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Abstract

An investigation is conducted to determine the structural and acoustical properties of
panels comprising a core of recycled glass beads bound in a matrix of polyurethane resin
enveloped by two fibreglass facing sheets. This investigation is conducted in order assess
the suitability of recycled glass bead panels in multifunctional applications in the built
environment, especially in urban, built-up or noisy environments where both structural
resistance and acoustic insulation are beneficial. In order to assess the acoustical
performance of the panels, experiments to determine the transmission loss and absorption
coefficients are performed using the transfer function method. It is shown that the panels
provide effective insulation for typical urban built environments. Experiments are also
described that are conducted to determine the modulus of elasticity of the fibreglass sheets,
the compressive strength of the bead cores and the behaviour of the recycled glass bead
panels when loaded in bending. A design method to predict the ultimate moment resistance
of a panel in bending is proposed, which is shown to provide conservative and safe-sided
predictions when compared to the experimental results. It is shown that, when employed
in a flooring system, recycled glass bead panels can achieve usable spans under typical
floor loads expected in commercial and residential structural applications, while also
possessing the acoustic insulation performance required of a modern and comfortable
dwelling or workspace. This combination of structural and acoustic performance has
considerable potential to increase material efficiency in construction.

1. Introduction

The design of effective acoustic insulation in buildings and noise barriers is important to ensure
that the ever-expanding residential and commercial infrastructure associated with increasing
development, industry and population do not impact negatively on the normal everyday use of
the built environment. In addition, there is an increased need to produce practical designs that
also incorporate benefits to the environment and to reduce the impact on the well-being of
building occupants [1,2]. Meeting the combined demands of increasing population density and
limited resource availability has become a key challenge facing the structural and
infrastructural designers of this century.

It has been advised [3] that, in order to meet current demand for housing stock in the United
Kingdom, 260,000 new residential units are required to be constructed each year until 2023.
Meeting this demand within such a short period of time could be achieved by developing faster
methods of construction, in addition to developing additional sites suitable for construction.
Modular and offsite construction methods, whereby structural units or modules are fabricated
offsite and then assembled onsite, are becoming increasingly popular in the construction
industry owing to their potential to reduce construction time [4], reduce overall costs of
manufacture [4] and increase safety and reliability during construction and operation [5]; thus,
increased research and development has focussed on the use of various construction materials
and fabrication techniques in offsite construction, which have been summarised in a number of
review studies [6-10]. The need to develop residential sites within urban centres is
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continuously increasing due to rising global urbanisation. With construction space already at a
premium within most urban centres, the need to construct residential units in noisy or vibration-
prone environments such as in proximity to highways and rail corridors is increasing [11,12].
When considering these particular challenges that are facing the construction industry,
structural solutions that can combine speed and reliability of construction with the ability to
provide a built environment free from excessive noise or uncomfortable vibrations offer
considerable advantages to structural designers.

Recycled glass bead panels (RGBPs) are structural components comprising two fibreglass
facing sheets surrounding an inner core of recycled glass beads bonded in a matrix of
polyurethane (PU) resin, as shown in Figure 1. The inclusion of recycled glass beads in
construction materials has a number of precedents, including in concrete and cement mortar
[13,14], in asphalt [15] and in masonry [16]. This previous research has demonstrated that the
structural performance of materials containing glass beads is at least as effective as that of
conventional analogues. However, although recycled glass bead panels are available
commercially [17] and the mechanical behaviour of structural glass is relatively well
understood with data available for properties such as tensile strength, compressive strength and
modulus of elasticity [18], there is limited literature [19] concerning the behaviour of
polyurethane-bound recycled glass bead core as a load-transferring mechanism in itself. The
present study aims to expand upon existing test results for the acoustical behaviour and
compressive resistance of the material and discuss the results of bend tests conducted on full-
scale panel specimens.

The low weight and portability of RGBPs 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. At present,
there is a limited number of manufacturers of such panels, and little to no focussed research on
the potential for their optimisation. The particulate nature of the cores creates a large number
of air voids within them, which reduces vibrations [20] and lowers the thermal conductivity of
the panels. This latter characteristic ensures an enhanced thermal insulating performance,
leading to a high degree of thermal energy efficiency during the operational life-span of a
building structure. When considering that they are also fabricated predominantly from recycled
materials, the environmental sustainability of structures incorporating RGBPs is considerably
enhanced [21]; in addition, the resilience and durability of glass [18] and polyurethane [22,23]
materials against environmental effects is well-attested. Since glass is inherently non-
combustible, the overall fire resistance of the panels can be enhanced through optimisation of
the organic polymer content. When considering these factors together, recycled glass bead
panels thus represent a multifunctional structural solution that can be used as a floor panel, wall
panel, cladding panel, roofing element or indeed as a dedicated noise barrier, with advantages
including reduced weight, increased portability, increased thermal energy efficiency, increased
acoustic insulation, increased fire resistance and long-term resilience against environmental
effects.

The panels investigated in the present study are fabricated on an industrial scale by initially
coating beads formed from crushed recycled glass in a PU resin in order to bind the core
together; PU is preferred over other polymers since it is easily prepared onsite and, after
combination of its constituent components, is liquid at room temperature without the need for
pre-heating (as would polypropylene). For larger mixes, the PU curing time can be controlled
via material selection. While also dependent on the glass bead diameter, the strength of the core
is mainly controlled through specification of the resin-to-bead ratio; the samples examined in
the present study contained 7% by volume (the typical range for the ratio is 6 — 8%). After
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mixing, the resultant core is then formed to the required thickness and slab breadth and passed
through an extruder. An epoxy adhesive is applied to two fibreglass facing sheets which are
then pressed mechanically onto the core. Finally, the panels are cut to size and allowed to settle.
Given that the manufacturing process is not overly complicated and that the main constituent
material, i.e., recycled glass, is relatively inexpensive to source, RGBPs thus offer a cost-
effective and environmentally-sustainable solution to meet the increasing demands of urban
development. The main parameters governing the acoustical and structural properties of the
bead core are the nominal bead diameter range, porosity, density and the relative amount of PU
binder.

Previous studies on the impact of noise from highway networks found that the frequency
spectrum of A-weighted road traffic noise is typically between 125 Hz and 4000 Hz [24]. For
applications as highway noise barriers, good performance in the mid frequency range between
500 Hz and 1500 Hz is essential in order to ensure efficacy against road traffic noise [2]. The
effectiveness of a noise barrier is related to the characteristics of their constituent materials,
particularly the absorption coefficient of the material and the surface impedance [25]. There
are other characteristics that lend towards the overall effectiveness of a material as an acoustic
absorber such as characteristic impedance, porosity, density, flow resistivity and tortuosity.
Conventional highway noise barriers are formed from a range of materials, including masonry,
earthwork, porous materials such as polymer foams, and fibrous materials such as mineral wool
[25]. Porous materials, such as the glass bead mixes under investigation in the present study,
are particularly well-suited to absorb sound, leading to a lower sound levels being reflected and
transmitted [26,27]. The flow resistivity and insertion loss generally increase as the density of
the material increases. Fibrous materials are often used in noise barriers because of their
characteristic anisotropic and cellular structure [28]. This anisotropy, which is due to the
orientation of the fibres, means that the subsequent flow resistivity is direction-dependent: it is
lower along the panel in a planar direction, while at a normal incidence, the flow resistivity
increases. The effectiveness of a simple noise barrier is typically limited to a reduction of sound
approximately 15 dB due to diffraction, and barriers are most efficient at mitigating middle and
high frequencies [29]. The noise contribution from road traffic vehicles differs dependent on
the type, size, weight and speed of the vehicle, effects of the road surface materials and
meteorological effects such as temperature, humidity and wind direction [30-32]. As the
acoustic properties of traffic noise reducing devices such as highway noise barriers is frequency
dependent, there is a need to define a generic noise spectrum for test purposes [33]. In terms of
controlling noise in a building structure, any solid structure may be used as a noise barrier
between the sound source and the receptor point as long as the barrier has a sound transmission
loss of at least 10 dB greater than the desired noise reduction, in accordance with typical noise
pollution limits [11].

In summary, the aim of the present study is to determine the acoustical and structural properties
of recycled glass bead panels in order to assess their suitability for civil engineering
applications, especially in noisy urban environments, either as structural panel components that
also offer acoustic insulation or as dedicated noise barriers. A method is described to determine
the sound absorption coefficient and transmission loss of the panels from data obtained using
the transfer function method in a bespoke impedance tube system, with the results of such
experiments on three samples discussed. Structural and mechanical tests are then described in
order to determine the modes of failure, the ultimate resistances, the initial linear stiffness and
the ductility of the recycled glass bead panels. A simple design equation for the cross-sectional
moment resistance of the panels is proposed and compared against the experimental results,
with safe-sided predictions observed.
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2. Acoustical experiments

In this section, experiments [19] conducted on RGBP specimens to measure acoustic reflection,
sound absorption and sound transmission loss are described. The impedance tube method,
which is performed via the transfer function method in accordance with BS EN 1SO 10543-
2:2001 [33], was employed to determine the acoustic properties. It should be noted that while
the use of an impedance tube is useful at a developmental stage, testing of full-scale specimens
must be conducted in order to achieve a final characterisation of the system, especially when
considering how the joints between the panels can affect the acoustic response.

Three cylindrical specimens cut from full RGBPs, as shown in Figure 2, were tested:
Specimens C01-4-150 and C02-1-150 were 130 mm thick with a nominal glass bead diameter
of 4-8 mm and 1-2 mm, respectively, while specimen C03-1-050 was 50 mm thick with a
nominal glass bead diameter of 1-2 mm. The density of the 1-2 mm diameter bead mixes was
395 kg/m?® on average, while that of the 4-8 mm diameter bead mixes was 440 kg/m® on
average.

2.1 Transfer function theory

The experimental procedure is based on the acoustic reflection coefficient at normal incidence
being determined from the measured transfer function between two microphone positions in
front of the tested material. The sound pressures of the incident wave p; and the reflected wave
p, are respectively [34]:

pi=pre’ (1)
and

-, —ikx

pr=p"e )

where p*and p~ are the magnitudes of the incident and reflected waves respectively, and k is
the complex propagation constant.
The sound pressure p; and p, at the two microphone positions are:

p1 =pre’* +pTeTiin (3)

Py = p+elkx2 + p—e—kaz (4)
Where x; is the distance between the sample and the centre of the further microphone, and x,
is the distance between the sample and the centre of the microphone 2.

The amplitudes of the forward waves and the backward waves, p*Tand p~, are:
N pl eikx1 _ pzeika

ple—ikxl _ pze—ikXZ

The transfer function for the incident wave alone H; is:

H, = ? = g tk(x1—x2) — p—iks (7)
11

where the separation between the two microphones s = (x; — x,).

Similarly, the transfer function for the reflected wave Hr is:
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HR — Par — eik(xl—xz) — eiks (8)
PR

The transfer function for the total sound field is obtained using the sound pressures in two
microphones:

P, eikxz + R, e—ikxz
p_1 = etkx1 4 R, e—ikxy’

Hy; = 9)

where R, is the complex reflection coefficient of the material.

Rearranging Eq.(9) to yield the reflection coefficient R, and using the incident and reflected
wave transfer functions, the reflection coefficient can be written as:

H.,—H P
R, =2zl paikx, (10)
Hr—Hi»

Therefore, the normalized specific acoustic impedance of the panel absorber is:

_ 1+R.

Z )
1-R

(11)

while the absorption coefficient o is:
a=1-|R.|? (12)
2.2 Absorption coefficients

Sound attenuating barriers are solid structures that intercept the direct noise transmission path
from a sound source to a receiver. They reduce the noise level within the shadow zone on
receptor side. Measurements of sound absorption were taken in a circular impedance tube with
an internal diameter of 100 mm (see Figure 3). In keeping with a previous study of clamped
poro-elastic plates [36], the experiments were conducted in accordance with the procedure
outlined in BS EN ISO 10543-2:2001 [34], while the absorption coefficients are determined in
accordance with EN ISO 354:2003 [35].

2.2.1 Methodology

A sample of test material with a movable rigid backing is placed at one end of a tube and a
loudspeaker is placed at opposite end of the tube. Two % inch microphones were mounted into
a microphone grid at positions along the length of the impedance tube (as indicated in Figure
3), with each microphone grid being sealed tight to its housing. The microphones were fed to
a four-channel data acquisition card (type MC3242, BSWA Tech.) which was connected to a
computer for logging and further analysis. The acoustic sound field, an incident plane
sinusoidal wave, Pi was created by a loudspeaker with a built-in amplifier. The transfer function
method is used to determine the acoustical properties of the sample whereby the sound pressure
at two fixed microphone locations within the tube is measured and then used as input for the
acoustic transfer function to calculate the absorption coefficients.

2.2.2 Results

The measured absorption coefficient spectra for the three samples are shown in Figure 4.
Specimen CO01 has an initial absorption peak of 0.58 at 251 Hz and a secondary absorption peak
of 0.55 at 630 Hz while specimen C02 has an absorption peak of 0.62 at 250 Hz and a secondary
absorption peak of 0.45 at 800 Hz. Specimens CO1 and CO02 are effective at low and mid-
frequency ranges and behave like porous panels. Specimen C03 has only one absorption peak
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of 0.84 at 501 Hz. The absorption mechanism of specimen CO03 is effective around the
resonance frequency, thus it is behaving like a resonator. Specimen CO03 attenuates 84% of
acoustical energy impinging on its surface at its resonance frequency. Specimens C02 and C03
have the same nominal glass bead diameter (1-2 mm) but they have different thicknesses.
Increasing the thickness of the materials enhanced the low frequency performance of the
material while reducing mid-frequency absorption and shifting the resonance peak to a lower
frequency. The resulting absorption performances of these samples are close to the peak sound
pressure levels in the typical spectrum of road traffic noise.

2.3 Sound transmission loss

The sound transmission loss (TL) of acoustic materials is important in building acoustics and
environmental noise attenuation panels. A modified impedance tube was employed previously
[36] while following the procedure given in [34] for measuring transmission loss. The
procedure described in [37,38] was adhered to in order to measure the transmission loss of the
RGBP specimens.

2.3.1 Methodology

Measurements have been carried out in a circular impedance tube with an internal diameter of
100 mm (see Figure 5). A sample of test material is placed at the middle of a tube with a
loudspeaker at one end and a rigid plate at the other. Six ¥ inch microphones (three
microphones on each side of the test sample) were mounted into a microphone grid at positions
along the length of the impedance tube. Each microphone grid was sealed tight to its housing.
The microphones were fed to a four-channel data acquisition card (type MC3242, BSWA
Tech.) which was connected to a computer for data analysis. The acoustic sound field, an
incident plane sinusoidal wave Pj, was created by a loudspeaker that was fed with a power
amplifier with a built-in pink noise generator (type PA50, BSWA Tech.). The sound signals at
four fixed microphone locations within the tube were simultaneously measured. Microphones
1 and 3 for upstream tube and 4 and 6 for downstream tube are used to measure the transmission
loss between 63 Hz and 500 Hz while microphones 2 and 3 for upstream tube, and 4 and 5 for
downstream tube are used to measure the TL of noise barriers between 250 Hz and 1600 Hz.
The VA_LAB using Transfer Function Method separates the incident and reflected energy
from the measured transfer function, and then estimates the acoustic properties of the tested
sample installed in the tube.

2.3.2 Determination of the transmission loss

The sound transmission loss of a noise barrier is defined [39] thus:

— 20 log|H,| for TL between 63-500 Hz (13 a)

]kS

H23
]kS

— 20 log|H,| for TL between 250-1600 Hz (13 b)

where s is the distance between the centre of microphones, and k is the complex propagation
constant, H;3 = = and H,; = =2 are the transfer function which is the ratio of the Fourier

transform component between the sound pressures at microphones 1 and 3, and at
microphones 2 and 3 respectively, and Hs, = % ,and Hg, = % are the transfer function which
5 6

is the ratio of the Fourier transform component between the sound pressures at microphones 4
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and 5, and at microphones 4 and 6. H, = /|S;/S,| is the ratio between the auto-spectrum in
the upstream tube S,, and the auto-spectrum in the downstream tube S, respectively.

The transmission loss of three samples tested in the experiments are shown in Figure 6. The
transmission losses of three samples increase throughout 1/3 octave band frequency range from
14.5 dB at 63 Hz up to 33.0 dB at 1600 Hz. At lower frequencies (63 Hz - 300 Hz) specimen
CO01 has a higher TL than specimens C02 and C03, while specimen C03 attenuates more noise
than the other specimens at frequencies above 300 Hz. Specimens C01 and C02 have different
nominal glass bead diameters but their transmission loss performance above 400 Hz is similar.
The sound transmission losses of the specimens C01, C02 and C03 are 17.3 dB, 16.5 dB and
21.8 dB at 500 Hz, respectively.

These results are in the range of maximum transmission losses obtained with a practical noise
barrier which is used for attenuating road traffic noise. The maximum noise transmission loss
for noise barrier is approximately around 15 to 20 dB at 500 Hz for the barriers very close to
either source side or receiver side. Using masses for a barrier in excess of around 15 kg/m?is a
waste of recourses because the performance of noise barriers is limited by the diffraction over
the top of the barrier and around the ends of the barriers [38].

When considering the use of the panels in a building structure, noise pollution limits prescribed
by local authorities in the United Kingdom are typically 10 dB above the underlying level of
noise [11]. Thus, the RGBPs tested are capable of insulating the occupants of a structure from
such an adverse increase in environmental noise across all typical frequencies, performing
particularly well at frequencies in excess of 500 Hz. This is of particular interest in the context
of human occupancy since day-to-day residential and office space noise tends to occupy
frequencies between 300 — 2000 Hz. It is noted that the 4-8 mm glass bead performs best at
the lower end of this range.

3. Structural and mechanical experiments

In order to assess the suitability of RGBPs as structural components as well as noise barriers,
an experimental campaign was conducted to determine the structural and mechanical properties
of the panels. To this end, a series of tensile tests, compression tests and bending tests were
conducted on various specimens in the Strengths of Materials laboratory at London South Bank
University. In this section, the experiments are described, and the observed behaviour and the
mechanical properties determined from the results are presented and discussed.

3.1 Determination of modulus of elasticity of fibreglass sheeting

Two tensile coupons were cut from full RGBP specimens in order to examine the behaviour of
the facing material in situ. After determining the average breadth and thickness (23.1 mm, and
2.26 mm, respectively) across the central portion of the coupons, the ends were clamped in a
Tinius Olsen H25KS tensile testing machine (see Figure 7), a clip gauge with a gauge length
of 25 mm was attached to its central portion, and the specimen was then loaded in tension in
the elastic range in order to determine the modulus of elasticity Ef. Based on the four
experiments conducted, an average value of Eg = 7489 N/mm? was obtained.

3.2 Compression tests of recycled glass bead cores
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Compression tests of cylinders cut from the panels were conducted at the Strengths of Materials
laboratory at London South Bank University. In this section, the experiments are described and
the load—deflection behaviour, the observed modes of failure, the ultimate resistances and the
compressive strength of the cores are discussed.

After measuring their densities and conducting the acoustical experiments on them, the
specimens shown in Figure 2 were tested in compression. Each specimen was positioned
between the loading platens of a Zwick/Roell 250 kN Universal testing machine (see Figure 8)
and then loaded in compression via displacement control at a rate of 5 mm/min. As can be seen
in the graphs of machine load P against end shortening 4 shown in Figure 9, an initial regime
of elastic deformation was observed in each test specimen prior to the onset of crushing of the
bead core. There then followed a regime of successive crushing, cracking and compaction of
the bead core. The failure modes observed are shown in Figure 10. It can be seen that the
compressive resistances of the specimens are quite similar, indicating that the compressive
strength o,c of both types of bead core are similar. Average compressive strengths are shown
in Table 1 for the 1-2 mm bead core specimens and 4-8 mm bead core specimens, respectively.
Although the compressive strength of the bead core is roughly 10% that of concrete, it should
be noted that the material is approximately 12% as dense. Measurements of the compressive
modulus of elasticity of the material were less reliable owing to the variable strain distribution
being transferred through the bead core. It can be seen in the case of specimen C03-1-050 that
after a certain amount of crushing of the bead core, the load increases again, which can be
attributed to densification and compaction of the core after voids are removed. This indicates
that an additional reserve of strength and resistance can be developed within recycled glass
bead cores if the thickness of the core is optimised.

3.3. Bend testing of full panels

In this section, experiments where full RGBPs were loaded in bending are described and the
load—deflection behaviour, the observed modes of failure and the ultimate loads are reported.
These results are then used to determine some mechanical properties of the panels.

3.3.1 Specimens

The dimensions (nominal length Lyom % breadth b x depth h) and nominal bead diameters
relating to the various specimens tested are shown in Table 2. Specimens were labelled in the
manner shown in Table 2 in order to reflect the nominal diameter range of the glass bead (either
1-2 mm or 4-8 mm) and the type of panel specimen: L — long beam (Lnom = 2400 mm, b = 150
mm), S — short beam (Lnom = 1800 mm, b = 150 mm), P — panel (Lnom = 2400 mm, b = 450
mm). For example, specimen P11-1-S is a short beam with a core containing glass beads 1-2
mm in diameter. All specimens were 154 mm deep which includes the thicknesses of the two
2 mm fibreglass sheets. Measurements taken prior to testing indicate that the cut dimensions
of the panel specimens were within 1% of the nominal dimensions shown in Table 2.

3.3.2 Apparatus and methodology

Four-point bending tests were carried out on the full panel specimens in order to simulate a
constant bending moment across a portion of the panels so that the flexural stiffness and
maximum bending moment resistance of the panels could be determined. The tests were
conducted using the rig shown in Figure 11, which comprised a 500 kN capacity Zwick/Roell
hydraulic loading jack, a loading table with adjustable supports, half-round contacts at the
loading points situated at third points along the loaded span L of the specimen, a spreader bar,
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a linear variable displacement transducer (LVDT) positioned underneath the specimen at
midspan, and a data acquisition system. In order to accommodate some rotation at the ends of
the beams, a 75 mm overhang was provided at both ends of the specimens, resulting in the
tested spans being 150 mm shorter than the overall lengths of the specimens, as shown in Table
2. The tests were performed under displacement control at a crosshead displacement rate of 5
mm / min.

3.3.3 Results

In this section, the results obtained from the bending tests are discussed, namely, the load—
deflection behaviour of the panels, the observed failure modes, the ultimate moments of the
panels and the flexural modulus of the bead core.

3.3.3.1 Load-deflection behaviour

The influence of beam span and glass bead diameter on the behaviour of the panels is discussed
in this section. The relationships between total applied load P and midspan deflection ¢ for all
the panels tested are shown in Figure 12, with the curves forming groups based on the span and
breadth of the specimens.

When examining the behaviour of the specimens, an initial period of elastic deformation is
observed, which persists up until a certain level of strain whereupon some softening is observed
owing to yielding of the polyurethane binding agent within the core on the tension side of the
specimen — the value of this strain is dependent on the diameter of the glass beads in the core
and the relative amount of binding agent present in the core (which was fixed at 7% by volume
in all samples tested). Progressive yielding within the core leads to the core becoming largely
ineffective in bending since shear transfer mechanisms are compromised. Finally, the
specimens failed via a brittle cracking failure progressing rapidly from the tension side
diagonally through the section of the panel towards the compression side of the bead core, with
the fibreglass sheets remaining intact, as shown in the example of specimen P03-4-S in Figure
13 where separation of the facing sheet from the core can be observed on both the tension and
compression sides of the panel. Compression side separation was present in only some of the
specimens, whereas separation on the tension side was observed in all the specimens tested.
The location of the shear failure was always at one of the point loads where the change in shear
force is at a maximum for a beam in four-point bending. Upon examination of the specimens
after failure, it was found that a thin layer of glass bead remained adhered to the fibreglass
sheet (which is present in the example shown in Figure 13), indicating that the failure occurred
within the polyurethane matrix binding the glass bead core as opposed to the adhesive itself.
Thus, it is apparent that the failure mechanism is via debonding between the glass beads at the
location of maximum longitudinal strain on the tension side, which eventually leads to the
localised concentration of tensile stress underneath the point load causing a crack to propagate
through the cross-section of the panel.

Given that the specimens were loaded in four-point bending with loads at third points, the
bending moment across the central portion of the panels is M = PL/6. In Figure 14, the ultimate
moments per metre width at the midspan of the panels, Muy.exp / b, which is relatable to strength,
is plotted against the ratios of the midspan deflection at failure dmax to L3, since the specimens
are loaded with point loads. The effective cross-sectional moment resistance of the panel
sections is much the same for all specimens with values of Myexp / b ranging from 18.1 kN m/m
to 23.3 KN m /m and average values of 20.5 kN m/m and 21.3 kN m/m for the panels with glass
bead diameters of 1-2 mm and 4-8 mm, respectively. However, when examining the values of
omax | L3, it can be seen that the 4-8 mm diameter glass bead cores fail at relatively larger
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deflections and thus have a higher deformation capacity than those containing 1-2 mm
diameter glass bead.

3.3.3.2 Effective flexural rigidity and mechanical properties

Examining the load—deflection behaviour of two typical panels, P02-4-S and P08-1-S, shown
in Figure 15, it is clear to see that there is a level of load and deflection at which the flexural
rigidity of the panel reduces owing to the onset of delamination between the bead core and the
fibreglass sheet. It was found that the panels with 1-2 mm diameter glass bead cores maintained
their elastic behaviour up to considerably larger deflections than those containing beads 4-8
mm in diameter, which is in agreement with the examples shown in Figure 15; it can also be
seen that the initial elastic flexural rigidity is greater in specimen P08-1-S which contained 1-
2 mm diameter glass bead. The gradient of the load—deflection curves, AP/A6, was used to
assess the changing flexural behaviour of the panels qualitatively. The gradient at a particular
point along the curve was calculated using a deflection differential A6= 0.25 mm; the resulting
curve was then smoothed by taking an average value of AP/A&across an interval representing
0.25 mm of deflection. A comparison of typical raw and smoothed gradient curves is shown in
Figure 16 for the example of specimen P08-1-S.

In the example of Figure 16, it can be seen that the load—deflection gradient is initially
approximately constant which reflects the initial linear elastic behaviour of the specimen. At a
particular level of deformation, the bead core begins to yield and soften on the tension side,
which is represented by a progressive reduction in AP/A¢S until it settles at a lower
approximately constant value whereupon the bead core has lost efficacy. The effective flexural
modulus (El)ess of the composite section can be estimated by determining the change in the
midspan deflection of a beam in four-point bending loaded at third points in accordance with
Euler—Bernoulli beam theory, and rearranging for (El)e:

_ 23 APy
(EDess = 129¢ (E) L (14)
In order to provide a qualitative assessment of how the efficacy of the core material is lost with
increasing longitudinal bending strain, Eqg.(14) is applied across the entire deformation regime
of the panels. It is noted that, after yielding and especially in the very final stages of the tests
when large cracks propagate through the bead core, the neutral axis shifts upwards towards the
compression side of the panel, and thus the validity of Eq.(14) is compromised. It was observed
that the integrity of the fibreglass sheets was maintained throughout the experiments, with the
sheets deforming in an elastic manner with a constant modulus of elasticity E¢g, which is taken
as 7489 N/mm? based on the tensile tests discussed in Section 3.1. The effective modulus of
elasticity of the glass bead core, Ec, is determined thus:

_ (EDets — 2Egglg,
L=
I

(15)

where ltg and I¢ are the second moments of area of a single fibreglass sheet and the bead core,
respectively. In all specimens, l¢; and Ic were calculated using the nominal fibreglass sheet
thickness trg = 2 mm and the depth of the bead core he = 150 mm; measurements of these values
before the individual tests showed a variance of less than 1% when compared to the nominal
values. Again, it is noted that the estimate for E. described in Eq.(15) is fully valid only up
until the effective flexural rigidity begins to reduce owing to the onset of tension-side softening.
Nevertheless, applying Eq.(15) across the full deformation regimes provides at least a
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qualitative assessment of the efficacy of the bead core after yielding has commenced. In Figure
17, the difference between the effective moduli E. determined for panel specimens P02-4-S
and P08-1-S can be seen; the average initial linear elastic moduli Ec e are 881 N/mm? and 1159
N/mm?, respectively, reflecting the higher stiffness of the 1-2 mm diameter glass bead core.
The effective elastic modulus decreases after yielding initiates and the bead core becomes
practically ineffective in the latter portion of the experiments. It can be seen that the 1-2 mm
diameter glass bead core maintains its elastic stiffness noticeably longer than the 4-8 mm
diameter bead core; however, the 4-8 mm bead core loses its stiffness more gradually and
exhibits somewhat greater ductility.

The maximum stress and strain in the bead core, ocmax and & max, respectively, can be calculated
by assuming a linearly-varying longitudinal strain across the entire depth of the composite
section centred at the neutral axis. The maximum strain occurring in the glass bead core at
given applied moment M is:

Mh

= (16)

&
CMax — 2(EDegf

while the maximum stress is:

Ocmax — Sc,maxEc (17)

Typical stress—strain relationships in bead cores with glass bead of different diameters are
shown in Figure 18 for specimens P02-4-S and P08-1-S. The curves are truncated after the
attainment of the ultimate stress since the validity of the application of Eqs.(16) and (17) is
compromised beyond this point: progressive softening of the bead core on the tension side of
the panels causes the neutral axis of the section to move closer to the fibreglass sheet in
compression. Overall, it can be seen that the 1-2 mm diameter glass bead core is stronger and
stiffer than the 4-8 mm diameter bead core, although the 4-8 mm diameter bead core is
noticeably less brittle and can accommodate considerably higher strains prior to the core losing
efficacy. Examining the curves, it is found that the proportional limit stress ocel of the bead
core in specimen P08-1-S is 1.56 N/mm?, while the ultimate stress ozu = 1.80 N/mm?; it is
noted that these values are lower than the values for compressive strength discussed in Section
3.2, which indicates that failure does indeed initiate on the tension side of the specimens. For
specimen P02-4-S, ool = 1.02 N/mm?, while oz = 1.23 N/mm?. The elastic limiting strain &l
is taken as the strain coinciding with ot 1, which is 0.129% and 0.137% for specimens P02 and
P08, respectively. The ultimate strain &, i.e., the strain coinciding with the ultimate stress, is
0.312% and 0.189% for specimen P02-4-S and specimen P08-1-S, respectively; these values
are comparable to failure strains observed in concrete. The value of & /&.e provides an
indication of the ductility of the core material, which is 2.41 for specimen P02-4-S and 1.38
for specimen P08-1-S, again demonstrating the greater deformation capacity of the 4-8 mm
diameter glass bead core.

A summary of the calculated values of Ecgel, €cel, ocel, &uand ocu for all the specimens tested
is shown in Table 3 along with average values and coefficients of variation (COV) for each
property determined for the two different glass bead cores. Upon inspection of these average
values, it can be seen that, in agreement with the particular examples shown in Figures 15, 17
and 18, the 1-2 mm diameter glass bead core is stiffer and stronger, but less ductile, than 4-8
mm diameter glass bead core; a moderate amount of variance was observed in these
measurements, as evidenced by the values of COV shown in Table 3. As was also shown in
Figure 17 when examining the effective stiffness of the panels, the elastic stiffness of the 1-2
mm diameter glass bead cores was maintained up to a higher strain than that of the 4-8 mm

11
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diameter glass bead core, with average values of & ¢ 0f 0.135% and 0.106%, respectively. After
yielding initiates, cores containing 4-8 mm diameter glass beads are considerably more ductile,
with an average value of & /&.e Of 3.27 compared to an average of 1.35 for the 1-2 mm
diameter bead cores.

Some trends amongst these mechanical properties can be observed upon examination of
Figures 19 to 21. It can be seen in Figure 19 that there is a positive correlation between the
elastic stiffness Ece and the proportional limit stress oc el Of the glass bead cores, with the 1-2
mm diameter glass bead cores being stiffer and stronger than the 4-8 mm diameter glass bead
cores. In Figure 20, it can be seen that there is a clear correlation between ocy and o, and
again that the 1-2 mm diameter glass bead cores are stronger than the 4-8 mm diameter glass
bead cores. Finally, in Figure 21, it can be seen that the 4-8 mm diameter glass bead cores are
overall more ductile than the 1-2 mm diameter glass bead, although it is noted that the
variances of & and & are relatively small for the 1-2 mm diameter glass bead cores, while the
variance of & is considerably larger for the 4-8 mm diameter glass bead cores.

3.4 Design of recycled glass bead panels in bending

The values reported in Table 3 are used to provide mechanical properties to inform the
preliminary design of structural RGBP members. It is emphasised that a full reliability analysis
of the cross-sectional resistance of recycled glass bead panels, based on a corpus of
experimental results varying other properties such as panel depth, must be conducted prior to
the use of such properties in structural design; the purpose of the current section is to provide
an initial indication of the suitability of RGBP members in structural applications.

The current approach assumes that the panels are to be assessed in an ultimate limit state (ULS)
and thus the values of ultimate strength o are to be used in design. It is proposed to use the
proportional limit strength oce When assessing the serviceability of the panels in order to
preclude permanent damage and to limit deflections. Since the fibreglass sheets do not
approach their ultimate strength of approximately 300 N/mm?, it is more appropriate to
estimate the stress in the fibreglass by assuming strain compatibility at the interface between
the bead core and the fibreglass sheets. Assuming a plastic stress block at failure owing to
redistribution of bending stresses and ignoring higher order terms, the moment of resistance of
the RGBPs can be taken as:

2
Oculc

2 + Efggc,uhctfg) (18)

In Figure 22, a comparison is made between the experimental values of ultimate moment My exp
and the theoretical moments of resistance Mg, which have been calculated using the measured
values of ocu, &,u and Erg. A full reliability analysis is recommended in order to determine
appropriate design values of these properties for use in conjunction with partial factors
calibrated according to reliability-based methods such as those described in the European
structural design standard EN 1990 [40]. As can be seen in Figure 22, the moments of resistance
determined using Eq.(18) are safe-sided and conservative, with average values of Myexp / Mr
of 1.57 and 1.52 for the 1-2 mm diameter glass bead cores and the 4—8 mm diameter glass bead
cores, respectively. Further investigation of the distribution of stresses within the fibreglass
sheets and bead core can provide a more accurate estimation of the moment of resistance.

Mg =b(

In order to demonstrate the feasibility of employing RGBPs as a flooring system in practice, a
sample of exemplar span tables have been produced, with achievable spans (in m) shown in
Tables 4 and 5 for the cases of 1-2 mm diameter bead core and 4-8 mm diameter bead core,
respectively. In order to determine Mr from Eq.(18), the average values of o¢u and &,y shown

12



)] u b WN -

O 00

10
11
12
13
14
15

16

17
18
19
20
21
22
23
24

25

26

27
28
29

30
31
32
33
34
35
36
37
38
39

40
41
42
43
44
45

in Table 3 have been used. A characteristic permanent action gk = 1.5 kN/m? is included in
order to account for additional actions such as finishes and services. The partial factors for
permanent actions s and variable actions jq taken as 1.35 and 1.50, respectively, in accordance
with EN 1990 [40]. Assuming simply-supported end conditions, the applied design moment is
thus

Med = (36 Ok + 30 Gk) L%/8 (19)

The achievable spans are found by solving Mr = Meq for L. The results for the achievable spans
shown in Tables 4 and 5 indicate that RCGP floor panels are suitable for typical spans
encountered in practice under loadings that would be expected in commercial and residential
developments. Such panels could be supported on the wider bottom flanges of asymmetric
beams, thus creating a lightweight and shallow floor system in practice. It is stressed that, in
addition to performing experiments on specimens with core depths across the full range shown
in Tables 4 and 5, a full reliability analysis of a design method based on Eq.(18) must be
conducted prior to recommending the use of such panels in practice, particularly with regard
to calibrating a material partial factor accurately.

3.4.1 Comparison with conventional flooring systems

When comparing the structural performance of the 150 mm-deep panels examined in the
current study to conventional flooring systems, the achievable spans are comparable to i) 50 —
100 mm hollowcore concrete floors [41] while being approximately 60% lighter, ii) a 60 — 125
mm ComFlor composite floor systems [42] while being approximately 40% lighter, or iii) a
50-120 mm deep light-gauge steel floor joist system [43] without requiring additional thermal
or acoustic insulation. Thus, a floor system comprising RGBPs is considerably lighter than
concrete and with better thermal and acoustic performance than lightweight steel floor systems;
this demonstrates the multifunctional benefits of the RGBP floor system.

4. Conclusions and further work

An investigation has been conducted to determine the acoustical and structural parameters of
recycled glass bead panels comprising two fibreglass facing sheets surrounding an inner core
of recycled glass beads bonded in a matrix of polyurethane resin.

The acoustical experiments were conducted on cylindrical samples cut from full panel
specimens in an impedance tube using the transfer function method in order to determine the
sound absorption coefficient and transmission loss of them. The results show that the thicker
samples attenuated noise more effectively at lower frequencies while the thinner sample was
better at absorbing sound at mid-frequency (around its own natural frequency). The absorption
performances of the panels were found to be close to the peak sound pressure levels in the
typical spectrum of road traffic noise. The sound transmission loss of the samples measured at
500 Hz are in the range of maximum transmission loss obtained with a practical noise barrier,
hence demonstrating the efficacy of the panels in providing acoustical insulation both as
highway noise barriers and also in a building structure.

Tensile tests were performed on coupons cut from the fibreglass outer sheets of full recycled
glass bead panels in order to determine the elastic modulus of the sheeting material after the
fabrication process. Compressive testing was conducted in order to determine the compressive
strengths of the two bead core mixes under investigation. It was found that the compressive
strengths of cores containing 1-2 mm diameter bead and those containing 4-8 mm diameter
bead were very similar. It was also found that, after complete compaction of the thinner sample,

13
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the overall load increased again, indicating that there exists an additional reserve of strength
within recycled glass bead cores.

Four-point bending tests were conducted on full recycled glass bead panels of various spans,
widths and glass bead core mixes. The results for applied load and midspan deflection were
used to determine the strength, stiffness and ductility of the bead cores. It was found that the
1-2 mm diameter glass bead core was stiffer and stronger but less ductile than the 4-8 mm
diameter glass bead core. An initial design equation for the cross-sectional moment resistance
was proposed; it was found that it provided conservative and safe-sided predictions when
compared to the experimental results. It was then shown that, when extrapolating the results
obtained for panels with a core depth of 150 mm across a wider range of depths, floor spans
comparable to those achievable by lightweight concrete, steel or composite floor systems are
possible. Thus, when considering the combined structural and acoustical performance of the
panels, there is potential for their multifunctional application within both building structures
and as stand-alone noise barriers.

It is recommended that further bending tests to be conducted in order to inform a complete
reliability analysis of recycled glass bead panels in bending, especially on panels of varying
depths. In addition, in the context of applying the panels in external and exposed conditions,
tests on samples subjected to accelerated aging will be beneficial in assessing their long-term
resilience. For panels that may be subjected to cyclic or dynamic loadings, e.g. wind loads, a
series of fatigue and vibrational testing is recommended.
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Figure 7: Fibreglass specimen clamped in preparation for determination of modulus of elasticity.
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Figure 8: Specimen C02-1-L positioned in preparation for compression testing.
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Figure 10: Failure modes of glass bead core specimens in compression: (left to right: specimens CO1-
4-L, C02-1-L, C03-1-S).
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Figure 13: Typical example of shear failure through bead core (specimen P03-4-S).
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Figure 20: Comparison of values of o and oy for glass bead cores.
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Table 1: Compressive strengths of glass bead core specimens.

Specimen h Bead diameter Gec
(mm) (mm) (N/mm?)
C01-4-L 130 4-8 2.29
C02-1-L 130 1-2 2.20
C03-1-S 50 1-2 2.08
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Table 2: Properties of recycled glass bead composite panels tested in bending.

Specimen 1D Nominal glass bead Nominal dimensions ~ Tested span (mm)

diameters (mm) (mm) L
Loom X b x h
P01-4-S 4-8 1800 x 150 x 152 1650
P02-4-S 4-8 1800 x 150 x 152 1650
P03-4-S 4-8 1800 x 150 x 152 1650
P04-1-S 1-2 1800 x 150 x 152 1650
P05-4-L 4-8 2400 x 150 x 152 2250
P06-4-L 4-8 2400 x 150 x 152 2250
PO7-1-S 1-2 1800 x 150 x 152 1650
P08-1-S 1-2 1800 x 150 x 152 1650
P09-1-S 1-2 1800 x 150 x 152 1650
P10-1-S 1-2 1800 x 150 x 152 1650
P11-1-L 1-2 2400 x 150 x 152 2250
P12-1-L 1-2 2400 x 150 x 152 2250
P13-1-L 1-2 2400 x 150 x 152 2250
P14-1-L 1-2 2400 x 150 x 152 2250
P15-1-P 1-2 2400 x 450 x 152 2250
P16-4-P 4-8 2400 x 450 x 152 2250




Table 3: Mechanical properties of recycled glass bead cores.

Specimen Ecel Ecel Otel & Ocu &ul €cel
(N/mm?) (N/mm?) (N/mm?)

P01-4-S 939 0.097% 0.88 0.356% 1.32 3.67
P02-4-S 881 0.129% 1.02 0.312% 1.23 2.41
P03-4-S 800 0.153% 1.10 0.277% 1.15 1.82
P04-1-S 997 0.142% 1.35 0.162% 1.39 1.14
P05-4-L 812 0.114% 0.94 0.306% 1.25 2.68
P06-4-L 807 0.052% 0.44 0.291% 1.08 5.56
P07-1-S 1216 0.142% 1.68 0.190% 1.84 1.34
P08-1-S 1159 0.137% 1.56 0.189% 1.80 1.38
P09-1-S 1238 0.138% 1.69 0.229% 1.88 1.65
P10-1-S 1231 0.147% 1.72 0.203% 191 1.38
P11-1-L 1059 0.119% 1.20 0.155% 1.28 1.30
P12-1-L 1089 0.129% 1.29 0.151% 1.35 1.18
P13-1-L 1104 0.116% 1.21 0.168% 1.49 1.45
P14-1-L 1131 0.119% 1.34 0.183% 1.52 1.54
P15-1-P 1039 0.158% 1.51 0.176% 1.53 1.12
P16-4-P 984 0.087% 0.87 0.304% 1.41 3.47
1-2 mm bead cores

- Average 1126 0.135% 1.45 0.181% 1.60 1.35
-Cov 0.07 0.10 0.138 0.13 0.15 0.13
4-8 mm bead cores

- Average 871 0.106% 0.87 0.308% 1.24 3.27
- CoVv 0.09 0.33 0.26 0.09 0.09 0.40
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Table 4: Exemplar span table showing achievable spans (in m) for floor panels with 1-2 mm
diameter bead core.

he gk (KN/m?)

(mm) 1.00 1.50 2.00 2.50 3.00 3.50 4.00
50 2.36 2.14 1.97 1.84 1.73 1.64 1.56
75 3.17 2.88 2.65 2.48 2.33 2.21 2.10
100 3.96 3.59 3.31 3.09 291 2.75 2.62
125 4,73 4.30 3.96 3.70 3.48 3.29 3.14
150 5.50 5.00 461 4.30 4.04 3.83 3.65
175 6.27 5.69 5.25 4.90 4.61 4.36 4.16
200 7.03 6.39 5.89 5.49 5.17 4.90 4.66
225 7.79 7.08 6.53 6.09 5.73 5.43 5.17
250 8.55 7.77 7.16 6.68 6.29 5.95 5.67
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Table 5: Exemplar span table showing achievable spans (in m) for floor panels with 4-8 mm
diameter bead core.

he gk (KN/m?)

(mm) 1.00 1.50 2.00 2.50 3.00 3.50 4.00
50 2.71 2.46 2.27 2.12 1.99 1.89 1.80
75 3.51 3.19 2.94 2.75 2.58 2.45 2.33
100 4.27 3.88 3.58 3.33 3.14 2.97 2.83
125 5.00 4.54 4.19 3.90 3.67 3.48 3.31
150 5.71 5.19 4.78 4.46 4.20 3.97 3.78
175 6.41 5.82 5.37 5.01 4,71 4.46 4.25
200 7.11 6.45 5.95 5.55 5.22 4.95 4.71
225 7.80 7.08 6.53 6.09 5.73 5.43 5.17
250 8.48 7.70 7.10 6.63 6.23 5.90 5.62
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