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1. Introduction

Foamed concrete is a type of cellular solid comprised of cement mortar matrix and
air-void of minimum 20% in volume. It is made by incorporating air-voids into the cement
matrix using pre-formed foam. Foamed concrete is a lightweight, low cost and easy-to-
manufacture material with good workability and excellent performance on thermal insulation,
acoustic insulation, fire resistance, corrosion resistance and shock absorption [1-4]. However,
foamed concrete is not used as structural material due to its low compressive strength.

Inclusion of fine aggregates in the mortar matrix to improve the mechanical properties
of foamed concrete has been investigated by several researchers [2, 3]; however, studies of
the use of fibre-reinforcement in foamed concrete are very limited. Zollo [5] and Zollo and
Hays [6] reported that polypropylene fibre-reinforced cellular concrete with density of 640
kg/m® presented a significant improvement of mechanical and impact properties. It was
shown that the fibre reinforcement can change the typical brittle behaviour of cellular
concrete into ductile elastic-plastic behaviour [6], which has been also observed for
lightweight concrete reinforced by steel fibres [7]. Jones and McCarthy [2] reported that the
compressive strength of polypropylene fibre-reinforced foamed concrete exhibited an
increase of 52% when compared to the unreinforced foamed concrete. High-performance
fibres have also been used to reinforce lightweight concrete. Arisoy and Wu [8, 9] used
polyvinyl alcohol fibres as reinforcement for aerated concrete with density of 800-1600
kg/m®. They found that the fibre-reinforced aerated concrete showed increases of flexural
strength, flexural ductility and toughness when compared to plain aerated concrete.

The capacity of foamed concrete in structural applications has not been fully
investigated. Due to its low density and low strength characteristics, it is an ideal core
material for composite sandwich structures. Othuman Mydin and Wang [10] studied
sandwich panels made with profiled thin steel face sheets (0.4 mm thickness) and foamed
concrete core under uniaxial compression. Uddin et al. [11] investigated the flexural
behaviour of composite panels made with carbon fibre reinforced polymer face sheets and
autoclaved aerated concrete core. It was found that the flexural strength of the panels is
increased considerably when compared to the strength of the autoclaved aerated concrete.

This research is motivated by the lack of knowledge in the study of fibre-reinforced
foamed concrete and composite sandwich panels with foamed concrete core for structural
applications. In this work, tensile and compressive properties of plain foamed concrete and
polyvinyl alcohol fibre-reinforced foamed concrete are presented. Two different methods are
used to obtain compressive properties of foamed concrete and their results are discussed.
Sandwich panels with corrugated steel faces and either plain or fibre-reinforced foamed
concrete core are studied. The behaviour of the sandwich panels in four-point bending test is
described and the various failure mechanisms observed in the test are reported. Finite element
method was employed to understand the influence of face/core bonding and fastening on the
four-point bending response of the sandwich panels. Materials and experimental details are
described in Section 2. The experimental results and discussion are presented in Section 3.
Numerical simulations are described in Section 4, which is followed by conclusions in
Section 5.



2. Materials and methods

2.1 Foamed concrete

The foamed concrete mix design used in this study is shown in Table 1. The mixture
was prepared using ordinary Portland cement, sand, water and foam. The mixture in Table 1
is referred as plain foamed concrete (PFC). Fibre-reinforced foamed concrete (FRFC) was
prepared using the same mix design in Table 1 and 3.3% volume fraction of polyvinyl
alcohol (PVA\) fibre. Dry density of 1000 kg/m® was targeted in this study for both PFC and
FRFC. The actual density of the samples was measured.

Table 1 Mix constituent proportions of foamed concrete for 1 m®.

Constituent material Content
Cement (kg) 539.58
Dry sand (kg) 269.79
Water (1) 269.79
Foaming agent (I) 0.74

Water for foaming agent (1) 25
Foam required in the mix (I)  469.96

2.2 Foamed concrete preparation

Foamed concrete is prepared in a procedure consisting of three stages, i.e., (i) slurry
preparation, (ii) foam preparation, and (iii) mixing of slurry and foam. The slurry was
prepared from ordinary Portland cement, sand and water mixed in a 300-litre cement mixer.
Water:cement ratio of 0.5 and sand:cement ratio of 0.5 were used (Table 1). The wet density
of the slurry was 2036 kg/m®. The foam was prepared separately using EABASSOC foaming
agent and a foam generator Portafoam PM2 system. To prepare the foam, the foaming agent
is added to the water in the quantities indicated in Table 1. This mixture is then poured in the
foam generator container. The container is pressurised to 0.414 MPa (60 psi) which produces
a foam density of 70-80 kg/m®. Finally, the foam is poured into the mixer until a targeted wet
density of 1150 kg/m? is achieved. For FRFC, 8-mm PVA fibres with diameter of 0.04 mm
supplied by Kuraray Co were used. PVA fibre properties from the manufacturer are shown in
Table 2 [12]. The FRFC was prepared using the same aforementioned procedure for PFC
with 3.3% volume fraction of PVA fibre added to the slurry.

Table 2 Polyvinyl alcohol fibre properties from the manufacturer [12].

Diameter Length Density Tensile strength  Young’s  Modulus
(mm) (mm) (kg/m®) (GPa) (GPa)
0.04 8 1260 1.6 40

2.3 Mechanical characterisation of foam concrete

Due to the brittle nature of foamed concrete, two different tests were performed to
obtain compressive properties, i.e., (i) uniaxial compression test, and (ii) indentation test for
both PFC and FRFC. In addition, tensile properties were obtained using dog-bone shaped



specimens tested in uniaxial tension. All specimens were left to cure for at least 28 days
before testing.

2.3.1 Uniaxial compression test

Uniaxial compression tests were performed according to BS-EN-12390 using an
Instron servo-hydraulic machine at fixed displacement rate of 5 mm/min. Three cubes with
dimensions of 100x100x100mm were tested.

2.3.2 Indentation test

For indentation tests, three cylinders of 100 mm thickness and diameter of 150 mm
were manufactured. A 20-mm diameter flat nosed indenter was mounted in an Instron servo-
hydraulic machine and the load was applied at a nominal displacement rate of 5 mm/min. The
indentation test allows for the tested material to be confined by the surrounding material
whilst the compression load is being applied.

2.3.4 Uniaxial tensile test

Tensile tests were performed using dog-bone shaped specimens which are 75 mm
long and have a cross-section area of 25x45 mm. The specimens were placed in the testing
machine shown in Fig.1 and loaded in direct tension until failure. The load was applied at a
constant displacement rate of 3 mm/min.

Figure 1 Tensile test set-up.

2.4 Sandwich panel preparation

Full scale composite sandwich panels were manufactured in-house using either PFC
or FRFC as core and 0.7 mm thick corrugated steel sheets with a 1000/32 (cover width: 1000
mm, profile height: 32 mm) face profile. The geometrical details of the sandwich panel and
corrugated steel sheet are described in Fig.2. To fabricate the sandwich panels, a mould
containing both faces was manufactured. As the bonding between the faces and core was not
aided by using adhesives, fasteners were applied as shown in Fig.2. This would help to
improve the face/core bonding developed naturally during curing and also help in keeping the



face sheets at the required distance during casting. Nine 10-mm diameter fasteners were used
as indicated in Fig.2. Foamed concrete was prepared as described in Section 2.2 and cast into
the mould. Sandwich panels were left for 28 days for curing in order to develop the core/face
bonding and allow the core to reach maximum strength. Two specimens of each type were
fabricated: specimens #1 and 2 with PFC core and specimens #3 and 4 with FRFC core.
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Figure 2 a) Geometrical details of sandwich panels and face sheets (dimensions are in mm),
b) schematic drawing of sandwich panel.



2.5 Sandwich panels in four-point bending

Four-point bending tests were conducted on sandwich panel specimens using a
universal testing machine with a 200 kN load cell. A special rig was designed to perform the
test, which consists of a loading frame attached to the loading machine with two loaders and
a supporting frame with two supports, as shown in Fig.3. The distance between the two
loaders is 434 mm and the distance between the two supports is 1300 mm. The load was
applied at a constant displacement rate of 0.5 mm/min at room temperature (23°C+3°C) and
relative Humidity of 50%z+5%. After the failure of the specimen, the load was applied at a
displacement rate of 3 mm/min. The specimen was loaded until its mid-span deflection
reached 60 mm. The deflection of the top face was measured from the crosshead
displacement while the deflection of the bottom face was measured using a linear variable
differential transformer (LVDT) that was installed at mid-point of the specimen. The data
from both the testing machine and LVTD were compiled by a computer. The complete test
set-up is shown in Fig.3. To prevent local crushing of the core, steel strips with 50 mm width
were placed under the loaders and above the supports (Fig.3).
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Figure 3 Four-point bending test set-up.



3. Results and discussion

The average densities of the PFC and FRFC after 28 days of curing were 990.17
kg/m® and 1054.8 kg/m®, respectively, for both material testing specimens and sandwich
panel cores. These densities are comparable, both within 5.5% of the target density of 1000
kg/m®.

3.1 Uniaxial compression test

Figures 4a and 4b show typical stress-strain curves under uniaxial compression for
PFC and FRFC, respectively. An initial elastic response at very low strains is observed in
both foamed concretes until a peak stress is reached followed by a sudden drop in stress,
which corresponds to the failure of the specimen. It can be seen that FRFC exhibits higher
compressive strength when compared to PFC which is attributed to the enhancement of the
FRFC specimen integrity by the fibres. It can also be seen in Fig.4b that two of the FRFC
specimens entered into the densification regime, which is a common feature of cellular solids
[13, 14]. The measured densification strain from specimens #1 and 2 is =0.52+0.077. The
development of the densification regime is attributed to the maintenance of specimen
integrity by fibres after failure. This is in contrast to the brittle behaviour of PFC specimens,
which completely fell to pieces at strain of 0.2. Table 3 shows the mechanical properties
obtained from Fig.4. Increases of 22.6% and 84.7% were observed in the compressive
modulus and strength, respectively, for FRFC when compared with PFC.

b)

d)

Figure 4 Typical uniaxial compression stress-strain curves for a) PFC and b) FRFC; indentation test
stress-strain curves for ¢) PFC and d) FRFC.



Table 3 Mechanical properties of PFC and FRFC.

Properties PFC FRFC
Uniaxial compression elastic modulus (MPa) E 1002.19+60.47  1228.93+59.45
Uniaxial compression strength (MPa) o 4.78+0.57 8.83+0.35
Uniaxial compression yield strain (%) &c 0.84+0.06 0.95+0.008
Indentation compressive elastic modulus (MPa) E;  1358.67+106.79 2148.8+131.85
Indentation compressive strength (MPa) og; 9.3440.3 11.17+1.58
Indentation compressive yield strain (%) & 1.44+0.1 0.67+0.05
Tensile elastic modulus (MPa) E; 3.48+0.09 9.34+1.1*
Tensile strength (MPa) ot 0.272+0.018 1.79+0.22*
Tensile yield strain (%) &yt 8.15+0.21 20.75+1.06*

*note: specimen #3 was not used in the measurements due to a premature failure.

3.2 Indentation test

Figures 4c and 4d show the stress-strain curves for PFC and FRFC, respectively, from
the indentation tests. An initial elastic regime at very low strains is observed until a peak
stress is reached, which indicates the onset of the plastic collapse and crushing of the cells.
For PFC the compressive strength is higher than the one observed in uniaxial compression
test (Table 3). This is due to the fact that the indenter not only crushes the foamed concrete
cells but also tears the wall cells at the indenter perimeter and overcomes friction, which has
been observed in the indentation test of polymeric foams [15]. This also explains the steady
increase of stress or hardening in the plastic regime, which is more pronounced for FRFC
because the indenter has to break and/or pull fibres during the indentation. For indentation,
PFC specimens did not fail immediately at the onset of the plastic regime (as observed in
uniaxial compression), but after certain indentation distance. It can also be observed in Fig.4d
that one of the FRFC specimens also enter into the densification regime with a measured
densification strain of &=0.58. Mechanical properties obtained from indentation tests are
shown in Table 3.

3.3 Uniaxial tensile test

Figures 5a and 5b show the typical stress-strain curves from the uniaxial tensile test
for PFC and FRFC, respectively. For PFC, only an elastic regime is observed until a peak
stress is observed, which is followed by a sudden failure of the specimens. For FRFC, an
initial elastic regime is observed until a peak stress is reached indicating the onset of the
plastic region. In contrast to PFC specimens, fibres prevent a sudden failure of the specimen
as observed in Fig.5b. For FRFC specimen #3, premature failure of the specimen was
observed, which is attributed to large voids formed during fabrication as confirmed in post-
test observations. The mechanical properties from uniaxial tensile test are depicted in Table
3. It can be seen that the fibre-reinforcement drastically increases the tensile properties of the
foamed concrete. Increases of 168.4% and 580.1% in the tensile modulus and strength were
observed, respectively (Table 3).



Figure 5 Typical uniaxial tension stress-strain curves for a) PFC and b) FRFC.

3.4 Sandwich panels in four-point bending

Figures 6a and 6b show typical load-displacement curves for PFC cored sandwich
panel specimen #1 and specimen #2, respectively. An initial linear-elastic regime is observed
until a shear crack occurred resulting in a sudden decrease of the load. The first shear crack
was initiated in the bottom face of the sandwich panel directly under one of the loaders or
very near to it (Fig.7a) indicating that the specimen failed by core shear failure. Further shear
cracks followed the first one, all of them observed under the loaders. After a series of shear
cracks, a plateau regime was observed, during which, the load was maintained. In this
regime, the load was higher than the initial failure load resulting in an apparent strengthening
of the sandwich panel. This is mainly due to the transfer of shear resistance from the weak
core to the strong fasteners. Although foamed concrete core lost its shear resistance after
failure, it still had the function to separate the face sheets to enable the further increase of the
bending resistance of the sandwich panel. In the plateau regime, the further increase of the
local contact force resulted in face wrinkling (Fig.7b) and face/core debonding (Fig.7b),
which caused a degradation of structural integrity, leading to a subsequent failure stage
characterised by the continuous decrease of load. In the failure stage, slippage of the bottom
face (Fig.7c) was developed leading to high stress concentration on the fasteners at the
corners of the sandwich panel and cracking (Fig.7d). It was also noted that some local
face/core debonding was developed during the curing process at certain areas of sandwich
panels prior to testing as shown in Fig.7e; however, the extension of the debonding was not
known. The effects of the face/core debonding on the sandwich panel performance are
studied numerically in Section 4. Failure loads and displacements at failure for both
specimens are shown in Table 4. Variations of failure load and displacement at failure are
attributed to small difference in the dry density of the specimens and difference of face/core
debonding in the specimens.

Figures 6¢ and 6d show load-displacement curves for FRFC cored sandwich panel
specimen #3 and specimen #4, respectively. The initial stage of the loading curves was linear-
elastic followed by a sudden drop of the force due to tension cracking. In contrast to PFC
cored specimens, only a single crack was observed in the mid-section of the specimen
(Fig.7f) indicating that the sandwich plate failed by core tension, and possibly core/face



debonding in certain areas, which lead to a sudden drop of the applied force. Loads and
displacements at failure for both specimens are shown in Table 4. A plateau-like regime with
a slight decrease of the force was observed after the first tension crack. In this regime, similar
failure mechanism to those observed for PFC cored panels were observed, i.e, slippage,
debonding and wrinkling. For specimen #4, a smooth drop of the load was observed at 20-
mm displacement which corresponds to a shear crack observed directly under one of the
loaders (Fig.7f).

Table 4 shows the peak failure load and top face deflection at failure of sandwich
panels from Fig.6. Increases of 98.31% and 100.75% in the average peak failure load and
deflection at failure were observed, respectively, for FRFC core when compared to PFC core.
An increase of 21.12% in the average load at 30-mm top face deflection was also observed in
the plateau regime for FRFC when compared to PFC. However, for PFC cored sandwich
specimens the average load in the plateau regime was higher than the average peak failure
load showing a strengthening of the specimens after failure, while for FRFC cored sandwich
specimens the average load at 30-mm deflection in the plateau-like regime was 65.28% of the
average peak failure load. As discussed previously, this difference is caused by the increase
of core strength (both tensile and compressive strengths) of the FRFC, which leads to the
change of failure mode. These observations are important from a design point of view
because they suggest that a higher factor of safety should be considered when FRFC is used
as core in sandwich structures.

b)

d)

Figure 6 Typical load-displacement curves for sandwich panels with PFC core: a) specimen #1, b) specimen #2;
and with FRFC core: ¢) specimen #3, d) specimen #4.
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Figure 7 Failure modes observed during four-point bending of sandwich panels: a) core shear failure under the
loader, b) face wrinkling and face/core debonding, c) slippage of the bottom face, d) cracking around the
fastener, e) initial face/core debonding, f) core tensile failure in the mid-plane of the specimen and core shear
failure under the loader for specimen #4.
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Table 4 Peak failure load, top face deflection at failure and load at 30-mm top face deflection of sandwich
panels from Fig.6.

Top face deflection Load at 30-mm top face

Sandwich specimen Peak failure load (kN) at failure (mm) displacement (kN)
Specimen #1 PFC core 20.96 2.61 21.26

Specimen #2 PFC core 18.02 2.73 20.39

Average 19.49 2.67 20.83

Standard deviation 2.08 0.08 0.62

Specimen #3 with FRFC core  44.38 5.08 26.19

Specimen #4 with FRFC core ~ 32.92 5.64 24.26

Average 38.65 5.36 25.23

Standard deviation 8.10 0.40 1.36

4. Numerical simulations

Finite element simulation of sandwich panels in four-point bending were performed
using Abaqus/Standard commercial code [16]. Numerical simulation was employed as a tool
to understand the effects of face/core bonding and fasteners on the structural behaviour of the
sandwich panels, which were not investigated experimentally due to the limited number of
tests available. The problem was considered to be symmetric such that only a half model was
built as a three-dimensional solid, as shown in Fig.8. The mesh comprises 8-node brick
elements (C3D8R) for the core, loader and support, 4-node shell elements (S4R) for the face
sheets and 2-node truss elements (T3D2) for the fasteners (Fig.8). All elements used reduced
integration formulation. Loader and support were modelled as rigid bodies. A total of 7296,
6688 and 54720 elements were used for the top face, bottom face and core, respectively. Nine
elements were used for each fastener, which were embedded in the core elements using the
Embedded Region Constraint option. The ends of the fasteners were tied to the face sheets
using the Tie Constraint option. The average element size was 10 mm? for brick elements, 10
mm? for shell elements and 10 mm for truss elements. A finer mesh was also tested, which
did not show any significant variation in the load response, but a significant increase in
computational time. Contact was modelled using finite sliding formulation and surface to
surface discretisation method.

Steel face sheets were modelled using an isotropic elastic-perfectly plastic material
model available in Abaqus/Standard with following material parameters: Young’s Modulus
E=210 GPa, yield stress o,=186 MPa, Poisson’s ratio v=0.3 and density p=7800 kg/m®. The
elastic behaviour of the foamed concrete core was modelled using uniaxial compression
elastic modulus and yield stress from Table 3, 1=0.1 and density of 1000 kg/m>. The plastic
behaviour was modelled using the crushable foam material model with following parameters:
compression Yield stress ratio k=1 and hydrostatic yield stress ratio k=0.1, where k=o¢/ pc
and ke=pd/pc; p: and p. are the hydrostatic tensile strength of the foamed concrete and its yield
stress in hydrostatic compression, respectively. Abaqus user's manual [16] recommends that
k=0.1. However, experimental observation in Li et al. [17] suggested that k; may be larger
than 0.1. Numerical simulations were performed in this study using both k=0.1 and k=1 for
comparison; however, there was no significant difference in the results, which confirms that
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the material response is dominated by compressive stress, and therefore is insensitive to the
value of k; [17]. It is assumed that foamed concrete core would not behave in a brittle fashion
due to confinement and for this reason perfectly-plastic behaviour is adopted for the
crushable foam hardening in Abaqus/Standard. It was not necessary to model the
densification regime of the foamed concrete since the comparison between simulations and
experiments is restricted to 8-mm deflection due to the lack of fracture parameters to simulate
the failure of the specimen.
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Figure 8 Finite element mesh of 3-D model.

4.1 Effect of the face/core bonding

Local face/core debonding was observed prior testing in sandwich specimens as
aforementioned in Section 3.4 (Fig.7e). To assess the effect of the face/core debonding, two
extreme cases were considered for the boundary conditions of the sandwich panel, i.e., case
1: fully-bonded (Tie Constraint option between faces and core) and case 4: fully-debonded
(only contact between faces and core); two partial-bonding cases were also considered by
using Tie Constraint option only in fasten areas (Cases 2 and 3 in Fig.9).

Figure 10a shows a comparison between experimental results and numerical
simulations for all cases aforementioned and for PFC foam cored sandwich panels. It can be
seen that for case 1 (fully-bonded), the model largely overestimates the load response of the
sandwich panel by over-predicting the stiffness. This can be explained by the fact that there
was some initial face/core debonding prior to testing which reduced the stiffness of the panel.
It can also be observed that case 4 (fully-debonded) largely underestimates the loading
response of the panels. This is due to the fact that the faces were partially-bonded to the core
rather than fully-debonded. It can also be seen that experimental response lies between the
predicted responses for cases 2 and 3 (partially-bonded) indicating that the extension of the
debonding in the specimen is similar to those of cases 2 and 3. Figure 10b shows a
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comparison between experimental results and numerical simulations for FRFC cored
sandwich panels. It can be seen that the trend observed in Fig.10a for PFC core are also
observed for FRFC core, i.e., experimental response is close to the predicted responses for
partially-bonded cases.

These aforementioned findings are very important from a design point of view since
they show that bonding between faces and foamed concrete core plays a crucial role in the
performance of the structure prior to failure. This means that, to obtain the maximum
structural performance of the panels, face/core bonding must be improved. Shear connectors
may be used to improve the structural performance and increase face/core bonding, which
include shear studs, T-connectors and perfobond rib connectors [18, 19]. Epoxy resin
adhesives may be another viable option for the improvement of the face/core bonding [20].
However, further investigation (both experimental and numerical) should be performed to
assess the effectiveness of these options on foamed concrete cored sandwich structures.

a) Case 2 b) Case 3

Figure 9 Fasten areas using Tie Constraint option for partially-debonded cases: a) Case 2 and b) Case 3.

b)

Figure 10 Comparison of experimental and numerical results of sandwich panels in four-point bending: a) PFC
core, b) FRFC core.
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4.2 Effect of the fastening

The effect of the number of fasteners on the performance of the sandwich panels was
studied by adding 3 more fasteners to the half model in the plane located at 301 mm from the
mid plane, which is equivalent to adding 6 more fasteners to the whole structure (Case 5).
Full-debonding conditions were used in the simulation. It can be seen in Fig.10 that the effect
of adding more fasteners is insignificant when compared to the effect of increasing the
bonded area between faces and core.

5. Conclusions

Compressive mechanical properties of plain foamed concrete and polyvinyl alcohol
fibre-reinforced foamed concrete were obtained using uniaxial compression test and
indentation test. It is found that the fibre-reinforcement enhances the compressive strength of
foamed concrete, which is attributed to the increase of specimen integrity by the fibres. A
densification regime was observed in the compressive test of fibre-reinforced specimens,
which is also attributed to the maintenance of specimen integrity by the fibres after failure.
Tensile mechanical properties were obtained using uniaxial tensile test. It is found that the
fibre-reinforcement drastically increases the tensile modulus, strength and yield strain of the
foamed concrete and also prevents a sudden failure of the specimens, which is in contrast to
the brittle behaviour of plain foamed concrete specimens.

Full-scale specimens with corrugated steel sheet faces and either plain foamed
concrete core or fibre-reinforced foamed concrete core were manufactured and tested in four-
point bending. It is found that the fibre-reinforcement improves the structural response of
composite sandwich panels by increasing the maximum load-carrying capacity before the
failure of the specimen; however, for sandwich specimens with plain foamed concrete core,
the average load in the plateau regime was higher than the average peak failure load showing
an apparent strengthening of the specimens after failure. For fibre-reinforced foamed concrete
cored sandwich specimens, the average load in the plateau-like regime is 65.28% of the
average peak failure load. Such difference should be considered when fibre-reinforced
foamed concrete is used in sandwich structural constructions.

Numerical simulations of foamed concrete cored sandwich panels in four-point
bending were performed using Abaqus/Standard finite element code. It is found that face/core
bonding plays a crucial role in the structural performance while the contribution of fastening
is negligible. This indicates that improvement of the face/core bonding should be addressed
when foamed concrete core is used to obtain optimum structural performance of composite
sandwich panels.
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