Mechanical behavior of sandwich panels with curaua fiber reinforced
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Isabela de Paula Salgado!, Flavio de Andrade Silva®

Unstitute of Construction Materials, Technische Universitiit Dresden

Dresden, Germany

dpsalgado@unu.edu, isabela.de_paula_salgado@tu-dresden.de

2Dept. of Civil and Environmental Engineering, Pontificia Universidade Catdlica do Rio de Janeiro
Rua Marques de Sdo Vicente 225, 22453-900, Rio de Janeiro -RJ, Brazil

fsilva@puc-rio.br

Abstract. A curaua fiber-reinforced aerated concrete sandwich panel was developed as a sustainable, lightweight,
and low-cost alternative construction material. Each composite skin consisted of long unidirectional aligned curaua
fibers, applied by a cast hand layup technique, and a cementitious matrix with 50% of Portland cement replacement
by pozzolanic materials. The mechanical properties of the sandwich panels and their components were
investigated. The skins displayed a strain-hardening response and multiple cracking behavior. Strength,
deformation capacity, and cracking mechanisms of the composite laminates are presented. The sandwich panels'
monotonic and cyclic four-point bending responses were evaluated. The bonding between the composite layers
and the autoclaved aerated concrete (AAC) core was assessed through pull-off tests and microscopic imaging. The
results revealed the efficiency of the cementitious layers in providing a more ductile behavior and a higher flexural
strength to the material. The ductility properties of the AAC core were improved when assisted by the skin layers
in the sandwich structure. A deflection-softening behavior and a satisfactory post-peak ductility were observed in
the cyclic bending tests. Failure mechanisms, strength, and toughness are reported.

Keywords: sandwich panels, autoclaved aerated concrete, cementitious composites, natural fibers, flexural
strength.

1 Introduction

In recent years, there has been an increasing interest in sustainable materials, particularly renewable and
biodegradable resources. Literature works indicate the potential of natural fibers to replace their synthetic
counterparts, as they are generally light and thermally insulating, with high tensile strength and stiffness [1, 2].
Such is the case of natural fiber reinforced composites in comparison to glass and polypropylene fiber-reinforced
alternatives, since the first provides comparable performance but with enhanced absorption capacity and reduced
pollutant emissions [3, 4]. Natural reinforcement can improve the material's ductility and post-cracking toughness
[5]. The performance efficiency depends on the fiber morphology, orientation, and quantity; fiber-matrix interface;
stress transfer between matrix and reinforcement [6]. On that account, the matrix's strain capacity is lower than the
fiber's, so it fails before the reinforcement's total capacity is reached. The fibers then intersect the cracks,
contributing to the material's energy dissipation via pull-out and debonding [7].

Curaua (Ananas erectifolius) stands out among traditional Brazilian fibers due to its superior tensile strength
compared to sisal, jute, and coir [5,6]. Curaua fibers are also cheaper than flax, polypropylene, and glass fibers
[10]. Several studies present good results with Curaua reinforced composites, owing to their ductility and post-
cracking strength [7,8] — as is the case of Strain-Hardening Cementitious Composites (SHCC), which are
reportedly suitable for facades, repair, and structural uses [12,13].

Using a cementitious matrix with natural fibers as reinforcement, however, demands additional measures to
protect the composite's integrity. The cement paste has a negative effect on the fibers, presumably leading to early
loss of composite strength, as demonstrated by several research findings [9,10].Surface treatments on fibers can
change their water absorption capacity and improve their compatibility with the matrix [15,16]. Partially replacing
cement with pozzolanic materials has also proven effective in terms of durability [11,12] and sustainability issues
related to CO2 emissions and other greenhouse gases [20, 21].

Additionally, to reduce gas emissions and the need for refrigeration systems, materials with thermal insulation
are recommended. One of the options is autoclaved aerated concrete (AAC), whose production is energy efficient



and whose gas emissions (CO2, CO, NOx) are comparatively lower than standard industrial processes [22]. AAC
is lightweight, isotropic, and recyclable [15,17,18]. The material’s high porosity is responsible for its low specific
weight and good thermal performance [14—16], but also compromises its compressive strength and, consequently,
possible structural applications. The industry's need for new high-performance materials is met by sandwich
structures. Sandwich panels are usually light, stiff, and easy to manufacture [28]. Sandwich panels with thin ductile
layers and a thermal core allow for efficient structural, acoustic, and thermal building systems [29].

This study proposes a solution that combines sustainability and mechanical performance: sandwich panels
with natural fiber-reinforced composite layers for ductility and resistance, and an AAC core for insulation. Panels
and composites were tested in monotonic four-point bending. The sandwich panels were also subjected to cyclic
bending tests to investigate the mechanisms of degradation and energy loss. We calculated flexural strength and
toughness, and studied failure mechanisms. SEM, optical microscopy, and pull-off tests were used to evaluate the
AAC-composite laminate bond.

2 Experimental program

2.1 Materials

The Curaua fibers used in this work come from the Ananas comosus erectifolius plant, whose leaves were
obtained from a plant farm in Aurora do Pard, Brazil. To be employed as reinforcement, the fibers had to be cleaned
for an hour in hot water (70-80°C) followed by 48 hours of natural drying. The dry fiber bundles were meticulously
brushed into filaments, which were then divided into 350 mm layers. Martel et al. [17] describe in detail the
microstructure, water absorption capacity, and mechanical performance of the fibers employed in this technique.
The curaua filaments have a tensile strength of 872 (326) MPa and a Young's modulus of 16.5 (5.7) GPa.

In addition to Lafarge-CPV-ARI Holcim's Brazilian Portland cement, Metacaulim do Brasil Indstria e
Comércio Ltda's Metakaolin (MK) were used in the composite matrix. The components were blended 1:1:0.4
(binder: sand: water), with the binder (cementitious materials) being 50% Portland cement, 40% MK, and 10% fly
ash. The use of pozzolanic elements in the mix design lowered the calcium hydroxide content, enhancing the fiber
durability in the cementitious matrix. The appropriate workability of the matrix was achieved by adding 2.5 percent
superplasticizer Plastol 4100 to the binder weight, which delivered 400 mm of slump flow according to ASTM
C230/C230M [30]. The resultant matrix displayed 74 MPa of compressive strength.

2.2 Sandwich panels manufacturing

Sandwich panels of 350 x 60 x 90 mm (length x width x thickness) were produced, consisting of two fiber-
reinforced composite layers of 10 mm each and a 70 mm thick precast autoclaved aerated concrete core.
Lightweight AAC blocks were provided by Precon.

In a planetary mixer, the sand and cementitious ingredients were first combined with water for 1 min 30 s.
After homogenization, the superplasticizer was applied gradually and mixed for 4 minutes. Before molding, the
curaua fibers were brushed, split into bundles, trimmed to length, and then weighted. The bundles were then
submerged for 2 hours to achieve saturation and avoid volumetric differences when placed in the matrix. After
drying, each fiber layer was brushed again to ensure proper reinforcement alignment in the matrix.

Composites of 350 mm x 60 mm x 10 mm (length x width x thickness) were produced by hand casting long
unidirectional curaua fibers (7.5% volume proportion). The three layers had the same approximate weight (4.2-5
g). The laminates wer then cast directly on the AAC blocks, which had been moistened to avoid water absorption
during the initial mortar layer. The outer layers were cast individually, taking two days to be produced. The panels
were then demolded and cured for 28 days in a humid chamber. No interlayer connectors were employed, the
composite-core adhesion was dependent on the cement and AAC's porous surface..
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Figure 1: Sandwich panels : (a) production steps; (b) final product.

2.3 Testing

2.3.1 Monotonic four-point bending tests

The overall performance of sandwich panels and its components (layers and core) was assed by four-point
bending tests. Three sandwich panels were tested on a MTS 204.63 with a 270 mm span and a 90 mm gap between
the load points. Two displacement transducers at mid-span detected the specimens' vertical displacement. The
bending tests were performed with a | mm/min displacement control. Figure 2a shows the test setup.

Eight composites were tested for flexural performance in accordance with ASTM C1341 [23]. The laminates
were tested on a 500 kN MTS 810. The system had a 2.5 kN load cell. Two transducers on the composite's upper
surface detected the specimens' vertical displacement. The test was performed at a displacement rate of Imm/min
over a 270 mm span.

2.3.2 Cyclic four-point bending tests

The cyclic bending tests used the identical three sandwich panels (350 mm x 60 mm x 90 mm) as the
monotonic testing. Ten cycles of LVDT displacement control were used to produce fixed points of deflection: 0.2,
0.4, and 0.8 mm at 0.1 mm/min; 1.0, 2.0, 3.0, 4.0, and 5.0 mm at 0.5 mm/min; and lastly 7.5 and 10.0 mm at 1
mm/min. In load control mode, the specimen is unloaded at a rate of 1 kN/min until a minimal force level is
attained. Sensitivity was increased by using two LVDTs in the middle of the specimens' span: one 5 mm high and
one 50 mm low. The 5 mm LVDT recorded the cyclic deflection with 3 mm precision. The control was
subsequently given to the 50 mm LVDT, which completed the remaining cycles. The LVDTs magnetic base was
grounded, and the 50 mm LVDT was inverted to reduce spring pressure and noise. Figure 2-b shows the setup.
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Figure 2: Sheme for the four-point bending tests on sandwich panels: (a) monotonic; (b) cyclic.




2.4 Results and discussion

The three tested sandwich panels showed satisfactory deflection capacity., despite the steady loss of load
capacity, Figure 3 compares the tested panels' load-deflection behavior to AAC blocks. Until the first fractures
develop, the core and skin layers behave linear-elasticaly. Then, many cracks in the core layer generate a dramatic
decline in force. Reduced adhesion between parts, crack propagation, and stress prolonging cause significant loss
in stiffness and strength. The sandwich structure improves flexural strength and energy absorption capacity over
plain AAC blocks.
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Figure 3: Load-deflection curves of all tested specimens of sandwich panels and AAC blocks subjected to
monotonic four-point bending tests

The sample' apparent flexural strength was determined using standard bending formulae. The test specimens'
flexural characteristics and load-carrying capacity are comparable to sandwich panels of similar structure, such as
Dey et al.'s [35], with a 2.4 Mpa flexural strength and 1.34 mm deflection for sandwich panels with a AAC
core and two layers of alkali-resistant glass (ARG) textiles. The developed curaud fiber reinforced composites
(CFRC-AAC) panels had a similar apparent flexural strength (2.2 MPa) to the ARGFRC-AAC panels (2.4 MPa).
The long curaud fiber-reinforced laminates had a larger deflection capacity (12.7 mm against 6.37 mm for the
current experiment and Dey's specimens), although having an earlier fracture formation (0.83 mm).The CFRC-
AAC panels were also 7 times more robust than the conventional AAC panels at peak stress. The ARGFRC-AAC
panels absorbed 3—6 times more energy than the AAC blocks. The high tensile strength of the curaua fiber and the
sufficient bonding between skin layers and core explained the performance variations between these identical
panel structures with the same core material.

Frazao et al. [29] constructed a comparable sandwich panel construction with sisal fiber-cement composite
outer layers and polypropylene fiber-reinforced lightweight concrete core layers. They had 4.73 MPa flexural
strength and 18.14 kN maximum load with a mid-span deflection of 10.40mm. The PP-fiber reinforced core
allowed for better strength than the CFRC-AAC, while the sisal fiber reinforcement (6 percent volume fraction)
ensured multiple cracking behavior. In the four-point bending tests, the sisal reinforced laminates showed an
ultimate flexural strength of 8.60 MPa, while the curaud reinforced composites showed 32.16 MPa. Pre-molded
AAC has a reduced compressive strength and brittle failure, whereas the PP-fiber reinforced lightweight concrete
showed a pseudo-hardening reaction when bent. Both natural fiber reinforced composites showed repeated
cracking and ductility.

The three-layered composites showed deflection hardening and numerous crack development in the skin
layers, indicating excellent energy absorption capability. Figure 4 shows the stress-deflection curves of
cementitious materials under bending and their tensile response.The material's average flexural strength of 32.16
MPa and peak load toughness of 13.32 J are comparable to other cementitious composites in the literature: Silva
et al. [37] obtained 29 MPa strength and 22 KJ/m2 toughness for 10% volume fraction sisal textile-reinforced
composites. d'Almeida et al. [18] investigated curaud composites with five layers and 6% volume fraction,
attaining 27.52 MPa and 29.13 kJ/m2. Souza et al. [39] investigated curaud specimens with three layers of long



fibers and found 28 MPa and 16.4 J. These values indicate ductility and good mechanical performance.
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Figure 4: Flexural and tensile behavior of the cementitious composites (sandwich panels’ skin layers)

The panels’mechanical properties were calculated with Allen’s [42] equations and the standards ASTM
D7249 [43] and ASTM D7250 [44]. The rigidity of a sandwich beam is given by D, represents the sum of the
flexural rigidities of each constituent, skins and core, measured about the centroidal axis of the cross-section. If
the ratio between the distance d between the centroids of both facings and the face thickness ¢ is higher than 5.77
(d/t > 5.77), it can be rewritten as:
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Using ASTM D7250 [44], it is possible to calculate the sandwich panels' transverse shear rigidity.
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Where U is the transverse shear rigidity, P is the total applied force, S is the support span length, L is the load
span length, A is the beam mid-span deflection, and D is the flexural rigidity, previously calculated.

The shear rigidity was calculated for each tested panel for a series of forces (P), with their respective
deflections (A), up to the point of the maximum applied load (Pmax). These values have to be calculated for a
minimum of 10 force levels evenly spaced along the force-deflection curve. An interval of 0.05 mm was
established between each force applied in the formula up to the peak load. The average value of the panels'
transverse shear rigidity U is 2.29 x 10° N

Table 1: Mechanical properties of the tested sandwich panels under monotonic bending tests

Sandwich ~ Maximum  Deflection Toughness Flexural rigidity  Shear rigidity

Panel bending load  at Pmax at 12 mm D
N) (mm) () (N.mm?) ™)
1 4238 0.78 36.57 5.69E+10 2.26E+05
2 4055 0.89 38.65 5.84E+10 2.75E+05
3 3732 0.81 33.60 5.70E+10 1.86E+05
Average 4008 0.83 36.27 5.74E+10 2.29E+05

Deviation 256 0.060 2.54 8.22E+08 4.45E+04




2.5 Cyclic bending test

Figure 5 shows the force-deflection curve obtained by applying ten loading-unloading cycles to three
sandwich panel specimens. The conventional fracture mechanics equations were not employed because the
materials were evaluated without a notch. However, stiffness and energy evaluations were done on each specimen
to determine the structure's deterioration parameters. Cyclic tests revealed similar characteristics to monotonic
tests, with strong resistance capacity and, despite initial stiffness loss, higher maximum force. The hysteresis
curves widened as the cycles went. Rouby and Reynaud [49] claim that degradation of the matrix-fiber interface
contributes to eventual rupture, with broader cycles indicating a loss of strength.

Unloading leaves a residual displacement that precedes the loading of a fresh cycle. The material's ability to
recover from damage caused by imposed cycles is linked to displacement. The degree of reversibility is computed
as the ratio of the reversible displacement () to the total displacement (t) of the hysteresis cycle. Total displacement
is determined as the distance in x to the cycle's unloading point [50]. The cycle stiffness affects the bending
behavior of specimens under cyclic force. The Ecycle computation uses the slope between the two loading reversal
points. The reversible displacement is the distance in x to Ecycle's opposite side. The initial tangential module EO
is used to construct the initial elastic section of the force-deflection curve [51].
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Figure 5: Cyclic bending tests: a) comparative force-deflection relationship between cyclic and monotonic four-
point bending tests; b) ) relationship between reversibility degree (8:/ 1) and normalized deflection (6/3max)

As shown in Figure 5-a, the earliest cycles lose the most stiffness. As the load increases, cracks develop and
expand, causing curve changes that are not fully recoverable due to their inelastic nature. Widening hysteresis
cycles suggest significant energy loss [37, 38]. OriginPro software calculated the area covered by the cycles of
each panel. With 1, 2, 3, 4, 5, 7.5, and 10 mm deflection points as references. To compare the toughness of the
sandwich panels during monotonic and cyclic testing, the mean toughness at 12 mm was computed for the first
case, which was 36.27 J. Compared to the cyclic equivalent, 6.29 J, the panels lose 17.34 percent toughness after
10 cycles of loading and unloading.

In comparison to the monotonic bending specimens, the AAC core showed more fracture propagation and
damaged areas. However, compression caused less harm to the top skin layers. The linear-elastic behavior of
sandwich panels with textile-reinforced concrete facings explains this behavior; the tensile layer accumulates the
effects of repeated loading, leading to degradation of the matrix-fiber interface.

In addition, cyclic loads cause increased wear on the matrix-fiber contact [54]. In this approach, the
composite's stress transmission mechanism eventually loses efficiency. The specimens examined through loading-
unloading cycles, however, behaved satisfactorily, demonstrating no critical degradation until the fibers were
pulled out.



3 Conclusions

The work showed experimental results of sandwich composites with an aerated autoclaved concrete core and
natural curaud cement-based composites externally reinforced. The curaud unidirectional fibers were particularly
successful at controlling the creation and widening of fractures, therefore improving the material's post-cracking
strength and toughness. All laminar composites tested showed repeated cracking and deflection hardening. AAC's
low compressive strength and brittle failure made it more ductile when supported by the sandwich composites.

The sandwich panels' flexural rigidity and energy absorption ratio were good. The specimens' load capacity
was equivalent to or greater than sandwich panels of similar structure. The panels' steady dissipation of energy
during four-point bending tests revealed good overall ductility.

The panels also had a composite reaction to loading and unloading, where the three main constituent materials
acted as a single material with complementary qualities. The specimens often had hysteresis cycles that widened
as the material decayed. Despite a lower toughness than the monotonic test, the sandwich panels' post-peak
ductility was satisfactory, allowing energy to be released gradually throughout the deflection-softening trend. In
both monotonic and cyclic testing, shear cracks in the core and transverse fractures in the composite layers,
particularly in the bottom layers, were the prevalent failure modes. A excellent strength/weight ratio, high energy
absorption, and a mechanical reaction suitable for use as a light and sustainable material in low-cost buildings
were developed.
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