use of foamed concrete is particularly attractive due to light-
weight properties, thermal insulating features especially when low
densities are employed [5,6], fire resistance [7], good acoustic
shielding properties [8] and workability [9] as compared to traditional
concrete. However, foamed concrete, especially in the low-to-medium
density range (less than 1600 kg/m®), is characterized by a relatively
low strength [10]. In such low-density range foamed concrete can be a
useful material for realizing non-structural elements and partitions in
buildings, substrates in road construction [11], industrial concrete
floors [12], whereas for higher densities it might be used for structural

* Corresponding author.
E-mail address: dario.dedomenico@unime.it (D. De Domenico).

https://doi.org/10.1016/j.compstruct.2018.10.092

applications like composite walling systems [13]. Ultra-low density
foamed concrete (less than 500 kg/m3) can also have further interesting
applications as filling material in interspaces, excavations, cavities and
underground channels. However, these ultra-low density specimens
may suffer from potential risk of instability due to separation of solid
and air phases in the concrete mix [14,15].

Experimental data reveal that the dry density plays a key role in the
strength of foamed concrete, but also the water/cement and air/cement
ratios have a crucial impact [16]. In the relevant literature, different
authors have investigated the correlation between strength and such
influencing parameters [17,18].

In order to enhance the mechanical behavior of foamed concrete
while preserving lightweight properties associated with low densities,
in the literature embedded short fiber inclusions of different nature
(i.e., polypropylene, kenaf, steel, oil palm fiber) have been resorted to
[19-24], and other types, like basalt and coconut fibers, have been
employed in traditional (not lightweight) concrete elements [25,26]
and could easily be extended to foamed concrete. These fibers are
randomly distributed in the cementitious matrix during the mixing
phase; they not only increase the strength of the material, but also re-
duce drying shrinkage phenomena to a large extent. Instead, the study
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Fig. 1. Qualitative comparison of cohesion and viscosity of extrudable (a, b) and classical (c, d) foamed concrete at the fresh state (specimen preparation with equal

target dry density of 600 kg/m®).

of reinforcement grids [27,28] to enhance the tensile strength of
foamed concrete has not been as common as embedded short fiber in-
clusions. This shows similarities with the common Textile Reinforced
Concrete (not lightweight) widely studied in the literature, see e.g.
[29,30], to name just a few contributions in the field.

1.1. Goal of the paper and research significance

In line with this research subject, the aim of this paper is to present a
set of experimental results of three-point-bending tests performed on
small-scale foamed concrete beams in the low-to-medium density
range. The specimens are reinforced through the placement of a bi-di-
rectional grid of glass fibers in the tensile zone to ensure increased
flexural capacity. A further diffused reinforcement layout has been
studied in which, in addition to the above bi-directional reinforcing
mesh, short polymer fibers are embedded in the cementitious paste
during the mixing phase. A broad experimental campaign including
almost 40 tests has been conducted to investigate the dependence of the
flexural capacity of foamed concrete upon: 1) dry density; 2) curing
conditions; 3) reinforcement arrangement (either only bi-directional
grids or combined grids with short fibers); 4) fiber content. Although
various types of foaming agents exist that may be employed for the
specimen preparation (e.g., synthetic or protein-based) [31], in this
study only a protein-based foaming agent is adopted, which has been
identified as the most suitable one in a previous experimental campaign
[10]. Besides the evaluation of the flexural capacity gain produced by
the different reinforcement strategies, specific comments will be also
outlined regarding the failure mode of the specimens. It is observed that
the failure mode is strongly influenced by the specimen characteristics
and by the curing conditions.

The present contribution deals with a particular class of foamed
concrete obtained by adding foam and viscosity enhancing agent (VEA)
into the cement paste so as to achieve a peculiar and unconventional
property of extrudability [32,33]. The motivation of studying these
reinforcement arrangements and the structural performance of this
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fiber-reinforced extrudable foamed concrete derives from potential
applications in the civil engineering field [34]. Indeed, in the authors’
opinion this material could be used for infill walls of buildings, com-
posite walling systems [35] or for industrial concrete floors. Although
there are other studies from the literature that highlight the increase of
the flexural capacity through fiber reinforcement grids, the novel con-
tributions of this research work regard the following aspects: 1) the use
of bi-directional grids in the ultra-low density foamed concrete ele-
ments (400 kg/ms); 2) the effect of different curing conditions on the
failure mode of the specimens and on the corresponding increase of
flexural capacity; 3) the study of the interaction between two levels of
reinforcement, namely glass-fiber bi-directional grids combined with
embedded short polymer fibers; 4) in the latter combined reinforcement
configuration, the use of high fiber contents (up to 5%), whereas most
studies typically focus on a range from 0.2% to 1.5% of volume content.

2. Experimental campaign

The experimental campaign has comprised around 40 three-point-
bending tests on small-scale foamed concrete beams. The prismatic
specimens have dimensions of 40 X 40 X 160 mm according to the UNI
EN 196-1 standards (“Methods for testing cement”) and have been
prepared for the determination of the flexural strength, and of the
compressive strength. In particular, the flexural strength is investigated
first through the three-point bending method. After the flexural test is
concluded, compressive tests are carried out on halves of the prism
broken, thus obtaining two compressive strength values for each prism.

2.1. Materials

All the specimens were prepared using Portland CEM I 52,5 R in
accordance with the EN 197-1 standards in terms of mix proportions of
the constituting elements. A protein-based foaming agent called Foamin
C’ (trademark name) has been used in the experimental campaign,
which is a brown, liquid foaming agent with acidity PH equal to 6.6 and
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Fig. 2. Dimensional stability of the foamed concrete fresh paste during a rudimental extrusion process: a) filling of the steel formwork with cement fresh paste; b) end
of the filling phase; c) extrusion phase; d) assessment of the fresh state dimensional stability.

specific weight 1.16 g/ml. A particular VEA was introduced in the ce-
mentitious paste to improve the cohesion and viscosity of the light-
weight cement mix without deteriorating the workability of the mate-
rial at its fresh state [32,33]. This additive produces the peculiar
characteristic of “extrudability”, as the material keeps the dimensional
stability at its fresh state — hereinafter this material will be referred to as
extrudable foamed concrete. Some images highlighting this peculiar
behavior in comparison with classical (conventional — non extrudable)
foamed concrete are displayed in Fig. 1. In particular, in Fig. 2 the
ability of the foamed concrete paste to keep its shape at the fresh state is
illustrated. To this end, a rudimental extrusion process has been ob-
tained through the pressure exerted by a piston represented by a har-
dened cubic specimen underlying the fresh sample [33]. This is a dis-
tinctive peculiarity of this extrudable version of foamed concrete
because a classical foamed concrete sample in a similar situation would
expand laterally and would gradually collapse. Considering this pecu-
liarity, the production process could proceed without the need of
formwork, which is particularly convenient for prefabricated elements,
thus speeding up the overall construction times.
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Table 1
Geometric and mechanical characteristics of fiberglass mesh.
Reinforcement type Weight per Mesh spacing Content  Alkali Ultimate
unit area (mm X mm) of resin resistance tensile
(g/m?) (%) (%) strength
(kN/m)"
Fiberglass mesh 125 10 x 10 14 56 25

(bi-directional)

T Standard basis: JG 149-2003.

The reinforcement elements consist of bi-directional glass-type fiber
reinforcement grids and short polymer fibers as illustrated in Fig. 3. The
main geometric and mechanical characteristics of the fiberglass mesh
are listed in Table 1, while the ones pertinent to the polymer fibers are
reported in Table 2.

Fig. 3. Glass fiber reinforcement bi-directional grid (a) and short polymer fibers (b, c).
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Table 2
Geometric and mechanical characteristics of short polymer fibers.
Reinforcement Specific Appearance  Equivalent Fiber Ultimate
type weight diameter length tensile
(kg/dm®) (mm) (mm) strength
(MPa)”
Short polymer 1.00 Macro 0.54 20 520
fibers fibers, wave
shape

T Standard basis: ASTM C-1116; UNI 11039/1; UNI 11039/2.
2.2. Specimen preparation, mix proportions and curing conditions

By referring to the schematic stages illustrated in Fig. 4, some de-
tails on the specimen preparation are discussed in this subsection. The
first step was the preparation of the cement paste. This was achieved by
mixing cement, water and the particular VEA (in proportion 5% of the
cement weight) to obtain the above-mentioned extrudability property
(speed of around 3000 rpm for 1 min). Once a homogeneous paste is
obtained, the foamed concrete was prepared by mixing this paste with
preformed foam. The latter was produced through an appropriate foam
generator. Within the generator, water and foaming agent (with a
concentration of 3% of the water volume) are mixed with compressed
air at a 3 bar pressure and introduced into the collector in which the
foam is formed for dynamic turbulence. Using these parameters the
obtained foam had a density of approximately 80 g/1. This foam is fi-
nally added to the paste and mixed at a speed of around 3000 rpm for
2 min until a homogeneous foamed concrete is obtained with a system
of air voids in the microstructure. The foam content was varied de-
pending on the target dry density. Three target dry densities were ex-
amined in this experimental campaign, namely 400, 600 and 800 kg/
m?, with a tolerance of = 50 kg/m> — specimens outside this range were
excluded from the experimental study. Besides the variability of the
strength with the target dry density, in this study also the influence of
the curing conditions on the ultimate behavior (peak load and collapse
mode) was investigated. Overall, 37 series of specimens were prepared.
Some of the specimens were without reinforcement so as to have a
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reference set of beams for comparative purposes. Some other beams
were reinforced with glass-fiber bi-directional grids that were placed in
the tensile zone of the specimens, precisely at around 4 mm distance
from the external face, and covering the remaining height of the beam
with additional foamed concrete. Finally, some other beams were pre-
pared combining both the glass-fiber grids with short polymer fibers
that were preliminarily embedded in the lightweight cementitious
paste.

After de-moulding, the specimens were cured in three different
conditions as reported in Fig. 5, namely: 1) in air at environmental
temperature of (20 = 3 °C) and relative humidity (RH) of 75%, which
represents the worst configuration for achieving the flexural and com-
pressive strength; 2) by wrapping the specimens within a cellophane
sheet at a temperature of 20 = 3°C and RH of 75%. This is a con-
ventional curing procedure employed in foamed concrete precast in-
dustry [4] to prevent significant evaporation of water during the curing
process; 3) in water at a controlled temperature of 30 °C within a closed
tank. For each curing conditions and for each fiber content three dif-
ferent specimens were prepared to achieve the three target dry den-
sities. In this way, a set of almost 40 specimens were prepared. This
wide database allowed us to compare the flexural strength and the
corresponding compressive strength, in addition to the failure mode, of
a set of specimens having different characteristics. Therefore, this ex-
perimental study has made it possible to highlight the effect of dry
density, of curing conditions and of fiber content in addition to the
glass-fiber bi-directional grid reinforcement on the flexural capacity of
foamed concrete.

For each reinforcement arrangement and curing condition, a series
of specimens were prepared having different densities. All the mix
proportions are reported in Table 3. In particular, the mix design of
each specimen analyzed in this study is documented in terms of water
content w, foam content f and related ratios f/c, w/c and (w + f)/c,
which are computed for each specimen, with ¢ denoting the weight of
cement. Moreover, the additive content a (in percentage of the cement
weight) and the short fiber content rf (in weight per unit volume) are
also listed in Table 3. As listed in Table 3, the water/cement ratio is
assumed constant for all the tested specimens and equal to 0.30, in line
with a previous experimental campaign carried out on classical (not

Fig. 4. Photographs of the specimen preparation of foamed concrete beams: a) mix of water, cement and VEA; b) preformed foam; c) paste obtained with a) + b); d)
application of bi-directional reinforcement grids; e) covering of the reinforcement grid and completion; f) de-molding of the specimens.
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Fig. 5. Curing conditions of some of the tested beams in air at environmental temperature (a), wrapped in cellophane sheet at environmental temperature (b), and in
water at controlled temperature (c).

Table 3
Mix design of the tested specimens of foamed concrete.
mix no. Mix design
dry density cement water foam VEA additive short fiber content ratio 1 ratio 2 ratio 3
Yary [kg/m®] ¢ [kg/m?] w [kg/m®] f [kg/m?] a [%] rf [kg/m°] w/c fre W+ f/c
400U 408 319 96 181 5 - 0.3 0.57 0.87
600U 608 465 139 196 5 - 0.3 0.42 0.72
800U 825 648 194 182 5 - 0.3 0.28 0.58
400G 422 322 97 162 5 - 0.3 0.50 0.80
600G 625 477 143 180 5 - 0.3 0.38 0.68
800G 784 623 187 174 5 - 0.3 0.28 0.58
400GF2 443 330 99 162 5 18.3 0.3 0.49 0.79
600GF2 596 429 129 176 5 17.2 0.3 0.41 0.71
800GF2 778 619 186 186 5 19.2 0.3 0.30 0.60
400GF5 435 327 98 168 5 44.5 0.3 0.51 0.81
600GF5 598 431 129 180 5 43.0 0.3 0.42 0.72
800GF5 802 631 189 201 5 48.5 0.3 0.32 0.62

T The number denotes the target dry density of the mix (400, 600, 800 kg/m®) and is followed by the beam type indicated with U (unreinforced), G (reinforced
with grids), GF2 (reinforced with combined grids and short fiber at 2% content) and GF5 (reinforced with combined grids and short fiber at 5% content).

extrudable and not reinforced) foamed concrete specimens [10]. from 600 to 1100 kg/m?, the wet density from 500 to 1000 kg/m> and
In addition to the dry densities for each specimen yg4r, (determined the dry density from 400 to 830 kg/m?®. The porosity listed in Table 4
after the testing and after drying the specimen in an oven as described was computed according to the simplified formula reported in [6], that
below), also the fresh density v (at the preparation stage) and the wet is
density ywer (after 28 days in air curing conditions at natural humidity
conditions) are computed and reported in Table 4. Considering the e=1-
three above defined density values, it was then possible to calculate the Yoolia
water content of each specimen in air curing conditions as
= 100-(Wyer — War)/Wyee [%], and also the difference between
fresh and wet density as percentage, i.e., Ay = 100-(yf — Ywed/vr [%].
As can be noted from Table 4, the fresh density ranged approximately

Yary

wherein v, indicates the density of the cementitious matrix and was
calculated on specimens prepared without foam (this value was equal to
1850 kg/m®), while v4, denotes the dry density measured on the
foamed concrete specimens. The latter density was evaluated after the

Table 4

Evaluation of density at different states of the specimens for air curing conditions.
series no. fresh density wet density density difference dry density porosity water weight ratio

vy [kg/m®] Ywer [kg/m’] Ay[%]! Yary [kg/m®] e[%] wal%]”

#1U 609 502 17.57 408 77.94 18.72
#2U 835 750 10.18 608 67.13 18.93
#3U 1105 1015 8.14 825 55.40 18.72
#1G 620 510 17.74 422 77.17 17.19
#2G 865 780 9.83 625 66.20 19.83
#3G 1065 991 6.95 784 57.60 20.85
#1GF2 635 530 16.53 443 76.07 16.48
#2GF2 819 730 10.87 596 67.78 18.35
#3GF2 1073 975 9.13 778 57.93 20.17
#1GF5 614 519 15.47 435 76.49 16.18
#2GF5 805 725 9.94 598 67.66 17.47
#3GF5 1062 975 8.19 802 56.65 17.74

! Difference between fresh density and wet density (after 28 days).
2 Computed as the difference between the dry weight and the wet weight of the specimen over the wet weight.
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Fig. 6. Photographs of the testing equipment used in the experimental campaign: a) CONTROLS test frame model 65-L1301/FR; b) close-up detail of the three-point
bending test; c) close-up detail of the compression test on halves of broken prism.

tests and after placing the specimens within an oven at 110 °C until a
constant weight was reached. Although the above formula is rather
simplified, it has been demonstrated in earlier studies to be accurate
enough to give a reasonable estimate of the porosity against more ac-
curate methods like those commonly employed in the microstructural
analysis (e.g., X-ray computerized tomography and 3D image proces-
sing) [36].

2.3. Testing conditions

The prismatic specimens were tested at 28 days from casting (in the
three above-specified curing conditions) under three-point-bending
according to UNI EN 196-1 standards. A CONTROLS test frame model
65-L1301/FR was used. This testing equipment is composed of a twin
column rigid steel construction since it allows both compression and
indirect tensile test, as displayed in Fig. 6. The frame for the indirect
tensile test has 15kN load capacity, while that related to the com-
pression test 250 kN. For the indirect tensile strength the load was
applied at a rate of 50 N/s, while for the compression test the load rate
was 2400 N/s in compliance with the tolerances allowed by UNI EN

Table 5

196-1 standards. For each test the peak load was recorded and then the
compressive and indirect tensile strength were calculated. For the
compressive test, the halves of the prism broken in the indirect tensile
test were placed on two platens of 4 cm side in accordance with the
specifications of the UNI EN 196-1 standards.

3. Extrudable foamed concrete beams without reinforcement

In this Section we report the indirect tensile strength f; and com-
pressive strength values R, measured on the group of foamed concrete
specimens without reinforcement. These values are assumed as re-
ference for assessing the increase of the strength induced by the dif-
ferent reinforcement strategies discussed in the following sections.
Thus, they are assumed as benchmark data for comparative purposes. In
Table 5, the experimental strength values are listed for all the tested
specimens in the three considered curing conditions, namely in air,
cellophane, and water, respectively. The specimens are labelled with
different numbers, and the letter “U” associated with each specimen in
Table 5 indicates the un-reinforced configuration of this set of beams.
Considering that the compressive strength was determined on two

Experimental indirect tensile strength and compressive strength for each series of the specimens without reinforcement.

curing conditions series no. dry density indirect tensile strength mean compressive strength st. dev. compressive strength COV strength
Yary [kg/m°] f; [MPa] R, [MPa] Ogc [MPa] COVp,
air #1U 413 0.09 1.665 0.092 0.055
#2U 611 1.09 6.21 0.113 0.018
#3U 814 2.15 12.23 0.424 0.035
cellophane #4U 413 0.12 1.71 0.099 0.058
#5U 609 1.23 6.43 0.035 0.005
#6U 824 2.40 11.87 0.481 0.040
water #7U 398 0.10 1.52 0.134 0.088
#8U 604 1.24 6.14 0.042 0.007
#9U 838 2.53 12.07 0.24 0.020
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Fig. 7. Experimental indirect tensile strength for foamed concrete beams without reinforcement and different curing conditions: a) air; b) cellophane; c) water.

halves of the broken prismatic specimen, the arithmetic mean is com-
puted and reported in the Table, along with the standard deviation o,
and the coefficient of variation (COV) of the two sets of measures
COVg,.

The effect of dry density and curing conditions on the indirect
tensile and compressive strength can be thus analyzed. In the following
subsections a series of graphs are constructed in terms of indirect tensile
and compressive strength values versus the actual dry density for dif-
ferent curing conditions. The experimental data, indicated by markers
in the plots, are accompanied by the corresponding linear regression
curves that are found via a least-square minimization procedure to give
some design indications and conclusions based on the present experi-
mental study.

3.1. Effect of dry density

In Fig. 7 the indirect tensile strength values f, are reported versus the
dry density of the specimens. It is noted that the f;, values increase al-
most linearly with increasing the dry density in the range of densities
examined in this experimental campaign — the linear regression curve
describes almost perfectly the experimental data. The transition from
400 kg/m® to 600 kg/m® results in a dramatic increase of the tensile
strength, and this is due to the very low strength associated with the
lowest dry densities. Without any kind of reinforcement, these ultra-low
dry densities are associated with a modest bearing capacity. Instead, the
transition from 600 kg/m> to 800kg/m?> implies a percentage relative
increase of around 85-100% of the tensile strength value. Similar trend
is observed for the compressive strength values obtained on two halves
of the broken prismatic specimen and reported in Fig. 8. A comparable
percentage increase is computed when passing from 600kg/m> to
800 kg/m>, while more than 250% increase is obtained passing from
400 kg/m® to 600 kg/m>.

3.2. Effect of curing conditions

In addition to the effect of dry density, the influence of the curing
conditions of the specimens on the achievement of the final strength
values has also been investigated. In Fig. 9 the variability of the indirect
tensile strength values f; with the curing conditions is illustrated for the
three target dry densities considered. It is noted that, as normally

expected, the water curing conditions are associated with the highest
indirect tensile strength values, although this trend is not confirmed for
the specimens having a target dry density of 400kg/m® — but this is
justified by the very low values of the strength measured in the lowest
target dry densities. However, the differences observed between the
three curing conditions are not considerable for the beams without
reinforcement: around 1-5% of increase comparing specimens cured in
cellophane and water, and approximately 10-15% of increase com-
paring specimens cured in air and cellophane. Therefore, comparing the
worst and the best curing condition we have measured a percentage
increase of around 15-18% for the indirect tensile strength.

Even more negligible are the differences related to the compressive
strength values R, associated with the three curing conditions, as re-
ported in Fig. 10. The cellophane curing conditions seemingly represent
the best ones for the achievement of the highest compressive strength
values, and this result is quite in line with a previous experimental
campaign focused on the compressive strength of classical (not ex-
trudable) foamed concrete [10].

4. Beams reinforced with bi-directional grids of glass fibers

In this section, the experimental results pertaining to the foamed
concrete beams reinforced with bi-directional grids of glass fibers are
reported. The values of the indirect tensile strength f, and compressive
strength values R, for the examined specimens are all listed in Table 6.
Here, the nomenclature G stands for grid reinforcement. Unlike the
previous set of un-reinforced foamed concrete beams discussed above,
for this class of reinforced specimens the two halves of the prismatic
beam were not always in proper conditions to be used for the sub-
sequent compressive strength tests. This was due to the specific failure
mode of these reinforced beams in which a significant portion of the
concrete cover separated from the rest of the specimen — this will be
better clarified in the following discussions by reporting some photo-
graphs of the collapsed beams. In almost all the cases, only one of the
two halves was not excessively damaged during the three-point-
bending test, thus it was not possible to measure a couple of com-
pressive strength values for each specimen type and, for this reason, the
standard deviation oy, and the coefficient of variation COVg, are
omitted for this set of specimens. As for the un-reinforced beams, the
same effect of dry density and curing conditions on the indirect tensile

3 3 3
. air ° . cellophane P . water - 2
) _ ) s ) -
& - [ 1 W e
=3 e =3 - =3 -
= 1 Pl = 1 » - 1 s
S~ e S~ s S~ Ve
e ' 7
- s s
ol—= ol—= ol—<
300 500 700 900 300 500 700 900 300 500 700 900
3 3 3
2) p kg /m’] b) plkg/m’] ©) p kg /m’]

Fig. 8. Experimental mean compressive strength on halves of broken prismatic foamed concrete beams without reinforcement and different curing conditions: a) air;

b) cellophane; c¢) water.
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Fig. 9. Effect of the curing conditions on the experimental indirect tensile strength values for foamed concrete beams without reinforcement: a) 400 kg/m?; b)

600 kg/m>; c) 800 kg/m*

and compressive strength is illustrated below through a series of plots.

Using the same format of the plots adopted for the un-reinforced
beams, in Fig. 11 the indirect tensile strength values f, are reported
versus the dry densities of the specimens. By inspection of the experi-
mental data (markers reported in the plot), a linear increase is observed
for the air and cellophane curing conditions, while for water curing
conditions the trend is different. This result will be clarified in the next
subsection regarding the influence of the curing conditions. By com-
paring this plot with the previous ones relevant to the un-reinforced
beams, it is evident that there is a marked increase of the indirect
tensile strength values due to the placement of the bi-directional grid of
glass-fiber reinforcement. Similar to the un-reinforced case, we can
compute the percentage increase when passing from 400kg/m® to
600 kg/m® and from 600kg/m> to 800 kg/m> for air and cellophane
curing conditions: on average, this percentage increase is around 115%
and 30%, respectively. For water curing conditions the transition from
400kg/m® to 600kg/m> implies a significant increase of strength,
whereas passing from 600 kg/m> to 800 kg/m® this trend is not con-
firmed in that the strength is almost constant. It will be demonstrated
below that for these testing conditions (water curing and dry density of
600-800 kg/m>) the ultimate load is specifically related to the strength
of the grid reinforcement where the rupture takes place, and not par-
ticularly affected by the foamed concrete strength.

The water curing conditions are associated with the worst indirect
tensile strength values for the beams with grid reinforcement, see
Fig. 12. This is due to the degradation of the mechanical characteristics
of the grid induced by the water curing conditions, which cause a
premature rupture of the grid at the mid-span soffit of the beam at
ultimate conditions — see below for photographs of the collapse me-
chanism. This becomes manifest at typical densities of 600-800 kg/m>
analyzed in this experimental campaign. Also at lower densities,
namely for the specimens having a target dry density of 400 kg/m?>, the
mechanical characteristics of the reinforcement grid are negatively af-
fected by the water curing conditions: this is clearly noted in the left
part of Fig. 12 wherein the lowest strength values are associated with
water curing conditions. However, in contrast to the higher densities,
the above-mentioned premature grid rupture does not occur because of
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Table 6
Experimental indirect tensile strength and compressive strength for each series
of the specimens with glass-fiber bi-directional grid reinforcement.

curing series no. dry density first-crack  rupture compressive
conditions tensile tensile strength
strength strength
Yary [kg/m®]  f,. [MPa]l £, [MPa] R. [MPa]
air #1G 443 0.05 2.46 1.85
#2G 647 2.39 4.51 n.a.'
#3G 803 2.70 4.98 11.88
cellophane #4G 417 0.047 1.88 1.99
#4.1G 388 0.04 1.70 n.a.'
#5G 611 2.32 4.35 na.’
#6G 785 2.66 6.17 12.31
water #7G 407 0.12 1.35 1.62
#8G 618 2.27 3.44 na.’
#9G 765 2.44 3.10 12.78

™ Not available result due to the collapse mode in three-point-bending test
that has affected also both the halves of the corresponding beams to be used for
the compression test.

the relatively low bond strength of the surrounding foamed concrete for
target dry density of 400 kg/m>. In this case, although the degradation
of the grid reinforcement in water curing conditions occurs, the failure
is governed by the bond strength of the foamed concrete. Indeed, ty-
pical bond failure with detachment of concrete substrate from re-
inforcement takes place — see below for more details on the failure
mode. For these cases, further increase of the amount of grid or im-
provement of its properties would not necessarily result in a higher
flexural capacity.

Since the ultimate indirect tensile strength is not ascribed to the
foamed concrete, but mainly to the interaction between reinforcement
grid and concrete substrate, a preferable curing condition between air
and cellophane cannot be clearly identified, as the corresponding
strength values do not follow a very clear trend for all the target dry
densities as shown in Fig. 12 — indeed for 800 kg/m® cellophane is
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Fig. 10. Effect of the curing conditions on the experimental compressive strength values for foamed concrete beams without reinforcement: a) 400 kg/m?>; b) 600 kg/

m?; ¢) 800 kg/m*
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Fig. 11. Experimental indirect tensile strength for foamed concrete beams with glass-fiber bi-directional grid reinforcement and different curing conditions: a) air; b)

cellophane; c¢) water.

better than air, for 400 kg/m?> air is better than cellophane, and for
intermediate situations at target dry densities of 600kg/m> air and
cellophane are comparable.

As said above, the curing conditions play a key role in the devel-
opment of the failure mode of the beams reinforced with bi-directional
grids of glass fibers. To demonstrate this, in Figs. 13 and 14 we report
two typical failure modes of beams cured in air (or cellophane, as they
are characterized by the same ultimate behavior) and in water, re-
spectively. Failure modes for other beams with the same characteristics
are qualitatively similar and are not reported for brevity.

Shown in these figures is the force-time plot and, for 4 re-
presentative force levels denoted with letters from A to D, the corre-
sponding crack pattern. It is noted that the beams fail in two different
manners depending on the curing conditions. With regard to beams
cured in air (or in cellophane), a typical example of which is shown
Fig. 13, a first-crack load (corresponding to a first-crack stress f.) is
reached at point A, and this may be related to the tensile strength of the
foamed concrete material. Indeed, this load is approximately equal to
the one obtained for the foamed concrete beam without reinforcement
as discussed in Section 3 (corresponding to a so-called un-reinforced
tensile strength f,,,). Beyond this load point A, the force level decreases
until the bi-directional grid of glass-fiber reinforcement is entirely in-
volved in the tensile resistance, point B, and this implies the first crack
propagates throughout the beam height up to the grid level and further
cracks develop subsequently. From this stage onwards the force rises
linearly with time (points B-C-D), which means that the beam can
withstand further load increase, and the crack widths increase ac-
cordingly. The forces in this second stage are entirely resisted by the
glass-fiber bi-directional grid reinforcement and transmitted to the
surrounding concrete through bond stress mechanisms. This stress
transfer mechanism is evidenced by the crack path illustrated in
Fig. 13C. This mechanism proceeds up to point D wherein the bond
strength of the foamed concrete is reached and the collapse occurs
suddenly with the concrete cover separation as highlighted in Fig. 13D.
Quite different is the collapse mechanism of the beams cured in water, a
representative example of which is reported in Fig. 14. Although the
initial stages of development of first-crack and subsequent load de-
crease (points A-B) are qualitatively the same as discussed above, the
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second stage of the test exhibits some notable differences. It is true that
the trend is linear up to the failure like the in the previous beam cured
in air, but the stress transfer mechanism from the glass-fiber bi-direc-
tional grid reinforcement to the surrounding foamed concrete does not
develop entirely - this is evidenced by the almost vertical trend of the
cracks from point B to D through C. This is due to the fact that the grid
reinforcement reaches its ultimate tensile strength prematurely. This is
clearly highlighted in Fig. 14D where the fiber rupture can be noted at
the mid-span beam soffit. As anticipated above, this premature failure
of the reinforcement is ascribed to the curing conditions in water,
which affect the mechanical characteristics of the glass fiber. This hy-
pothesis is corroborated by the observation of the indirect tensile
strength values obtained for beams #8G (target dry density 600 kg/m>)
and #9G (target dry density 800 kg/m®). Despite the higher value of
dry density, the f, value for the latter beam is slightly lower than the
former: indeed, the ultimate tensile strength is mainly related to the
grid reinforcement strength, in both cases negatively influenced by the
water curing conditions, irrespective of the foamed concrete strength
value that may be higher for increasing dry densities.

The ratio between the first-crack tensile strength of beams with
reinforcement f;. and the ultimate tensile strength of the un-reinforced
beam f,,, shown in Fig. 15 for the different densities and curing con-
ditions, is nearly comprised between 0.5 and 2. This corroborates the
hypothesis of stress mechanism described above, and confirms that the
first-crack load is entirely ascribed to the foamed concrete strength as if
the beam were un-reinforced.

In Fig. 16 we report the ratio between the ultimate to the first-crack
tensile strength values f,/f,,, which is an indicator of the flexural ca-
pacity increase achieved by the reinforcement grid of glass fibers. As
can be seen, for the reasons stated above in the water curing condition
the lowest increases are accomplished, while in cellophane and air the
trend is mixed and is also variable depending on the dry density (higher
for air in the lowest density, higher for cellophane in the highest den-
sity, and almost comparable for the intermediate one).

Furthermore, for the target dry density of 400 kg/m> the observed
increase is enormous (more than 40 times higher than the first-crack
load). This result makes the proposed reinforcement strategy an effec-
tive method for obtaining an offset between ultra-lightweight
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Fig. 12. Effect of the curing conditions on the experimental indirect tensile strength of foamed concrete beams with glass-fiber bi-directional grid: a) 400 kg/m>; b)
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Fig. 13. Load-versus-time graph of beam #3G cured in air (top) and failure mode progression at different load steps (bottom) — typical bond failure with detachment

of concrete substrate from reinforcement.

properties of foamed concrete and acceptable strength characteristics
that cannot be achieved at such very low densities. At higher dry
densities of 600 and 800 kg/m®, although the increases are lower than
the low density case by virtue of the higher strength values of the
foamed concrete without reinforcement, the ultimate load is nearly
twice as much as the first-crack load. Thus, the proposed reinforcement
strategy is convenient for the entire range of target dry densities ana-
lyzed in this experimental campaign.

The previous observations are based on the indirect tensile strength
values. The proposed reinforcement arrangement is specifically devel-
oped to improve the flexural capacity of foamed concrete, in line with
the scope of the present paper. As expected, no considerable enhance-
ment of the compressive strength is obtained as the values of the
compressive strength obtained on the (non-damaged) halves of the
prismatic beams, which are reported in Fig. 17, are not particularly
higher than the previous results shown in Fig. 10 for un-reinforced
specimens.

5. Beams reinforced with glass-fiber bi-directional grids combined
with embedded short polymer fibers

In this section we present the experimental results concerning the
foamed concrete beams with combined glass-fiber bi-directional grids
reinforcement and short polymer-type fibers embedded in the
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cementitious paste. The motivation for introducing short polymer fibers
in addition to the reinforcement grids is to investigate the possible in-
teraction between the two levels of reinforcement. Indeed, the short
fibers might improve the bond resistance of the surrounding concrete to
delay the separation of the reinforcement grid so as to achieve higher
ultimate flexural capacity. Two different contents of the short polymer
fibers were analyzed, namely 2% and 5% in volume. Thus, 18 speci-
mens were prepared, each corresponding to a given fiber content and
curing condition for the three different target dry densities of the pre-
sent experimental study.

In Fig. 18 the indirect tensile strength values are plotted against the
target dry density for air, cellophane and water curing conditions, re-
spectively, and for the 2% fiber content. The introduction of short fibers
does not alter the linear trend of the flexural capacity with the dry
density already noted for the other classes of specimens. Passing from
400 kg/m® to 600 kg/m® the percentage increase of the indirect tensile
strength is 75% (averaged value on all the three curing conditions);
instead, from 600 kg/m> to 800kg/m> the increase is, on average, of
74%. There are, however, some variations from case to case depending
on the specific curing conditions. Also in this case, the water curing
conditions are associated with the lowest values of tensile strength,
whereas cellophane and air yield rather comparable strength results,
especially for the lower densities analyzed in this study. The specific
values of the indirect tensile strength for each specimen at 2% fiber
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Fig. 15. Ratio of the first-crack tensile strength of beams with bi-directional glass-fiber grid reinforcement f,. over the ultimate tensile strength of the un-reinforced

beams fy, for curing conditions in: a) air; b) cellophane; c) water.

content are listed in Table 7.

A further addition of fibers up to 5% in volume was analyzed in
order to check whether or not this further fiber increase corresponds to
higher flexural capacity correspondingly. Relevant results for 5% fiber
content are shown in Fig. 19 and listed in Table 8. Quite similar con-
clusions to the previous case about the linear increase with the in-
creasing dry densities can be drawn. An average increase of 81% is
observed when passing from 400 kg/m® to 600 kg/m>, and an average
increase of 65% from 600kg/m> to 800kg/m>. Also in this case the
water curing conditions are the worst in terms of achievement of
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flexural capacity. Furthermore, by comparing the graphs illustrated in
Figs. 18 and 19, as well as the corresponding values listed in Tables 7
and 8, it emerges that the additional 3% fiber content do not led to a
significant increase of the tensile strength values in comparison with
the 2% fiber content results, and the improvements are however rather
negligible, not to say null. Thus, it is evident that beyond a certain
amount of fibers, the interaction between the two levels of reinforce-
ment is not improved any more. This result suggests to limit the fiber
content, when used in conjunction with glass-type bi-directional grid
reinforcement, to within 2%.
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Fig. 17. Effect of the curing conditions on the experimental compressive strength values for foamed concrete beams with bi-directional glass-fiber grid reinforcement:
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6. Comparison and discussion

Based on the results presented in the foregoing sections, in this short
paragraph we discuss the comparison among the different reinforce-
ment arrangements of the specimens. In Fig. 20 three comparative
histograms are constructed and presented summarizing the indirect
tensile strength results for the different target dry densities, the dif-
ferent curing conditions and the different reinforcement strategies
analyzed in this experimental study. We do not report the analogous
comparative histograms for the compressive strength values for the
following reasons: 1) these values are not available for some of the
reinforced specimens due to the difficulties in extracting undamaged
halves of the beams after the indirect tensile test that may be re-
presentative for a compression test; 2) the reinforcement strategies
presented in this study are specifically concerned with the improvement
of the flexural capacity of the foamed concrete beams, therefore a
corresponding enhancement of the compressive strength is not expected
and, indeed, has not been observed in the few cases listed above.

Overall, with every reinforcement configuration we obtain a marked
increase of the flexural capacity in comparison with the un-reinforced
foamed concrete beams. The presence of the glass-fiber bi-directional
grid reinforcement plays a major role in enhancing the indirect tensile
strength of the beams. In water curing conditions the increase of flex-
ural capacity achieved by the glass-fiber grids is reduced as compared

Table 7
Experimental indirect tensile strength and compressive strength for specimens
with glass-fiber grids combined with short polymer fibers (2% in volume).

curing series no. dry density rupture tensile  compressive
conditions strength strength
Yary [kg/m’] £, [MPa] R, [MPa]
air #1GF2 447 2.53 na.’
#2GF2 604 4.51 na.'
#3GF2 803 6.75 10.39
cellophane #4GF2 442 2.56 na.'
#5GF2 598 4.35 na.'
#6GF2 752 7.72 12.60
water #7GF2 439 1.94 na.
#8GF2 586 3.44 na.'
#9GF2 780 6.24 11.34

™ Not available result due to the collapse mode in three-point-bending test
that has affected also both the halves of the corresponding beams to be used for
the compression test.

to the other curing conditions for the reasons clarified above. This is
particularly marked at the higher dry densities of 800 kg/m® where the
increase is just of 20% as compared to the un-reinforced beam, whereas
at low-medium densities of 600 kg/m? the increase is still evident and is
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Fig. 18. Experimental indirect tensile strength for foamed concrete beams with glass-fiber grids combined with short polymer fibers (2% in volume) and different
curing conditions: a) air; b) cellophane; c) water.
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Fig. 19. Experimental indirect tensile strength for foamed concrete beams with glass-fiber grids combined with short polymer fibers (5% in volume) and different

curing conditions: a) air; b) cellophane; c) water.

Table 8
Experimental indirect tensile strength and compressive strength for specimens
with glass-fiber grids combined with short polymer fibers (5% in volume).

curing series no. dry density  rupture tensile  compressive
conditions strength strength
Yary [kg/m®]  f, [MPa] R, [MPa]
air #1GF5 441 2.32 na.’
#2GF5 617 4.34 na.’
#3GF5 811 7.05 11.02
cellophane #4GF5 429 2.62 na.’
#5GF5 591 4.82 5.38
#6GF5 817 7.02 12.83
water #7GF5 435 2.01 na.’
#8GF5 587 3.46 na.’
#9GF5 778 6.86 9.01

T Not available result due to the collapse mode in three-point-bending test
that has affected also both the halves of the corresponding beams to be used for
the compression test.

equal to around 175%. It is not easy to compare the obtained results
with other research studies from the relevant literature. In fact, to the
authors’ best knowledge, only one work dealt with the use of bi-di-
rectional reinforcement grids (of basalt fiber grid and carbon fiber grid,
thus of different nature with respect to the adopted glass fibers of the
present study) to enhance the flexural capacity of foamed concrete slabs
[27]. The significant increase of flexural capacity induced by the bi-
directional reinforcement grid is confirmed by the mentioned study
[27]. These authors reported values of the flexural strength of three-
point-bending tests of around 2MPa for a density nearly equal to
800 kg/m3 [27]. This value is lower than the result obtained in the

present experimental campaign for a comparable dry density of 800 kg/
m?, which is around 5MPa. This is justifiable in view of the different
mechanical characteristics of the foamed concrete material used, as the
compressive strength reported in [27] was lower than 2 MPa, whereas
our results indicate nearly 12 MPa, cf. specimen #3U in Table 5.

The further addition of the short polymer fibers leads to a modest
improvement as compared to the previous reinforcement arrangement,
except for the higher dry densities. In the latter density configurations,
the lower porosity of the specimens (corresponding to a higher solid
phase within the specimen) enhances the strength contribution offered
by the fibers as they interact more effectively with the surrounding
concrete matrix. This is clearly seen for all the curing conditions. On the
contrary, for lower densities (e.g. 400-600 kg/m?) the further increase
of the tensile strength due to the addition of fibers is rather negligible.
In earlier experimental studies, the effect of different contents of fibers
(ranging from 0.2% to 1.5%) on the flexural capacity of foamed con-
crete was investigated [19-21]. In particular, in [37] the use of poly
vinyl alcohol (PVA) fibers in 1% volume content led to flexural strength
gain of around 160%, passing from 0.74 MPa to 1.92 MPa for a density
of around 850 kg/m°. In the present study, the use of polymer fibers in
2% volume content combined with bi-directional glass fiber reinforced
grid led to a 215% flexural strength gain, passing from 2.15MPa to
6.75MPa in air curing conditions for a target dry density of 800 kg/m?>.
These comparisons highlights two important aspects: 1) the extrudable
foamed concrete material used in this experimental campaign presents
better strength characteristics in comparison with other literature stu-
dies; 2) the major contribution to the increase of the flexural capacity
seems to be offered by the bi-directional glass fiber grids rather than by
the short fibers. Considering the applications envisaged for this material
in non-structural components and partition walls of buildings that may
require strength values not very high but, at least, higher than 1.5 MPa

Il un-reinforced foamed concrete beams

I with bi-directional glass-fiber grid reinforcement
[ ]with glass-fiber grid and 2% short polymer fibers
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Fig. 20. Comparative histograms of indirect tensile strength values for different reinforcement strategies of the foamed concrete beams, for different target dry

densities and curing conditions in: a) air; b) cellophane; c) water.
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Fig. 21. Photographs at failure of foamed concrete beams cured in cellophane: a) close-up detail at the mid-span beam soffit; b) interaction between short polymer
fibers and glass-fiber bi-directional grid reinforcement; c¢) detail of the rupture zone with concrete detachment.

for compression strength and 0.2 MPa for flexural strength, the fol-
lowing conclusions can be drawn. For unreinforced foamed concrete,
densities equal to or higher than 500 kg/m® are necessary to meet the
above minimum requirements; instead, for foamed concrete reinforced
with bi-directional grids, also lower densities (400 kg/m3) can be em-
ployed for this kind of applications.

Some photographs taken at failure of the beams are illustrated in
Fig. 21, which highlights the combined effect of the short polymer fi-
bers in conjunction with glass-fiber bi-directional grid reinforcement. It
is noted that the collapse mechanisms of these reinforced beams re-
semble the ones shown before in Fig. 13, with the concrete cover se-
parating from the remaining portion of the beam due to the attainment
of the bond strength at the interface. For the specimens shown in Fig. 21
the bi-directional grid does not exhibit a premature rupture since the
illustrated beams were cured in cellophane. On the contrary, for beams
cured in water the same phenomena noted in Fig. 14 were observed.
However, even for these beams at higher dry densities (800 kg/m?) the
indirect tensile strength value is considerably higher than the ones
discussed in Section 4 with only grid reinforcement without short fi-
bers. This suggests that the above-mentioned interaction effects be-
tween the two levels of reinforcement effectively took place to enhance
the ultimate flexural capacity of the beams when the foamed concrete is
endowed with good inherent strength features typical of higher dry
densities.

7. Concluding remarks

In this work, an experimental campaign comprising almost 40
small-scale foamed concrete beams has been conducted to investigate
the possibility of increasing the flexural capacity with different re-
inforcement arrangements. The flexural capacity has been investigated
under different curing conditions of the specimens, and for different dry
densities mostly focused in the low-to-medium range. First, a set of un-
reinforced specimens were prepared for reference purposes. Then, some
additional specimens were prepared and reinforced with three alter-
native strategies to improve the flexural capacity, namely: 1) glass-fiber
bi-directional grids placed in the tensile zone of the beams; 2) combined
glass-fiber grids with short polymer fibers, the latter being embedded
within the cementitious paste at a volume content of 2%; 3) the same
reinforcement arrangement as in 2) but with a higher volume content of
polymer fibers, namely equal to 5%.

The main results of this experimental investigation are summarized
as follows:

e the presence of the glass-fiber bi-directional grid improved the
flexural capacity of the foamed concrete beams for all the analyzed
configurations (densities and curing conditions);

o the increase of flexural capacity is enormous for the specimens with
very low dry densities (400 kg/m®), reaching an average value of
more than 1780% as compared to the un-reinforced beams: this
suggests that the proposed reinforcement strategy is an effective
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method for obtaining an offset between ultra-lightweight properties
(due to the low density) and acceptable strength characteristics that
cannot be achieved at such low densities; without such reinforce-
ment the tensile strength values are really low for these ultra-
lightweight elements;

o the increase of flexural capacity is significant also for low-medium
dry densities of 600 kg/m>® and 800 kg/m® analyzed in this study,
although not as dramatic as in the lowest dry densities of 400 kg/m?>.
For this higher density range the increase is dependent upon the
curing conditions: in air of 223%, in cellophane 205%, in water
99%, on average;

o the lower strength increase observed in water was due to the de-
gradation of the mechanical characteristics of the grid induced by
the water curing conditions;
the collapse mechanism of the foamed concrete beams is also af-
fected by the curing conditions: in water, a premature rupture of the
grid at the mid-span soffit of the beam at ultimate conditions was
observed, while the other beams exhibited typical bond failure with
detachment of concrete substrate from reinforcement;
the further addition of short polymer fibers led to a modest increase
of the flexural capacity both at the 2% and 5% volume content for
almost all the tested specimens except for higher dry densities
(800 kg/ms) — this fact is consistent with a more effective interac-
tion of the short fibers with a denser cementitious matrix;
following the previous bullet point, it has been observed that while
the introduction of a 2% fiber content does increase the flexural
capacity (in comparison with the grid reinforcement only) at higher
densities, a further increase to 5% does not produce considerable
improvements. Based on these outcomes and considering the op-
timal offset between costs and performance, it is recommended to
limit the fiber content in foamed concrete elements to within 2% in
volume if the same characteristics of the specimens as in this ex-
perimental campaign are adopted.

The present investigation is just a preliminary experimental study
limited to small-scale specimens, but is part of a wider research pro-
gram including large-scale walling systems. Through the proposed re-
inforcement strategies higher strength values may be obtained with
relatively low densities, the latter assuring a lower self-weight of the
structure as a whole, a good thermal insulating performance due to the
internal void presence in the microstructure, and impermeability fea-
tures. Furthermore, the extrusion process of this new material might
speed up the construction processes of structural and non-structural
elements in the framework of 3D printing applications and, thus, lower
the implied costs.

The applicability of this new material in the construction industry
requires a more comprehensive study of all the engineering properties,
not just limited to the mechanical characteristics, but also including
fresh-state properties, physical (especially with regard to drying
shrinkage that may be a major issue for practical applications), mi-
crostructural and durability features, which are not included in this
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paper but are object of ongoing experimental investigations. Further
study will focus on the extension of the investigation to higher dry
densities so as to confirm the concluding remarks outlined above, and
the analysis of other fiber contents and reinforcement configurations,
for instance, the presence of short polymer fibers only without bi-di-
rectional reinforcement mesh.
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