Analysis and design of recycled glass bead sandwich panels in bending

Finian McCann'*

School of the Built Environment and Architecture, London South Bank University, 103 Borough Road,
London, UK
Ymccannf@Isbu.ac.uk; * corresponding author

Abstract

The bending resistance of recycled glass bead sandwich panels is investigated through flexural
experiments conducted on a range of specimens. A method whereby the maximum strains at
midspan are used to determine the elastic material properties is discussed and shown to provide
similar results to a method based on midspan deflections; scopes of applicability of the two
methods are discussed. The influences of adhesive strength, polymer content and previous
damage are investigated, with the application of high-strength adhesive not leading to any
improvement in structural performance whereas the increase in polymer content is shown to
improve structural performance. Re-testing of previously damaged specimens demonstrates
that residual compaction in the core leads to improved deformation capacity. A strain-based
model to predict the ultimate moment resistance is shown to provide safe-sided results when
compared to the experimental ultimate moments. A reliability analysis of the predictive model
is conducted in accordance with the European structural design framework. For 1-2 mm bead
cores, a partial factor of 1.40 is recommended for use with the design method, while a partial
factor of 2.20 is recommended for 4-8 mm bead cores; it is confirmed that the design moment
resistances are conservative and safe-sided when compared to the experimental results.

1. Introduction

Composite sandwich panels are finding increasing use in structural contexts in response to growing
demand for prefabricated construction and offsite manufacturing methods that reduce the time, cost
and labour expended on structural assembly [1,2]. Composite sandwich panels combine stiff outer
facing sheets that usually provide the majority of the flexural rigidity with a lightweight core that
usually provides other functions such as thermal insulation, acoustic insulation, energy absorption,
fire resistance or structural depth to aid deflection limitation [3-5]. Having originally found use in
the field of aeronautics where weight optimisation is paramount [3], materials used in structural
sandwich panels include metal facing plates [6], precast concrete [7], timber [8], fibre-reinforced
polymers [9], metallic honeycombs [10] and metallic foams [11,12].

The present study concerns recycled glass bead sandwich panels (RGBSPs) comprising two
fibreglass facing sheets surrounding an inner core of recycled glass beads bonded by a polymer
resin, as shown in Figure 1a. RGBSPs have been available commercially for a number of years [13]
and can potentially be used as floor panels, wall panels, roofing elements, cladding panels, fire
barriers and stand-alone acoustic barriers [13,14]. The bead core can be considered as a type of
glass-polymer composite, with glass fibre—reinforced polymers (GFRPs) being the most prominent
examples of the use of such materials in construction [15]. When considering particulate glass as
opposed to glass fibres, the inclusion of recycled glass in construction materials has a number of
precedents, including in concrete and cement mortar [16,17], in asphalt [18,19] and in masonry
[20]. These studies have demonstrated that the structural performance of materials containing glass
beads is at least as effective as that of conventional analogues. In addition, since it is common that
mixed forms of waste glass vary considerably in their chemical compositions and are thus not
suitable for reforming [17], the use of waste glass in construction materials offers a more convenient
route for repurposing such materials. The environmental resilience of glass [21] and polymer [22]
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materials serve to increase the longevity of RGBSPs in construction, thus also enhancing
sustainability. The polymer content of RGBSP cores is typically 6-8% by volume, with the polymer
acting as a binding agent between the glass beads while also entrapping a notable volume of air
voids as shown in Figure 1b. These voids reduce vibrations [23], enhance acoustic insulating
performance [14] and improve thermal insulation efficiency during the operational lifespan of a
building structure [13]. The low specific weight (approximately 4.2 kN/m?3 [14]) and portability of
RGBSPs make them ideally suited to applications in modular construction, where whole units can
be fabricated offsite and transported to their final location. Alternatively, the panels can be easily
manipulated onsite, making them also well-suited for temporary applications such as emergency
shelters or as temporary noise barriers.

The panels investigated in the present study are fabricated on an industrial scale by initially coating
beads formed from recycled glass in a thermoset polymer resin in order to bind the core together.
Differing material properties can be achieved through control of the size of the glass beads and
through specification of the polymer volume fraction. Prior to their inclusion in the core mix, glass
bead fragments are sieved in order to sort them into ranges of 0-1 mm, 1-2 mm, 2-4 mm and 4-8
mm. After mixing, the resultant core is formed to the required dimensions and passed through an
extruder. An epoxy-based adhesive is applied to two fibreglass facing sheets which are then pressed
mechanically on to either side of the core. Given that the manufacturing process is not overly
complicated and that the main constituent material, i.e., recycled glass, is relatively inexpensive to
source, RGBSPs thus offer a cost-effective and environmentally sustainable solution to meet the
increasing demands of the construction industry.

The governing failure mode of a sandwich panel in bending is influenced by the relative strengths
and stiffnesses of the facing sheets, the core and the bonding agent between them, as well as the
geometric dimensions. In the case of panels containing highly-compressible foam cores, the failure
mode in bending tends to involve either wrinkling of the facing sheets [24] (see Figure 2a), an
interaction between global buckling and facing sheet wrinkling [25] or indentation [26]; however,
the brittle nature of recycled glass bead cores precludes such modes. If the shear strength of the
adhesive is less than or similar to the strength of the facing sheet or core materials then delamination
(see Figure 2b) is also possible [27,28] — the resulting loss of shear connectivity between the facing
sheet and the core can precipitate an overall loss of stability and structural performance of the panel
[29]. In cases such as RGBSPs where the core is weaker and more brittle than the facing sheets and
the adhesive, the mode of failure tends to be due to shear within the core (see Figure 2c).

The mechanical properties and failure modes of particulate-polymer composites such as the bead
core are influenced by the size of the particles, the particle volume fraction and the interfacial
adhesion between the particles and the polymer matrix [30,31]. At the microscale, the failure mode
within particulate-polymer composites involves either interfacial debonding between the glass
beads and the polymer (see Figure 3 [32]) or breakage of the particles [33]. Because of their low
polymer content compared to conventional particle-reinforced polymers, RGBSPs tend to
experience a brittle mode of failure within the core while the fibreglass facing sheets maintain their
integrity, with delamination of the facing sheets from the core rarely being the primary mode of
failure. Previous testing of RGBSPs in bending [14] found that the elastic stiffness was higher in
cores containing smaller glass beads, although the strength was not influenced significantly by the
glass bead size; it was also found that the deformation capacity was higher in cores containing larger
glass beads. These trends are in keeping with the findings of previous studies of glass-polymer
composites [30-33].

Through a combination of flexural testing of small-scale specimens and bend testing of full-scale
panels, the present study expands upon previous results [14] for the bending resistance of RGBSPs.
In particular, the influence of polymer content, adhesive strength and previous damage, which is



important when considering structural robustness, on load and deformation capacity are examined.
The material behaviour of the bead core is described in detail through analysis of the strain
distribution at the mid-span cross-section during the experiments. The measured strain distributions
are used to inform a strain-based method for predicting the midspan bending moment; this model
is then adapted to predict the ultimate moment resistance of a panel in bending. Finally, reliability
analyses conducted in accordance with EN 1990 [34] to calibrate material partial factors of safety
for the design of RGBSPs in bending are described. The definition of an appropriate partial factor
thus allows for the safe design of RGBSPs in accordance with the principles of structural reliability
enshrined in the European structural design framework.

2. Experiments

A series of flexural tests on small-scale specimens and bending tests of full-scale RGBSP specimens
have been conducted in the Strengths of Materials laboratory at London South Bank University. In
this section, the experimental methodologies are described and the results for elastic mechanical
properties, the load—deflection behaviour, failure modes and bending strain distributions are
discussed.

2.1 Flexural testing of small-scale panel sections

Flexural tests have been conducted on small-scale panel sections using the Tinius Olsen H25 KS
universal testing machine shown in Figure 4a. Three specimens, labelled FO1, FO2 and FO03, were
cut from RGBSPs with 1-2 mm glass bead cores, with each specimen having a nominal length Lnom
=300 mm, a nominal overall depth h =54 mm and a nominal breadth b = 50 mm; average measured
values of these properties as well as the average thicknesses of the layer of fibreglass try are shown
in Table 1. As indicated in Figure 4b, the specimen is loaded in four-point bending with the span
between the supports L = 240 mm and the point loads positioned at third points, i.e., the distance
between a support and its adjacent point load a = 80 mm. A linear variable displacement transducer
(LVDT) is positioned underneath the specimen at midspan in order to record the vertical deflection
while the internal load cell records the total applied load P. Strain gauges are attached at the top and
bottom outer surfaces of the fibreglass sheets at midspan in order to measure longitudinal strains at
the extreme fibres of the cross-section. The specimens are loaded monotonically without pause to
failure under displacement control at a rate of 0.15 mm/min. Graphs of P against the vertical
deflection at midspan o for the three specimens are shown in Figure 5. Although it can be seen that
there exists a degree of variability between their flexural responses, after a certain amount of
deformation (6= 0.5-0.6 mm), the material undergoes some softening with the flexural rigidity of
the specimens reducing up until failure. From a micromechanical perspective, analogies can be
drawn from analyses of fibre-ceramic composites in tension [35,36], whereby the constituent
materials of the glass-polymer composite initially undergo elastic deformation up to a level of strain
whereupon damage at the microscale initiates that manifests itself at the macroscale as an overall
loss of stiffness; the damage mechanisms include cracking of the polymer matrix and interfacial
debonding from the particles [32,33]. Damage continues to propagate through the specimen with
increasing load until failure occurs, with a large diagonal crack such as that shown in Figure 4a
visible.

In accordance with Euler—Bernoulli beam theory, it is assumed that the longitudinal strains arising
from bending vary linearly with depth through the cross-section as shown in Figure 6; thus, the
maximum compressive and tensile strains in the bead core, & and &, respectively, are slightly
reduced when compared to the compressive and tensile strains, gomp and &ens, measured at the top
and bottom strain gauges, respectively, at midspan. It should be noted that the absolute value of the
compressive strain is referenced throughout the present study. In Figure 7, the applied load P is
plotted against the maximum compressive and tensile strains in the bead core & and & for the



three flexural test specimens. It can be seen that, when testing specimens FO1 and FO02, the
compressive and tensile strains are almost identical up to strains of 0.153% and 0.151%,
respectively; in the case of specimen F03, the discrepancy is apparent at a lower level of strain. The
implications of these discrepancies are clearer upon examination of the graphs of the strain ratio
gomp | &ens against &t shown in Figure 8. For specimens FO1 and FO2, the strain ratio is initially
approximately equal to unity — this initially balanced behaviour suggests that the tensile and
compressive responses of the material are equivalent. Assuming linearly-varying strains, a strain
ratio of &omp / gens = 1 implies a symmetric strain distribution like that shown in Figure 6a where
the neutral axis of bending passes through the geometric centre of the composite cross-section. Once
the limiting elastic strain of the bead core material & is exceeded, softening initiates within the
material on the tension side; this is evidenced by &ens increasing at a greater rate than gomp in Figure
7 and the strain ratio decreasing in Figure 8. These observations suggest that the bead core material
is weaker in tension than it is in compression. If the material on the tension side of the specimen
has softened and lost efficacy then there must be an associated change to the neutral axis of bending.
The strain distribution associated with somp / gens < 1 is shown in Figure 6b, where the neutral axis
of bending has shifted towards the top (compression) face of the section. The upwards shift of the
neutral axis Ana is given thus:

ANA _ ( €tens — gcomp) (ﬁ) (1)
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Taking this shift in the neutral axis into account, values for & and & are given by:
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In Figure 8, the strain ratio for specimen FO3 is initially approximately equal to 0.90, which is
anomalous when compared to the balanced behaviour observed in specimens FO1 and F02, and also
the undamaged full-scale panels discussed in Section 2.2. The strain ratio remains relatively
constant at this value up to a value of & = 0.146%, whereupon the material on the tension side
softens and the strain ratio decreases. The lower initial strain ratio is thought to be the consequence
of a thicker layer of adhesive being applied on the compression side in addition to misalignments
when positioning the specimen and the strain gauges. Applying Eq.(1), it appears that, initially, the
neutral axis of bending of specimen FO3 does not pass through the geometric centre but is located
1.43 mm towards the compression side.

In each of the flexural specimens tested, cracks can be seen to originate on the tension side of the
specimen after softening has occurred, which are caused by interfacial debonding between the glass
beads and the polymer. As failure is approached, a large diagonal crack such as that shown in Figure
4a is seen to propagate from the tension side up towards the compression face of the specimen —
this diagonal pattern is a result of the interaction between bending stresses, shear stresses and local
bearing stresses above the supports and underneath the point loads. Eventually at a value of & =
0.45-0.50% the crack has propagated throughout the entire specimen and failure occurs.

2.1.1 Determination of mechanical properties



Previous estimates [14] for the elastic flexural modulus of the bead core material Ecs were
determined through comparison of the experimental midspan deflection and the predictions of
Euler—Bernoulli beam theory, which assumes that shear strains are negligible and thus that vertical
deflections arise purely as a consequence of bending curvature. However, when considering the
relatively short and stocky flexural specimens examined in the present study, the shear and bearing
stresses developed during loading contribute towards a significant portion of the vertical deflections
in the specimens. Thus, values for Ecs that are determined based on the midspan deflection are
underestimated since Euler—Bernoulli beam theory assumes that the development of deflections
across the specimen is wholly, rather than partially, attributed to bending curvature. For the full-
scale beam specimens, the contribution of shear and bearing stresses is proportionally less and
therefore estimates arrived at through analysis of the deflection at midspan are more accurate.

For the flexural specimens examined in the present study, the longitudinal strains recorded at
midspan are used to estimate Ect. Since shear stresses and bearing stresses are negligible at midspan
in a four-point bending configuration, it can be assumed that strains arising at the extreme fibres
can indeed be wholly attributed to bending. Assuming that the longitudinal strains vary linearly
with depth through the cross-section as shown in Figure 10, the moment M predicted at midspan in
accordance with Euler—Bernoulli beam theory is:

M = (Etens + Ecomp)(EI)eff

; 3)
where (El)esf is the effective flexural rigidity of the composite section:
(EDefr = Efglfg + Ec¢lc (4)

and Ic = bhc/12 + bheAna? and Iy = b(h® - hed)/12 + 2btsgAna? are the second moments of area of the
bead core and fibreglass sheets, respectively, about the neutral axis of bending that incorporate any
shifts from the geometric centre of the composite cross-section. The elastic modulus of the
fibreglass sheet Erq is taken to be 7589 N/mm? [14]. It should be noted that the validity of Eqgs.(3)
and (4) prevails only while the responses of the material in tension and compression are equivalent;
once the limiting elastic strain &l is exceeded and the material on the tension side begins to soften,
the flexural rigidity of the bead core requires more detailed calculation. However, for tensile strains
less than &1, Egs.(3) and (4) can be manipulated to determine Ecf, with the bending moment at
midspan M = Pa/2 substituted into Eq.(3). With the flexural modulus known, the limiting elastic
strength of the bead core is given by:

Ocel = Ecf &el (5)

The results obtained from the flexural tests for Ec, &.e1 and ocel are shown in Table 1. In the present
study, values of & are defined as the value of &t when gomp / &ens drops below 95% of its initial
value. It is noted that the average value of Ecs = 1201 N/mm? agrees well with the average elastic
modulus of 1-2 mm glass bead cores of 1126 N/mm? based on analysis of midspan deflections [14].
Previous estimates for the average values of & and ocel 0f 0.135% and 1.45 N/mm? are somewhat
reduced compared to the values of 0.150% and 1.80 N/mm?, respectively, found in the present study.
Comparison of ocel With the compressive strength of the bead core o c of approximately 2.1 N/mm?
[14] confirms that that the material is indeed weaker in tension. It is noted that the limiting elastic
strains found for the bead cores in the present study are approximately equivalent to those found for
ceramic matrix minicomposites employed in aeronautical applications [35,36].

2.2 Bend testing of full-scale panels



In this section, four-point bending tests conducted on full RGBSP specimens are discussed. The
experimental methodology is described and results for the load—deflection behaviour, failure modes
and elastic material properties are presented. The influence of a number of parameters are discussed,
including the strength of the adhesive between the fibreglass and bead core, the polymer binder
content of the bead core, and previous damage to the specimens; where applicable, comparisons are
made with control samples tested previously [14].

The nominal dimensions and glass bead diameters of the specimens examined are shown in Table
2. In total, twelve specimens were tested as part of the present study with eight specimens from [14]
being used as control specimens. The specimens are labelled in the following manner: P[specimen
number]-[minimum glass bead diameter in mm]-B[nominal panel breadth in mm]-L[nominal span
between supports in mm]-[specialisation suffix]. The specialisation suffixes are defined in order to
discriminate between panels with high-strength adhesive (HSA), panels with increased polymer
binder content in the bead core (XB), and panels extracted from previously-damaged test specimens
(DM). For example, specimen P19-1-B150-L1650-HSA is a 150 mm-wide beam spanning 1650
mm between supports with the fibreglass sheets attached using high-strength adhesive to a core
containing glass beads 1-2 mm in diameter.

2.2.1 Methodology

The bending tests were conducted using the loading rig shown in Figure 9, which comprises a 2.5
m-long steel I-section support beam secured into 250 kN Zwick/Roell universal testing machine,
roller supports, a spreader bar atop half-round contacts at the loading points, an LVDT positioned
underneath the specimen at midspan, and a data acquisition system; strain gauges were also affixed
to the top and bottom surfaces of specimens P25-P28 at midspan. In order to accommodate some
rotation at the ends of the beams, overhangs are provided at the ends of the specimens, resulting in
the tested spans L being somewhat shorter than the overall length Lnom Of the specimens as shown
in Table 2. The specimens are loaded monotonically without pause under displacement control at a
crosshead displacement rate of 5 mm/min until failure.

Estimates for the elastic properties Ect, & and oce are found through analysis of the midspan
deflections measured by the LVDT. The effective flexural rigidity of the composite cross-section
(ENefr is found by manipulating the expression, according to Euler—Bernoulli beam theory, for the
vertical deflection at midspan of a beam loaded in four-point bending with loads P/2 positioned a
distance a from their closest support (as indicated in Figure 4b):

AP
(EDest = 75 B1? = 409 (55) (6)

where AP/A¢6 is the gradient of the load—midspan deflection curve calculated using the measured
values of the total applied load P and the vertical deflection at midspan &. In order to counteract
noise in the experimental values, moving averages of AP/A¢ taken over a displacement interval of
0.25 mm are used. In Figure 10a, a typical graph of AP/A¢6 against o is shown for the example of
specimen P20. It can be seen that there is an initial regime where the gradient is approximately
constant, followed by a decrease in flexural rigidity, followed by a final regime where the gradient
is approximately constant again. Analogous micromechanical analysis of fibre-matrix composites
[35,36], where similar behaviour is observed, has shown that these regimes reflect, respectively: i)
initial linear elastic deformation of the particles and matrix, ii) damage occurring at the microscale
within the composite such as matrix cracking and partial interfacial debonding, and iii) fracture of
the matrix and more complete interfacial debonding leading to cracks visible at the macroscale.
Although the overall mode of failure primarily involves diagonal shear-induced cracking like that
shown in Figure 4a, prior to failure, cracks are also observed to propagate directly upwards from



the tension-side facing sheet across the central segment of the panel where the bending moment is
at a maximum; the fibreglass facing sheets serve to reinforce the core so that stresses within it can
be redistributed around the cracks. Upon comparison with the corresponding graph of P against &
shown in Figure 10b, it can be seen the regimes correspond to initial linear behaviour, nonlinear
softening and linear behaviour but with reduced stiffness, respectively; identification of the ranges
of these regimes is facilitated considerably through examination of the gradient—displacement curve
rather than the load—displacement curve. Considering the initial linear elastic regime where AP/AS
is approximately constant, (El)ets is calculated using the average value of AP/Adup to when
softening initiates. With (El)ess known, Eq.(4) can then be manipulated to estimate Ec . The limiting
elastic strain &l is defined as the maximum tensile strain in the bead core at the point when AP/AS
falls below 95% of its initial value; the maximum strain in the bead core & is given by:

1
Ect = Zpahc (El)eff (7)

It should be noted that the use of Eq.(4) in conjunction with Egs.(6) and (7) assumes that the neutral
axis of bending is collinear with the major cross-sectional axis, i.e., that Axa = 0 and the compressive
and tensile strains are equivalent. With & known, the elastic strength of the bead core material
ocel Can be found through application of Eq.(5).

2.2.2 Structural behaviour

In this section, the results of the bending tests are discussed, with comparisons made to relevant
control specimens where applicable, including the load—deflection relationships, the failure modes,
the ultimate moments, the deflections at ultimate load and the elastic mechanical properties. In
particular, the influences of high-strength adhesive, increased polymer content and previous damage
are investigated.

Values of the ultimate moment per unit width M, / b are plotted against &, / L® in Figure 11, where
My = Pya/2 and & is the vertical midspan deflection at the ultimate load Py. Since all the specimens
were loaded with point loads in four-point bending, values of & / L3 are calculated in order to
provide a comparable measure of deformation capacity between members of varying spans; values
of My / b provide a comparable measure of load capacity between panels of varying widths. In order
to provide some context, the characteristic moment resistance of a 150 mm-deep C30 concrete slab
reinforced with 12 mm H500 bars at 300 mm centres is approximately 21 kNm/m; when considering
that RGBSPs have a unit weight of approximately 4.2 kN/m3 [14], the specimens included in Figure
11 are thus capable of rivalling the moment resistance of typical reinforced concrete flooring
systems while being almost six times less dense.

2.2.2.1 Elastic properties

The values of Ect, &.e and ozl Of the bead cores, which have been determined using the midspan
deflection method, are shown in Table 3. Values of E¢t are shown in Figure 12 while values of &l
and oce are shown in Figure 13. In Figure 12, it can be seen that neither the inclusion of the high-
strength adhesive nor the additional polymer binder has led to an appreciable increase in Ec, while
the elastic modulus of the damaged specimens has decreased considerably as would be expected.
Similarly, it can be seen in Figure 13 that neither the inclusion of the high-strength adhesive nor the
additional polymer has led to a significant increase in ocel; the benefit of the additional binder lies
in the increase to the ultimate resistance of the panels shown in Figure 11. The values of & for
specimens P17 to P24 and specimens P27 and P28 lie approximately within the same range as the



control specimens; as is also indicated in Figure 11, the ductility of the damaged specimens P25
and P26 is noticeably enhanced when compared to their parent beams, albeit with the strength being
somewhat reduced.

2.2.2.2 Influence of high-strength adhesive

Load—deflection relationships are shown in Figure 14 for specimens P17 to P20 containing a high-
strength epoxy-based adhesive; comparison is made with the control specimens P07 to P10. It can
be seen that there is little difference between their respective responses, with the inclusion of the
high-strength adhesive not affecting the ultimate resistance and only marginally increasing
deformation capacity (see also Figure 11). The limiting elastic strain of the control specimens is
marginally higher than that of the specimens tested in the present study as evidenced by the
deflection at which the flexural rigidity begins to decrease being greater. The cause of these
similarities can be explained upon examination of the failure modes shown in Figure 15 (which are
typical for the majority of specimens tested): the interfacial bonds between the polymer and the
glass beads within the core are weaker than either of the normal or high grade adhesives, and so the
core cracks along a layer above the adhesive rather than any delamination occurring. Thus,
increasing the adhesive strength has little to no influence on the overall resistance or rigidity of the
specimens. Some delamination can be observed on the top (compression) side of the specimens
shown in Figure 15, which occurs after the attainment of the ultimate load; post-failure
compression-side delamination was observed to occur in a number of tests but very rarely was it
the initiating mechanism of failure.

2.2.2.3 Influence of increased polymer content

Load—deflection relationships for specimens P21 to P24 with a core polymer content greater than
the usual 7% by volume are shown in Figure 16. In keeping with Figure 11, it can be seen that there
is a significant improvement to both the ultimate resistance and deformation capacity when
compared to the performances of the control specimens (P11 to P14): the average moment resistance
is 23% higher while the average deformation capacity is 34% higher. The increased polymer content
improves the bonding between the glass beads and thus allows for a greater degree of stress transfer
through the core. While the exact increased polymer volume fraction is commercially sensitive, it
can be assumed that the relative increases in performance do not match the increase in binder with
total efficiency, such that the relative increase in binder is indeed in excess of 34%. The failure
modes observed in these specimens are overall similar to that shown in Figure 15; however, upon
examination of the failure mode shown in Figure 17 for specimen P22, it can be seen that
delamination of the facing sheet from the bead core has occurred on the tension side, i.e., it is the
adhesive that has failed rather than cracking propagating through the bead core. This can be
attributed to the additional polymer increasing the ultimate strength of the bead core such that it is
similar to or greater than that of the adhesive.

2.2.2.4 Influence of previous damage

In Figure 18, graphs of applied moment M against 5/ L2 are shown for the previously-damaged
specimens (P25 and P26), which were cut from the ends of two specimens with increased binder
content (P21 and P23, respectively); these ordinates have been plotted in the graphs instead of the
load and midspan deflection in order to account for the differing spans. Although the ultimate
resistances of the damaged specimens are certainly lower than those of the original specimens, it is
clear that the deformation capacity has increased considerably (as is also suggested by Figure 11).
This phenomenon can be explained by noting that specimens P25 and P26 were turned over after
being cut from their parent specimens so that the side that was originally in compression was re-
tested in tension, and vice versa. During the retests, there is thus a pre-existing degree of
compressive plastic deformation (compaction) on the tension side that must be reversed before



tensile deformation is experienced, resulting in the enhanced deformation capacity observed.
Conversely, any cracks that were pre-existing on the tension side are now re-closed in compression,
thus limiting the propagation of cracking. This is encouraging evidence that pre-compression of
RGBSPs has the potential to increase their load and deformation capacities, thus allowing for longer
spans to be achieved; the principle is analogous to the pre-stressing of concrete.

2.2.3 Strain distributions

In order to inform an accurate representation of bending strain distributions through the bead core,
specimens P25 to P28 were fitted with strain gauges on their top and bottom faces at midspan. The
load—deflection curves for specimens P27 and P28 are shown in Figure 19. In keeping with previous
findings, specimen P27 (containing the 1-2 mm bead core) has a slightly higher initial linear
stiffness and softens at a slightly larger deflection than specimen P28 (containing the 4-8 mm bead
core). Somewhat anomalously, a sudden loss of load-carrying capacity occurred at P = 19.2 kN
during testing of specimen P27, equivalent to a distributed ultimate moment My / b of 16.0 kNm/m,
whereas P28 failed at 30.2 kN, equivalent to My / b = 25.2 kKNm/m, which is more in keeping with
other observations as shown in Figure 11. Upon examination of the failure mode shown in Figure
20a, it can be seen that, in conjunction with the typical diagonal crack propagating from the tension
side, clear delamination of the compression-side fibreglass sheet has also occurred — usually, some
glass bead remains adhered to the inside of the facing sheet. It can be seen in Figure 20b that
specimen P28 has failed in a more typical fashion, with tension-side cracking visible above the
fibreglass sheet culminating in a diagonal crack propagating towards the compression side, similar
to the failure modes shown in Figure 15. As indicated in Figure 20a, inspection of specimen P27
after testing suggests that some damage or deterioration had been incurred before the tests that
affected its performance; the anomalously low moment resistance of specimen P27 is obvious upon
examination of the values of My / b in Figure 11.

Graphs of the maximum compressive and tensile strains in the bead core &, and & are shown in
Figure 21 for specimens P25 to P28. Similar to the behaviour observed in the flexural specimens
discussed in Section 2.2, in specimens P27 and P28 (see Figure 21c—d), the tensile and compressive
strains are equivalent up to a particular level of strain. In the case of the previously-damaged
specimens P25 and P26 (see Figure 21a-b), it is apparent that the material is initially more stiff on
the tension side, more noticeably so in specimen P25; after a certain amount of strain, the material
on the tension side softens and becomes less stiff in keeping with other observations. The initially
stiffer response of the tension-side material is evidence of residual compression-side compaction
from the original tests conducted on specimens P21 and P23 that must be reversed before tensile
softening can occur.

Comparing panel specimens P27 and P28 (see Figure 21c—d), it can be seen that, in keeping with
the findings of [14], softening initiates at a relatively lower strain in specimen P28 with the 4-8 mm
core than it does in specimen P27 with the 1-2 mm bead core. As shown in Figure 21d, the overall
stiffness of specimen P28 decreases continuously until failure occurs at P = 30.2 kN; however, in
the case of specimen P27, it can be seen that at P = 19.2 kN, the compressive strain ceases to increase
smoothly and reverses abruptly — this is evidence of a sudden slip occurring in the proximity of the
strain gauge, i.e., the failure of the adhesive on the compression side leading to the delamination
visible in Figure 20a. It should be noted that no other beam or panel tested in the present study or
previously [14] suffered an early-onset compression-side failure such as this; in a small number of
specimens, compression-side delamination was observed to occur only after the typical propagation
of tension-side cracks had precipitated failure (see Figure 15). It can be seen that the tensile strain
continues to increase after the slip occurred, with an eventual terminal loss of load-carrying capacity
occurring at P = 16.9 kN. As noted by [29], delamination leads to a local loss of stiffness and hence
destabilisation of the overall panel, such that the ultimate resistance can be considerably reduced;



the loss of stability is evidenced by the sudden drops in load-carrying capacity shown in Figure 19
for specimen P27.

Applying the approach described in Section 2.1 for the flexural specimens, the onset of softening is
defined through examination of the ratio of measured compressive to tensile strains gomp / &ens,
graphs of which are plotted against the maximum tensile strain in the bead core & in Figure 22. It
can be seen that the curves for specimens P27 and P28 are initially constant and fall below 95% of
their initial values at values of &t of 0.107% and 0.094%, respectively. The tensile strains at failure
of specimens P27 and P28 are 0.690% and 0.902%, respectively, although it is surmised that a
higher tensile failure strain for the bead core of specimen P27 would have been recorded had the
specimen not failed prematurely. In the case of the previously-damaged specimens P25 and P26,
the curves are initially more rounded and thus the point of the onset of softening is less clear; taking
the onset of softening as the point where gomp / gens falls below 95% of its initial value, values of
& equal to 0.155% and 0.124% are found for specimens P25 and P26, respectively.

Values of Ec s for specimens P25 to P28 found using the midspan strain method are shown in Table
4, with comparison made to values found using the midspan deflection method. It is reiterated that
use of the midspan deflection method is likely to underestimate the value of Ec s because it neglects
the shear strains and strains arising from direct bearing that also contribute to the deflection at
midspan. In the case of specimens P25 to P27, it is apparent that the pre-existing damage to the
specimens has precipitated further localised decreases in stiffness, leading to a greater discrepancy
between the results of the two methods; it should also be noted that the midspan deflection method
assumes that the neutral axis initially passes through the geometric centre of the cross-section, which
IS not the case for specimens P25 and P26 upon inspection of Figure 22 since &omp / &ens > 1.0. 1t is
noted that such discrepancies can occur when estimating elastic moduli of other particulate
composite materials like concrete, where differing models [37,38] can return estimates for the
elastic modulus of the same grade of concrete that vary by upwards of 16%. It is preferable that
values for Ec ¢ found using the midspan strain method be used where available since this method is
less prone to the influence of shear and bearing stresses, and gives a more accurate representation
of the stiffness of the material in pure bending. Values of Ec+ found using the midspan deflection
method are more conservative and lead to safe-sided designs but should only be derived from tests
conducted on long-spanning beams (L/h > 8) where the influence of shear and bearing stresses will
not overly affect the estimation of Ec+.

3. Design of recycled glass bead sandwich panels in bending

In this section, the results of the bending tests are used to inform a strain-based method for
determining the bending moment in an RGBSP. Comparisons are made between the predictive
model and the experimental results for applied moment. With the model validated satisfactorily it
is then adapted to predict the ultimate moment resistance of a panel in bending. A reliability analysis
is conducted in accordance with EN 1990 [34] in order to determine an appropriate partial factor of
safety for use with the predictions of the model when designing RGBSPs in bending.

3.1 Strain-based model for bending moment

In Section 2, it is seen how strain measurements taken at midspan can be used to identify changes
in the material behaviour of the glass bead cores and to estimate elastic material properties. In order
to predict the behaviour of an RGBSP when the bead core is undergoing plastic deformation at
strains in excess of &, it is assumed conservatively that the core behaves in a perfectly-plastic
manner with no strain hardening up to a tensile strain at failure & (see Figure 23); since the



compressive strength of the bead core o is greater than its tensile strength ot e, it is not necessary
to define a compressive failure strain explicitly for this analysis. Since the strength of the fibreglass
sheet is approximately 200 N/mm? [39] and thus greatly exceeds that of the bead core, it is assumed
that the facing sheets remain elastic throughout the entire loading regime and thus the moment
contribution of the facing sheets is dependent upon the level of strain.

The strain and stress distributions arising in a cross-section of an RGBSP in bending undergoing
plastic deformation are shown in Figure 24. The material on the tension side is elastic down to a
distance from the neutral axis equal to y: while the material on the compression side is elastic up to
a distance from the neutral axis equal to y; the material is assumed to undergo plastic deformation
beyond these distances from the neutral axis, with the stress on the tension side equal to the limiting
elastic strength ocel = &.elEc s and the stress on the compression side assumed to the equal to the
compressive strength of the bead core occ. The distances y: and yc are given by:
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The moment M acting at the cross-section can be found by integrating the infinitesimal moments
dM = bo(y)ydy across the depth of the section, where y is the vertical distance from the neutral axis
to an element of the cross-section of thickness dy and o(y) is the bending stress acting on the
element. Assuming the stress blocks shown in Figure 24, the expression for M is:
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where the moment contribution of the fibreglass sheets Mg, the elastic moment contribution of the
bead core Mc e and the plastic moment contribution of the bead core Mc i are given by, respectively:
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It is noted that the expression for Mg includes the second moment of area of the fibreglass sheets
relative to the shifted neutral axis of bending ltg = b(h® — hc®)/12 + b(h — hc)Ana®. The accuracy of
the model is assessed by comparing the predictions of Eq.(9) with the experimental applied moment
Pa/2. In Figure 25, graphs of moment against the vertical deflection at midspan are shown for
specimens P25 to P28. The predicted bending moments that are plotted against the vertical
deflection at midspan in Figure 25 have been calculated using the measured values of b, h and h as
shown in Table 2, the values of E¢ and & obtained using the midspan strain method as shown in
Table 3, Etg = 7589 N/mm? and a value of o = 2.11 N/mm? based on compression test results [14]
summarised in Table 5. Since Ecs has been determined according to a strain-based method that



utilises the experimental values of M, the close agreement observed across the initial linear elastic
regime of the moment—deflection curves is somewhat to be expected. The close agreement observed
across the plastic regime, in particular for specimens P25, P26 and P28 shown in Figure 25a, b and
d, respectively, depends on the accurate estimation of & and occ and the validity of the stress—
strain relationship shown in Figure 23, and thus serves to validate its use when deriving Eq.(9). In
the case of specimen P27 shown in Figure 25c, it can be seen that the model overestimates the
flexural rigidity of the section in the plastic regime. This can be attributed to there being
deterioration on the compression side of the specimen, which is also evidenced by the compression-
side delamination failure shown in Figure 20a, causing the method to over-predict the elastic range
of the bead core material in compression. In the case of specimen P27, the accuracy of the prediction
of Eq.(9) could be improved by defining a compressive failure strain but it would be superfluous
for the vast majority of specimens where the failure mechanism initiates on the tension side.

3.2 Ultimate moment resistance

Having shown that the strain-based model described by Eq.(9) can provide accurate predictions for
the bending moment, it is now adapted to calculate the ultimate moment resistance. Strain-based
methods for determining the design resistance of structural elements have gained currency in recent
years, with the continuous strength method [40] for the design of steel [41], stainless steel [42] and
aluminium [43] members being a prominent example. In the case of these ductile metallic materials,
the use of a strain-based method is advantageous by taking account of the considerable deformation
capacity available before fracture. In the context of RGBSPs, the benefit of the strain-based method
arises from exploiting the considerable elastic stiffness of the fibreglass facing sheets that serve to
reinforce the more brittle bead core so that it can accommodate strains in excess of the limiting
elastic strain. Although the contribution of the core is sometimes ignored when calculating the
moment resistance of sandwich panels in order to simply calculations [6,12], neglecting to include
the contribution of the bead core in the context of the present study would be overly conservative.
In Figure 26, using specimen P28 as a representative example, the relative moment contributions of
the fibreglass sheets, the portion of the bead core undergoing elastic deformation and the portion of
the bead core undergoing plastic deformation, as calculated by Eq.(9), are plotted against the
maximum tensile strain in the bead core &. It can be seen that, initially, the elastic resistance of the
bead core is in fact the predominant contributor to the overall moment resistance. After softening
initiates on the tension side, the plastic resistance of the bead core is activated and the overall
flexural rigidity of the bead core decreases, with the relative contribution of the fibreglass sheets
increasing; however, even immediately prior to failure, the bead core still contributes approximately
25-30% of the moment resistance and thus greater economy is achieved by including the
contribution of the bead core in design.

When considering the calculation of ultimate moments, Eq.(9) is simplified by neglecting the elastic
contribution of the bead core, which is rational when considering the relative moment contributions
shown in Figure 26 at failure. Rectangular stress blocks are assumed to act across the fibreglass
sheets, with the strains in the top and bottom fibreglass sheets assumed to be equal to the maximum
compressive and tensile strains in the bead core, respectively. The predicted ultimate moment
resistance Mr is thus given by Eq.(10):
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where &cf and & are the maximum compressive and tensile strains in the bead core at failure,
respectively. Values of Mr/ b that have been calculated using the measured geometric dimensions,
the values of Ecfand e obtained using the midspan deflection method, Esg = 7589 N/mm? and the
average values of o, obtained from compressive testing, are shown in Table 6 for all the specimens
tested in the present study and previously [14]. Based on the strains at failure shown in Figures 7
and 21, the values of & f and & are assumed conservatively to be 0.35% and 0.50%, respectively,
for the 1-2 mm bead cores and 0.45% and 0.60%, respectively, for the 4-8 mm bead cores. Given
that the bead core is assumed to behave in an elastic—perfectly plastic manner, it is the definition of
these strains at failure that govern the ultimate resistance of the RGBSPs and inform the strain-
based nature of the resistance model.

(10)

In Figure 27, values of the experimental ultimate moment per metre width My / b are plotted against
the values of Mr / b. It can be seen that, overall, Eq.(10) provides safe-sided predications for the
ultimate moment while not being overly conservative and is thus suitable for use as the basis of a
design method for determining the moment resistance of recycled glass bead sandwich panels in
bending. The average values of My / Mr are 1.24 for the 1-2 mm bead cores and 1.18 for 4-8 mm
bead cores. In panels where the actual tensile failure strain is noticeably greater than the assumed
value of &, the elastic moment contribution of the bead core is more significant and thus neglecting
it leads to more conservative predictions for the moment resistance. The specimens with increased
polymer content and the previously-damaged specimens have all been shown to be somewhat more
ductile than the other specimens and thus their moment resistances are more noticeably under-
predicted when the assumed values of &t and & are employed; if these specimens are discounted
then the average value of My / Mr for the 1-2 mm bead cores is 1.11.

3.3 Reliability analysis

While the development of a design standard for fibre-reinforced polymer structural elements is
currently ongoing [44], structural elements containing particulate glass—polymer composites are not
currently treated directly by structural design standards. According to EN 1990 [34], the principles
of structural safety and reliability that form the basis of the European structural design framework
can be extended to materials and structural systems that are not covered directly by its material-
specific standards. Thus, a first-order reliability method (FORM) in accordance with Annex D of
EN 1990 [34] is employed in the present study in order to assess the reliability of RGBSPs in
bending and to calibrate a minimum required partial factor v for use with the ultimate moment
resistance function described by Eq.(10). Similar exercises have been conducted previously for hot-
rolled steel sections [41], stainless steel sections [42,45], concrete-filled steel elliptical hollow
section beam-columns [46], slender steel elliptical hollow sections [47], reinforced-concrete
structures [48,49], FRP laminates [50] and FRP-strengthened reinforced-concrete structural



elements [51,52]; more detailed descriptions of the theoretical background to the methodology of
these reliability analyses can be found in [45,48,53]. To the best of the author’s knowledge, the
reliability of structural elements containing particulate glass—polymer composites has not been
assessed previously.

As stated in C1.1.3(2) of EN 1990 [34], it is assumed that all materials used in the construction of a
building structure shall meet the relevant product specifications upon delivery and that adequate
supervision and quality control shall be provided during construction; in lieu of an existing standard
concerning the technical delivery conditions of RGBSPs, compliance with internal quality control
measures during manufacture, delivery and installation of the panels is thus assumed when assessing
their reliability. In order to calibrate an appropriate partial factor of safety for RGBSPs that are
suitable for use in construction, specimens P25 to P27, which had all experienced some form of
damage prior to testing, have thus been discounted from the reliability analysis. In addition, the
specimens with increased polymer content (P21 to P24) have also been discounted from the analysis
since there is not enough data available to include the influence of polymer content in the resistance
function with confidence — testing of specimens with a greater diversity of polymer volume fractions
is recommended in order to inform such an analysis satisfactorily. Given that the strength of glass-
polymer composites tends to increase with polymer content [30,31], it can be assumed that the
design method provides conservative predictions for the moment resistance of RGBSPs with bead
cores containing at least 7% polymer content by volume. In summary then, a total of 14 specimens
containing 1-2 mm glass bead cores and 7 specimens containing 4-8 mm glass bead cores have
been included in the present study.

The values of My / b form the set of experimental resistances re for the reliability analysis while the
values of Mr/ b form the set of theoretical resistances rt; the datasets are split into sub-groups based
on the glass bead diameter range so that separate partial factors are determined for the 1-2 mm bead
cores and 4-8 mm bead cores, respectively. According to Eq.(10), the moment resistance is a
function of the set of basic variables X = {Ec, &.el, Occ, &.cf, &1, D, N, tig}. The correlation between
re and rt is assessed using the slope of best fit by. In Annex D of EN 1990 [34] a least-squares
function is recommended to determine by; however, this definition has been noted [45-47] to be
biased towards specimens with higher resistances and thus in the present study the slope of best fit
is given by:

b=y el (1)

n rt,i

where n is the number of specimens under consideration in a sub-group. In addition to the closeness
of fit between the experimental and theoretical datasets, the calibration of the partial factor m is
also dependent on the variance of errors between the experimental and theoretical resistances Vs
and the variances of the basic variables Vxi. Properties with larger variances necessitate higher
partial factors in order to account for the increased uncertainties in the accuracy of the resistance
function when using the characteristic values of the basic variables. The overall coefficient of
variation of the resistance function V; can be calculated as [34]:

v =(+vd) ([ Ja+va) -1 (12)

The average values, coefficients of variation and 5™ percentile values of the material properties for
the specimens under consideration are shown in Table 5; in particular, it can be seen that the
variance in &g for the 4-8 mm bead core material is relatively large. The coefficients of variation
of the geometric properties b, he and trg are 0.004, 0.004 and 0.036, respectively. In the present
study, the 5" percentile values are used as the characteristic values for the material properties,



whereas in accordance with EN 1990 [34] the nominal values of the geometric properties are taken
as characteristic.

It is assumed that RGBSPs are intended for use in conventional residential, office and commercial
building structures that fall under reliability class RC2 in the European structural design framework
with a target reliability index = 3.8 [34], which is equivalent to a probability of failure of 7.2x10
% across the standard 50 year reference period. This level of reliability against ultimate failure is
ensured in the analysis through the selection of an appropriate design fractile factor kq, that reflects
decreasing uncertainty with increasing sample size in accordance with Bayesian forecasting. As
stated in C1.D.8.2.2.5 of EN 1990 [34], although the dataset is split into two sub-groups, kq,n can be
calculated on the basis of the total number of observations being considered, which is 21 in the
present analysis. Adopting the standard evaluation procedure of section D8.3 of EN 1990 [34], the
partial factor s for the design method is defined as rn / rqo. The nominal resistance rn is
conservatively based on the characteristic or nominal values of the basic variables, while the design
resistance rq is based on the mean values of the basic variables since the measured values have been
used to calculate rt originally; thus, the calculation of the partial factor involves the ratios of the
mean values to the characteristic values. By conservatively taking the minimum ratios of mean to
characteristic values of the material properties to be 1.12 for the 1-2 mm bead cores and 1.15 for
the 4-8 mm bead cores, the minimum required partial factors m are found to be 1.40 and 2.20,
respectively; the results of the reliability analysis and the parameters employed therein are shown
in Table 7. Considering the 1-2 mm bead cores, it is noted that the value of 1.40 for the partial
factor is similar to the material partial factor for concrete y = 1.50 in the European structural design
framework [37], although the characteristic strength of concrete is based on average values rather
than 5" percentiles. Thus, employing m = 1.40 can be considered appropriate for determining the
design moment resistance of recycled glass bead sandwich panels containing 1-2 mm bead cores
with a minimum of 7% polymer content by volume. Since the required partial factor for the 4-8
mm bead cores is more onerous, it is recommended that panels containing such cores be used in
scenarios where load resistance is not the primary criteria for functionality, e.g., single-storey or
temporary structures. Although including additional experimental results and the results of
numerical analyses, as has been done previously [46-50], in the dataset would lower the required
design fractile factor and might reduce the variance of the errors, the measured variances in the
material properties must also decrease substantially for there to be a significant reduction in the
required partial factor. In the absence of other published literature, the present analysis assumes
conservatively that the variances in material properties shown in Table 5 are representative of the
population. It is also possible that including a set of numerical results that underestimate the
experimental resistances significantly would in fact lead to an overestimation of the minimum
required value of mv since the discrepancy between the average experimental result and the average
numerical result would lead to an artificial increase to the variance of the errors Vs. In any case,
since the mode of failure of the bead core is brittle, it is prudent to employ a conservative value of
s in order to ensure additional safety and reliability in the design and application of RGBSPs in
practice. The design moment resistance Mrq is calculated by applying s to Mr calculated using the
characteristic values of the basic variables Xk thus:

(13)

A conservative value of Egy = 7500 N/mm? has also been assumed; a characteristic value of 8000
N/mm? is quoted in technical guidance [39]. In Figure 28, values of the ratio of the experimental
ultimate moment to the design moment resistance My / Mrq are plotted against values of &,/ L for
all undamaged specimens including the flexural specimens. It can be seen that the design predictions



are conclusively safe-sided when compared to the experimental results across the range of glass
bead diameters, panel depths and polymer volume fractions considered in the present study.

4. Conclusions

An investigation has been conducted into the structural behaviour of sandwich panels comprising a
core of recycled glass beads bound in polymer resin enveloped by fibreglass facing sheets. Flexural
testing of small-scale beam specimens has been conducted whereby samples cut from full panels
are loaded in four-point bending. A method of determining the elastic properties of the bead core
material based on the maximum tensile and compressive strains at midspan has been found to
provide values of the elastic flexural modulus, the limiting elastic strain and the limiting elastic
strength of the bead core material that are broadly in line with previous results that were derived
through the analysis of vertical deflections at midspan.

Four-point bending tests have been conducted on a range of full-scale panel specimens of varying
spans, bead core contents and adhesive strengths. While it was found that the use of a high-strength
adhesive between the bead core and the fibreglass facing sheets is not accompanied by any
appreciable improvement in structural performance, the inclusion of additional polymer content
leads to noticeable increases in the ultimate resistance and deformation capacity of the panels.
Experiments conducted on specimens cut from panels that had been tested previously have shown
the potential benefits of preloading panels in compression so that the overall deformation capacity
of a panel in bending is enhanced.

Values of the flexural modulus determined through analysis of midspan strains are found to be
approximately 20% greater than those found using the midspan deflection method. In order to
encourage additional safety in design, it is recommended that values of the flexural modulus can be
based on values found by using the midspan deflection method for specimens where L / h > 8. If
the flexural modulus is to be determined for more stocky specimens, the midspan strain method is
recommended.

Midspan bending strain distributions are used to inform a model for predicting the applied bending
moment; close agreement is observed between the experimental and predicted moment—deflection
curves. When adapted to predict ultimate moments, the model is found to provide safe-sided
predictions compared to the experimental results. The results of a reliability analysis of the predicted
ultimate resistances of recycled glass bead sandwich panels in bending suggest that a partial factor
of 1.40 is safe for use when determining the bending resistance of panels containing 1-2 mm bead
cores with a polymer content of at least 7% by volume. A partial factor of 2.20 is recommended for
4-8 mm bead cores; given the reduced economy in design associated with such a large factor of
safety, it is recommended that panels containing 4-8 mm bead cores be used in light-loading
scenarios where structural resistance is not the primary selection criteria in terms of functionality.
A comparison of the design ultimate moments incorporating the recommended partial factors
against the experimental results has shown that the design moment resistances are conclusively safe-
sided across a range of glass bead diameters, panel depths and bead core contents.
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Figure 1: a) Sample of recycled glass bead sandwich panel; b) detail of recycled glass bead core
showing entrapped voids.



b)

Figure 2: Examples of typical failure modes in sandwich panels in bending: a) facing sheet
wrinkling; b) facing plate delamination; c) shear failure of core.



Figure 3: Example of interfacial debonding in a glass fibre—epoxy composite; reprinted from [32]
with permission from Elsevier.



ou® oo

‘.
§

e I
R ~
Loading points

R 9
‘:_ bt

a)
b)

P2

N
~
o

[
.me
Z 9
o
a s
= <
-
-1 Hh
x:

—1

Figure 4: a) Specimen F0O1 after a four-point bending test in a Tinius Olsen HK25S universal testing

machine; b) schematic of flexural and bending tests.
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Figure 5: Load—deflection curves obtained from flexural testing.
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Figure 15: Typical failure modes exhibited in RGBSPs, with longitudinal cracking through a
layer of bead core above the adhesive in conjunction with a diagonal shear-induced crack.
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Figure 17: Failure mode observed in specimen P22-1-B150-L2250-XB showing tension side
delamination of the facing sheet from the bead core.
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Figure 20: Failure modes observed in a) specimen P27; b) specimen P28.



20 20
18 A 18 A
16 A 16 ~
14 14
12 - 12 A
é 10 ~ g 10 A
a 81 o 8 1
6 . 6 i
4 —— Compressive 4 —— Compressive
2 A Tensile 2 Tensile
0 T T T T O T T T T
0.00% 0.20% 0.40% 0.60% 0.80% 1.00% 0.00% 0.20% 0.40% 0.60% 0.80% 1.00%
Maximum strain in bead core at midspan Maximum strain in bead core at midspan
c) d)
35 35
30 ~ 30 A
25 1 25 A
20 _. 20 A
< <
= 15 A = 15 ~
o o
10 1 ——Compressive 101 ——Compressive
> / Tensile > Tensile
0 + T T T T 0 T T T T
0.00% 0.20% 0.40% 0.60% 0.80% 1.00% 0.00% 0.20% 0.40% 0.60% 0.80% 1.00%

Maximum strain in bead core at midspan

Maximum strain in bead core at midspan

Figure 21: Graphs of load against compressive and tensile strains in the bead core at midspan for a) specimen P25; b) specimen P26; c) specimen

P27; d) specimen P28.



gcom p / ‘gtens

1.4

13
1.2
11

1.0

eoomaa
-
S ao

0.9 ~ RS

0.8 -

-
~~~~-~~
~———
0.6 4 1
'
'
.
A Y
\
\

0.5 1

0.4 T T T T T T T T T
0.00% 0.10% 0.20% 0.30% 0.40% 0.50% 0.60% 0.70% 0.80% 0.90% 1.00%

&t

Figure 22: Graphs of &omp / &ens against &« for the strain-gauged specimens.



O-c,el

el & tf

Stress

_O-c,c/ Ec,f

Strain

Figure 23: Assumed stress—strain relationship of bead core in tension (positive stress and strain) and compression (negative stress and strain).



Strain distribution Stress distribution

gcomp fg “comp

i
e
i
i

£
£

+
-

£
£

e
o
S
s

R

i

e

gtens &
fg “tens

Figure 24: Strain and stress distributions at cross-section undergoing plastic deformation.



a) b)
4
3 4
£ £
< <
221 =
z z
§ 5]
1 4 — Experiment 2
Eq.(9)
0 T T T T
0 5 10 15 20 25
o (mm)
c) d)
12
10 A
= 8§ - ’é
S
< g
= 61 2
c
£ £
o 4 - §
= — Experiment
2 4
Eq.(9)
0 T T T T
0 10 20 30 40 50

6 (mm)

12

10

— Experiment

Eq.(9)

20

25

— Experiment

Eq.(9)
T T 3I0 4‘0
6 (mm)

50

Figure 25: Comparison of experimental and predicted moment—deflection curves for a) specimen P25; b) specimen P26; c) specimen P27; d)

specimen P28.



100%

90% 4 | —Fibreglass
S 80% 4| ——--- Core - elastic
é 20% 4| Core - plastic
S  60% A----- -
o \‘
S 50% - \
5 40%
1S ° .
02') 30(%) | \~~~~~-~. ...............................................................................
= | eeesssesenen, .'.V; .......
T 20% .
o ." ‘s‘s
10% - St
0% . . Bttt somomoe
0.00% 0.20% 0.40% 0.60% 0.80% 1.00%

Figure 26: Relative moment contributions of the fibreglass sheets and bead core plotted
against the maximum tensile strain in the bead core for specimen P28.

45



w
a1

w
o
1

)
a
(]

H
o
1
7
»
e
P
<2
S
D
o

M, / b (kNm/m)
o
&

o4 ’ .
""" Unsafe-sided 0O1-2 mm bead cores
59 -
e @4-8 mm bead cores
0 5 10 15 20 25
My, / b (kNm/m)

30

Figure 27: Comparison of experimental and calculated ultimate moments per metre width.

46



M, / Mgy

35

(]
(]
309 omb
i
2.5 4 O o o
20 | <><> o (o]
o 0 g
15 - 0
Safe-sided
10 T ---{ 0O1-2 mm cores (P04-P20)
Unsafe-sided Olncreased polyurethane content
0.5 ~ <O Flexural specimens
04-8 mm cores
0.0 T T T T T
0.000 0.005 0.010 0.015 0.020 0.025
6, /L

Figure 28: Ratios of experimental to design ultimate resistances.

0.030

47



Table 1: Dimensions and material properties of flexural test specimens.

Specimen b h he ttq Ect ol o
(mm) (mm) (mm)  (mm)  (N/mm?) (N/mm?)

Fo1 50.32 53.48 48.64 2.42 1312 0.153% 2.00

F02 50.24 52.80 47.74 2.53 993 0.151% 1.50

F03 50.19 54.08 48.76 2.66 1296 0.146% 1.89

- Average 50.25 53.45 48.38 2.54 1201 0.150% 1.80

-Cov 0.001 0.012 0.011 0.047 0.150 0.022 0.148
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Table 2: Nominal dimensions of RGBSP specimens tested in bending.

Nominal

. Bead diameter . . L a
Specimen range (mm) dimensions (mm) (mm) (mm)
g Lom*x b x h
P07-1-B150-L1650 1-2 1800 x 150 x 154 1650 550

P08-1-B150-L1650
P09-1-B150-L.1650
P10-1-B150-L1650
P11-1-B150-L2250
P12-1-B150-L2250
P13-1-B150-L.2250
P14-1-B150-L2250

1800 x 150 x 154 1650 550
1800 x 150 x 154 1650 550
1800 x 150 x 154 1650 550
2400 x 150 x 154 2250 750
2400 x 150 x 154 2250 750
2400 x 150 x 154 2250 750
2400 x 150 x 154 2250 750

Control specimens [14]

P17-1-B150-L1650-HSA
P19-1-B150-L1650-HSA
P19-1-B150-L1650-HSA
P20-1-B150-L1650-HSA

1800 x 150 x 154 1650 550
1800 x 150 x 154 1650 550
1800 x 150 x 154 1650 550
1800 x 150 x 154 1650 550

High-strength adhesive

P21-1-B150-L.2250-XB
Increased polyurethane P22-1-B150-L2250-XB
binder P23-1-B150-L2250-XB
P24-1-B150-L.2250-XB

2400 x 150 x 154 2250 750
2400 x 150 x 154 2250 750
2400 x 150 x 154 2250 750
2400 x 150 x 154 2250 750

P25-1-B150-L1350-DM
P26-1-B150-L1350-DM

1550 x 150 x 154 1350 450
1550 x 150 x 154 1350 450

Damaged specimens

P27-1-B450-L2000
P28-4-B450-L.2000

2400 x 450 x 154 2000 750
2400 x 450 x 154 2000 750

.l>|—\|—\|—\|—\|—\|—\|—\|—\|l—\|—\|—\|—\|—\|—\|—\|—\|—\|—\
O RN NONNNOMRNNRNRNNMNNNDNNDND NN

Strain-gauged panels
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Table 3: Measured dimensions and mechanical properties of RGBSPs tested in the present

study.
Specimen b h he trq Mu/b AN Ecs Lol Ot el
(mm) (mm) (mm) (mm) (KNm/m) (m?)  (N/mm?) (N/mm?)
P17-1-B150-L1650-HSA  150.59 153.47 149.17 2.15 19.3 0.00406 958 0.134% 1.29
P18-1-B150-L1650-HSA 150.30 154.54 150.06 2.24 20.5 0.00445 932 0.141% 1.31
P19-1-B150-L1650-HSA 151.44 153.90 149.54 2.18 19.9 0.00455 952 0.144% 1.37
P20-1-B150-L1650-HSA 151.70 154.10 150.10 2.29 19.7 0.00437 968 0.132% 1.28
P21-1-B150-L2250-XB 149.76 152.78 148.40 2.19 27.7 0.00492 1130 0.106% 1.20
P22-1-B150-L.2250-XB 150.23 152.60 148.24 2.18 23.8 0.00428 1031 0.118% 1.22
P23-1-B150-L.2250-XB 150.64 153.30 149.19 2.06 27.7 0.00579 1047 0.122% 1.28
P24-1-B150-L2250-XB 150.32 153.25 148.97 2.14 28.2 0.00565 1059 0.124% 131
P25-1-B150-L1350-DM 149.76 152.78 148.40 2.19 23.0 0.00767 5571 0.242% 1.35
P26-1-B150-L1350-DM  150.64 153.30 149.19 2.06 21.8 0.00793 617" 0.163% 1.01
P27-1-B450-L.2000 450.51 153.73 149.70 2.08 16.0 0.00414 841! 0.117% 0.99
P28-4-B450-L.2000 449.39 15294 148.64 2.15 25.2 0.00389 885! 0.094% 0.83

! Values of E¢ reported for specimens P25-P28 have been obtained using the midspan deflection method for

consistency.
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Table 4: Elastic properties of bead cores determined using the midspan strain method.

Ect (N/mm?)

Specimen Deflection method Strain method Difference Eoel

P25-1-B150-L1350-DM 557 725 23.2% 0.155%
P26-1-B150-L1350-DM 617 762 19.0% 0.124%
P27-1-B450-L2000 841 1139 26.1% 0.107%
P28-4-B450-L2000 885 1034 14.4% 0.094%
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Table 5: Mechanical properties of the bead cores.

Ect Ecel Oc,cc
(N/mm?) (N/mm?)

1-2 mm bead cores
- Average value 1076 0.136% 211
-Cov 0.10 0.09 0.07
- 5™ percentile value 900 0.116% 1.88
4-8 mm bead cores
- Average value 872 0.104% 2.09
-Cov 0.08 0.31 0.11
- 5" percentile value 755 0.051% 1.70
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Table 6: Comparison of experimental and predicted ultimate moments.

Specimen Mu/b Mg /b M, | Mg
(KNm/m) (KNm/m)
P01-4-B150-L.1650 22.0 18.7 1.18
P02-4-B150-L1650 19.5 19.3 1.01
P03-4-B150-L.1650 19.9 19.3 1.03
P04-1-B150-L1650 18.1 17.6 1.03
P05-4-B150-L.2250 21.7 18.4 1.18
P06-4-B150-L.2250 21.7 16.6 1.31
P07-1-B150-L.1650 20.5 19.2 1.07
P08-1-B150-L1650 18.4 18.6 0.99
Ref.[14]
P09-1-B150-L.1650 19.3 19.2 1.01
P10-1-B150-L1650 20.5 19.5 1.05
P11-1-B150-L.2250 21.2 17.5 1.22
P12-1-B150-L2250 214 17.9 1.20
P13-1-B150-L.2250 21.2 17.5 1.21
P14-1-B150-L2250 23.3 17.8 1.31
P15-1-B450-L.2250 21.1 18.4 1.15
P16-4-B450-L2250 23.2 18.6 1.25
P17-1-B150-L1650-HSA 19.3 17.7 1.09
P18-1-B150-L1650-HSA 20.5 18.2 1.12
P19-1-B150-L1650-HSA 19.9 18.1 1.10
P20-1-B150-L1650-HSA 19.7 17.1 1.16
P21-1-B150-L.2250-XB 27.7 18.0 1.54
Present  P22-1-B150-L2250-XB 23.8 17.7 1.35
study  p23-1-B150-L2250-XB 27.7 175 1.59
P24-1-B150-L.2250-XB 28.2 18.0 1.57
P25-1-B150-L.1350-DM 23.0 14.1 1.63
P26-1-B150-L1350-DM 21.8 13.8 1.57
P27-1-B450-L.2000 16.0 15.6 1.02
P28-4-B450-L2000 25.2 19.0 1.33
1-2 mm bead cores (all)
- Average 1.24
-Cov 0.18
1-2 mm bead cores (not including P21-P26)
- Average 111
-Cov 0.09
4-8 mm bead cores
- Average 1.18
-Cov 0.12
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Table 7: Parameters and results of the reliability analysis.

Glass bead diameter range n by Vs \' Kan M
1-2 mm 14 1.12 0.081 0.171 3.62 1.40
4-8 mm 7 1.18 0.105 0.351 3.62 2.20

54



