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HIGHLIGHTS ABSTRACT

e EPS and particle board were obtained and
used as core materials for sandwich panels.

e Cement and aggregates were used as facing
materials in the sandwich panel production.

e Sandwich panels with various concrete and
mortar facings and EPS or PB cores were
fabricated.

o Flexural strength followed similar patterns:
concrete-faced PB-core panels increased by

Lightweight sandwich panels are mainly utilized in the aerospace and automobile
industries, and are increasingly explored for sustainable construction. This study
investigates the mechanical performance of sandwich panels composed of mortar
and concrete facings with expanded polystyrene (EPS) and particle board (PB)
cores. Mortar facings were a 1:3 mix of cement and sand, a 0.65 water-cement
ratio, and a 1:2:4 mix of cement, sand, and granite for the concrete, with a 0.5
water-cement ratio. Cube (75 x 75 x 75 mm?) and prism (100 x 100 x 400 mm?)
samples were fabricated with 15 mm facings and 45 mm cores, then cured and
tested for compressive and flexural strength at 7, 14, 21, and 28 days in line with

96% from 9.18 N/mm? at 7 days to 9.48 BS EN 12390-3:2019 and ASTM C293. At 28 days, concrete-faced PB-core
N/mm?” at 28 day.s. ) panels achieved a compressive strength of 8.18 N/mm?, approximately 17% higher
* ANOVA analysis showed that mecham.cal than 6.96 N/mm? of EPS-core. Mortar-faced PB-core panels reached 6.44 N/mm?,
performance was strongly affected by facing 64.13% compared to 4.13 N/mm? for mortar-faced EPS panels. Flexural strength
materials. followed similar patterns: concrete-faced PB-core panels increased by 96% from

9.18 N/mm? at 7 days to 9.48 N/mm? at 28 days, while EPS-core panels improved
by 87.9% from 6.56 N/mm? to 7.46 N/mm? ANOVA (a = 0.05) confirmed
statistically significant differences between core types, with PB consistently
outperforming EPS due to higher stiffness and improved core—facing bonding.
EPS and PB core panels remain suited for non-load-bearing applications.
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1. Introduction

The demand for innovative building materials that integrate structural performance and sustainability has become
increasingly prominent in modern construction [1,2]. In response to rapid urbanization, researchers and practitioners are shifting
toward solutions that facilitate both efficient and sustainable construction [3,4]. Conventional partition and non-load-bearing
elements, such as sandcrete blocks, fired bricks, and gypsum boards, are widely used for their mechanical reliability and
availability [5,6].

However, these materials are often heavy, labour-intensive to install, and require a longer installation time [7], rendering
them less suitable for modern prefabricated and energy-efficient building systems [8,9]. Lightweight cementitious sandwich
panels have emerged as a promising alternative due to their multifunctional performance, offering advantages such as reduced
weight, ease, and reduction of installation time, and improved thermal behavior [10-12].

Sandwich panels are typically composed of two rigid facings bonded to a lightweight insulating core [13,14]. They are
widely applied in the automobile and aerospace industries and are being rapidly adopted in the civil and building construction
industries. These panels exhibit a high stiffness-to-weight ratio and diminished thermal bridging, making them suitable for both
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structural and enclosure applications [15,16]. Their use aligns with the principles of sustainable design and the growing emphasis
on dry and prefabricated construction techniques.

Expanded Polystyrene (EPS) and Particle Board (PB) are among the most commonly explored core materials in sandwich
panel systems [17]. EPS is a closed-cell thermoplastic foam that offers excellent low-density, resistance to moisture, and thermal
insulation [18]. Nevertheless, its mechanical strength and fire resistance are limited, and its environmental footprint is particularly
due to its non-biodegradable nature, which raises sustainability concerns [19]. On the other hand, PB are manufactured from
recycled wood particles and agricultural residues bonded with resin, providing higher structural rigidity, moderate acoustic
insulation, and better sustainability characteristics [20,21]. However, the moisture susceptibility and lower fire performance limit
its use in certain environments [22,23].

Previous studies have highlighted the individual advantages of EPS and PB in building applications, such as Gautam’s work
on thermal insulation with EPS [24], [25] findings on the acoustic and dimensional stability of PB, and [26] enhancement of EPS
fire resistance using intumescent coatings. Few studies offer a comparative assessment of these core materials within
cementitious sandwich systems. Moreover, the influence of different facing materials, such as mortar and concrete, on the
composite behavior of such panels remains inadequately explored.

Building on these prior findings, the present study introduces a comparative investigation that simultaneously evaluates EPS
and PB cores within cementitious sandwich panels incorporating two different facing materials: mortar and concrete. Unlike
previous studies that examined EPS and PB in isolation, this work provides a direct performance comparison under uniform
experimental conditions, focusing on both physical and mechanical properties. The combined effect of core type and facing
configuration has not been systematically studied in existing literature. By integrating EPS and PB with mortar and concrete
facings, this research offers new insights into how different material pairings influence properties and overall panel efficiency.
This dual-core and facing assessment represents a novel contribution, addressing the knowledge gap on optimal combinations
for sustainable and prefabricated construction applications.

Given the increasing adoption of performance-based codes and sustainability frameworks such as ASHRAE 90.1, the
International Building Code (IBC), and ISO 21930, there is a pressing need to validate the structural efficiency of these
lightweight sandwich panels empirically [27]. This study, therefore, aims to investigate the mechanical properties, both the
compressive and flexural strength, of structural lightweight sandwich panels composed of mortar and concrete facings integrated
with EPS and PB cores. The research evaluates the physical properties of the constituent materials and examines the composite
panels’ compressive strength, density, and flexural failure modes. The outcomes are expected to inform material selection for
prefabricated and sustainable construction systems that optimize mechanical integrity.

2. Experimental work

2.1 Materials

This study utilized locally sourced materials as shown in Figure 1 (a-d), including Portland Lime Cement (CEM 1II 42.5N)
as binder for concrete and mortar, clean river sand, 12 mm crushed granite (in accordance with ASTM C33) [28], expanded
polystyrene, particle board, and potable water. All materials were evaluated to ensure compliance with relevant standards before
use. For mortar facings, a mix ratio of 1:3 cement to sand by weight was adopted. The dry components were thoroughly blended
before gradually adding water to achieve a water and cement (w/c) ratio of 0.65. Mixing continued until a consistent paste was
formed, in line with ASTM C270 [29]. For concrete facings, a nominal 1:2:4 mix ratio (cement: fine and coarse aggregate) by
volume was used, with a w/c ratio of approximately 0.5. Mixing was done manually in small batches to ensure uniformity and
prevent early setting, using clean tools and trays at ambient temperature. The EPS and PB were used as core materials. EPS
samples were cut to mould dimensions to ensure uniform thickness and a tight fit, while PB panels were sourced pre-cut and
checked for dimensional stability and surface integrity. Both core materials were conditioned at 23 + 2 °C and 65 + 5% relative
humidity for 48 hours before use. Sandwich panels were fabricated by casting either mortar or concrete facings around the core
within pre-cleaned steel molds. The facings were applied in two stages and simultaneously: first, the base of each face was
applied, ensuring the core was centrally positioned at the mid-point, followed by the top facing. Manual compaction using a
tamping rod ensured the bonding and air removal. Panels were demolded after 24 hours and cured in water for 28 days to ensure
strength development and consistency before testing.

2.2 Properties of materials for Sandwich panels

2.2.1 Particle size distribution of Aggregates

The particle size distribution of both fine and coarse aggregates was determined in accordance with BS 1377-2. A
representative oven-dried sample weighing approximately 1000 g was used for each test. Conglomerated particles and lumps
within the sample were gently disaggregated to ensure accurate results. The mass of the prepared sample was measured using a
calibrated digital weighing balance. A standard stack of test sieves was arranged in descending order of aperture size, with the
coarsest sieve at the top and the finest at the bottom, and a receiver pan placed underneath. The 1000 g soil sample was poured
into the top sieve, covered with a lid, and the entire assembly was secured in a mechanical sieve shaker. The shaker was operated
for 10 minutes, in line with standard procedure, to facilitate effective separation by size. After shaking, the mass of material
retained on each sieve and in the pan was carefully collected and weighed separately. These values were then used to calculate
the percentage retained and cumulative percentage passing for each sieve size, allowing for the generation of a gradation curve.
This test provided essential data on aggregate size distribution, necessary for evaluating the suitability of the materials for use in
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mortar and concrete facings. The uniformity of a soil is expressed as the uniformity coefficient, Cu, and the coefficient of
curvature, Cc, or the coefficient of gradation, Cg, in Equation 1 (a and b).

Coefficient of uniformity (Cu) = ? (la)
10

where D¢ = particle size such that 60 % of the soil is finer than this size, and D¢ = particle size such that 10 % of the soil is
finer than this size.

(D30)*

Coefficient of curvature (Cc) = Coefficient of curvature (Cc) = 5
10 60

(1b)

where D3 is the particle size corresponding to 30% finer. For a well-graded soil, the value of the coefficient of curvature lies
between 1 and 3

(@
Figure 1: a) Samples of expanded polystyrene, b) Samples of particle board, c) Sand aggregate,
and d) Cement mortar mixtu

2.2.2 Specific Gravity Test

The specific gravity of aggregates is a fundamental property used to determine various phase relationships, such as void
ratio, degree of saturation, and soil unit weight. In this study, the specific gravity of soil solids was determined using the water
displacement method as outlined in ASTM D854-23. This method applies to soils passing through the 9.5 mm sieve and involves
using a pycnometer to determine the volume of soil solids through water displacement. The standard defines two procedures; the
test procedure involves oven drying a representative soil sample, cooling it in a desiccator, and accurately weighing it before
placing it in a calibrated pycnometer. Distilled, equilibrated water was then added to the pycnometer containing the soil, and the
system was gently agitated and subjected to deairing, typically via vacuum or boiling, to remove entrapped air bubbles that could
otherwise affect accuracy. The pycnometer was filled with water and allowed to reach thermal equilibrium. The mass of the
pycnometer filled with water and soil was recorded, and the temperature of the mixture was measured to determine the density
of water at test conditions. Using the known mass of the dry soil, the volume of the pycnometer, and the measured temperature,
the specific gravity was calculated using the following formula in Equation 2:

_ W2-W1
8.G= (W4-W1)—(W3-W2) @)

where: S.G = Specific Gravity, W1 = Weight of empty bottle, W2 = Weight of bottle and fine aggregate, W3 = Weight of bottle,
water, and fine aggregate, W4 = Weight of water and bottle.

2.3 Properties of cement (fineness, initial and final setting time, consistency, penetration test)

A series of standardized laboratory tests was conducted to assess the physical and mechanical properties of cement in
sandwich production. The fineness test of cement was carried out in accordance with BS EN 196-6:2018 using a sieve analysis
method to determine the particle size distribution, as described in Equation 3. Finer cement offers a larger surface area for
hydration, which results in faster strength development and increased heat evolution. The test revealed the distribution of particles
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critical for early (1-day) and later (28-day) strength gain, with fractions below 3 microns and between 3 and 25 microns
influencing the performance. The consistency test followed the standard procedure involving the mixing of 300 g of cement with
97 g of water. The cement was added to water in a controlled manner and mixed for 3 minutes. The resulting paste was placed
into a mould to determine the water content required to produce a cement paste of standard consistency, which is crucial for
ensuring uniformity in further tests. The penetration test was performed using a calibrated Vicat apparatus fitted with a plunger
to determine the depth of penetration into freshly prepared paste, indicating its plasticity and stiffness. The plunger was released
4 minutes after mixing began, and the depth was recorded to measure workability. In the initial and final setting time
determination, the Vicat apparatus was employed using a needle and ring attachment. The initial setting time was recorded when
the needle could no longer penetrate beyond a certain depth, indicating the beginning of solidification. The final setting time was
noted when the ring attachment no longer left a mark on the paste surface, indicating complete hardening. These values help in
defining the time limits for placing and finishing concrete.

weight of sample after experiment

Fineness test = x 100 3)

weight of sample before experiment

2.4 Composition of sandwich panel samples

The core materials used in the sandwich panels were Expanded Polystyrene and Particle Board, each prepared to a uniform
thickness of 45 mm to fit precisely within the mould dimensions. EPS panels were measured, cut, and trimmed with care;
however, due to their low adhesive affinity with mortar and concrete, binding wires were introduced to enhance the shear
connection between the EPS core and the facing mortar. For PB, medium-density fiberboard (MDF) was used and laminated
with adhesive to achieve the required thickness. To improve mechanical interlock and anchorage, galvanized nails were inserted
at regular intervals through the PB core, ensuring better bond strength and structural integrity.

Table 1 presents composite sandwich panels that were cast into cubes and prisms, as shown in Figure 2 (a-d), for tests of
compressive and flexural strengths, respectively. The cubes were 75 x 75 x 75 mm?, and the prisms were 100 x 100 x 540 mm?.
The sample dimensions were selected in accordance with relevant testing standards. Cube specimens were chosen for
compressive strength tests because they are widely accepted in BS EN 12390-3 and ASTM C109 for assessing cementitious
composites, providing uniform stress distribution and minimizing size-related variability. Similarly, prisms were adopted for
flexural strength tests to satisfy the dimensional requirements of ASTM C293, ensuring an appropriate span-to-depth ratio for
accurate bending behavior assessment. The overall thickness of 75 mm, with a 45 mm core and two 15 mm facings, was selected
to maintain consistency across samples, represent practical lightweight wall elements, and guarantee sufficient interaction
between core and facing materials. These dimensions provided a balance between laboratory feasibility, representativeness of
real construction applications, and compliance with international testing protocols, enabling robust comparison of EPS- and PB-
core panels with mortar and concrete facings. The casting process ensured a consistent total panel thickness of 75 mm, with a 45
mm core embedded between two 15 mm facings, resulting in compact, stable sandwich panels suitable for curing and
performance evaluation. Demolding was after 24 + 2 hours. Loose laitance was removed to avoid mechanical damage to facings.
Clean water wet curing was adopted for cementitious specimens per BS EN 12390-2; maintain water temperature at 20 + 2 °C
and replace water when contaminated. The panels with PB cores were not submerge. The use of sealed high-humidity curing (95
+ 5% RH) was adopted to provide curing moisture while protecting PB from direct soak. Panel edges were sealed where possible
to prevent core swelling. EPS tolerates submersion, but hot water above 40 °C and strong solvents were avoided.

Figure 2: a) Samples of EPS core, b) Samples of PB core sandwich Sandwich Panel, ¢) Sample
of EPS core Sandwich Panel d) Sample of PB core sandwich panel
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Table 1: Composite sandwich panel specifications

Composite ID Facing Core Facing Core Overall Test Specimen
materials  materials thickness thickness thickness specimen dimensions
(mm) (mm) (mm) Type (mm)

Concrete — EPS Concrete Expanded 15 45 75 Cube 75 x 75 x75
Polystyrene

Concrete — PB Concrete Particle Board 15 45 75 Cube 75 x75 %75

Mortar - EPS Mortar Expanded 15 45 75 Cube 75 x 75 %75
Polystyrene

Mortar — PB Mortar Particle Board 15 45 75 Cube 75 x75 %75

Concrete - Control ~ Concrete None (solid Full thickness N/A 75 Cube 75 x 75 %175
panel)

Mortar - Control Mortar None (solid Full thickness N/A 75 Cube 75 x75 %175
panel)

Mortar - EPS Mortar Expanded 15 45 75 Prim 100 x 100 x 400
Polystyrene

Mortar - PB Mortar Particle Board 15 45 75 Prism 100 x 100 x 400

2.5 Compressive strength test of sandwich panel samples

The compressive strength test shown in Figure 3 (a and b) was conducted in accordance with BS EN 12390-3:2019 to
evaluate the load-bearing capacity and failure behavior of the sandwich panel specimens under axial compression. Before
loading, the bearing platens of the 2000 kN capacity universal testing machine were cleaned to remove debris, ensuring uniform
contact. Each specimen was positioned so that the load was applied laterally to the faces rather than to the top and bottom,
simulating service conditions. The load was applied without shock at a uniform rate of 0.94 kN/s until the specimen failed,
defined by a significant drop in resistance or visible fracture. The maximum load at failure (F) was recorded, and the compressive
strength (P) was calculated using Equation 4. Visual observations of crack initiation, propagation, and failure mode were noted
to complement the numerical results, providing further insight into the structural integrity and failure mechanisms of the
sandwich panels compared with control specimens.

P=1 @

(b)

Figure 3: a) Compressive strength test, b) Failed sample at compressive strength test

2.6 Flexural strength test of sandwich panel samples

The flexural strength test, as shown in Figure 4 (a-c), was conducted on prism specimens measuring 100 x 100 x 400 mm?
under center-point loading in accordance with ASTM C293. The objective was to determine the resistance of the sandwich panels
to bending failure and to evaluate their modulus of rupture. Three composite beams consisting of expanded polystyrene (EPS)
cores with concrete facings were tested alongside one full concrete control beam, and three composite beams consisting of
particle board (PB) cores with concrete facings were tested alongside one full concrete control beam. In total, 18 composite
beams and 6 control beams were tested, and the corresponding flexural strengths were calculated using Equation 5.

Before testing, each beam was weighed and positioned centrally on the flexural testing machine’s support span, ensuring a
supported arrangement with the load applied at the midspan. The center point of each beam was marked to guide accurate load
application. The machine’s calibrated scale was zeroed before loading. The load was applied gradually, and deflection and crack
development were observed throughout the process. The test continued until the first visible crack was detected, at which point
the corresponding load and deflection were recorded. The modulus of rupture was calculated using the standard formula for
center-point loading, based on the failure load, span length, and specimen dimensions. This test provided critical insight into the
bending performance, stiffness, and failure modes of the sandwich panels in comparison to full concrete beams.
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Applied load on deflection curve x specimen span length

Flexural Strength = 5)

width of the specimen x depth of specimen

(©) (@
Figure 4: a) Sample of EPS core ready for flexural strength test, b) Sample of PB core ready for flexural
strength test, ¢) Failed sample of EPS core at flexural strength test, d) Failed sample of PB core
at flexural strength test

3. Results and discussion

3.1 Properties of expanded polystyrene and particle board as core materials

Properties of EPS shown in Table 2 give compressive strength ranging from >70.3 kPa for EPS 15 to >204.8 kPa for EPS
29 at 10% deformation. EPS exhibits tensile strengths of 110—186 kPa, flexural strengths of 172—517 kPa, and shear strengths
of 124-255 kPa, with no capillarity and water absorption below 4% by volume. It has a low thermal expansion coefficient of 6.3
x 107 m/m-°C, a maximum long-term service temperature of 75 °C, and meets UL fire ratings with a flame spread index of 20.
It is a lightweight, closed-cell thermoplastic foam with densities ranging from 14.4 to 28.8 kg/m?, offering excellent thermal
insulation with a thermal conductivity (k-value) of 0.029-0.038 W/m-K and corresponding R-values of 0.68—0.88 m?-K/W for
a 25 mm thickness. Particle Board (PB) is an engineered wood product composed of wood chips, sawdust, and agricultural
residues bonded with synthetic resins under heat and pressure. It has a density typically ranging from 600—750 kg/m?, providing
moderate structural strength and dimensional stability. PB exhibits flexural strengths of 11-25 MPa, tensile strengths of 0.4—0.6
MPa perpendicular to the surface, and screw-holding capacities of 800—1200 N. Thermal conductivity is approximately 0.12—
0.15 W/m-K, offering moderate insulation. While PB performs well in dry interior environments, it is susceptible to moisture-
induced swelling and degradation. Fire resistance varies with resin type, and formaldehyde-free adhesives improve the
environmental performance of the material.

3.2 Properties of aggregates and cement for facing materials

Table 3 Laboratory characterization of the sand and cement, with results confirming their suitability for mortar and concrete
production. The particle size distribution analysis of the sand revealed that 0.07% passed through the 0.075 mm sieve and 27.05%
passed through the 0.425 mm sieve, indicating a well-graded fine aggregate with less than 35% fines content. According to the
AASHTO classification system [30]. The sand falls into category A-1-b, denoting a granular material with specific
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characteristics. The Unified Soil Classification System classified the granite as well-graded gravel (GW), meeting the
requirement of 5-70% passing the 300 pm sieve.

Cement properties also met standard specifications. The fineness of the Ordinary Portland Cement was 3.9%, indicating
good particle dispersion for hydration. The initial setting time was 50 minutes, and the final setting time was 420 minutes, both
within the limits specified by BS 12, ensuring neither excessively rapid nor delayed setting. The standard consistency was
recorded as 26.4%, consistent with typical hydration water demand. These results comply with the recommendations of the
Portland Cement Association (1988), confirming that the selected materials are suitable for producing mortar and concrete
composites with predictable setting and hardening characteristics.

Table 2: Properties of expanded polystyrene (ASTM Standards)[34]

Property ASTM Unit EPS 15 EPS 19 EPS 22 (Type IT) / EPS 29
Method (Type D) (Type VIII) (Type IX)

Density (min.) D303 /D1622 kg/m? 144 18.4 21.6/28.8

Density Range - kg/m? 14-18 18-29 22-29/29-35

Compressive Strength (1% def.) D1622 kPa >25 >40 >78/>90

Compressive Strength (5% def.) D1622 kPa >55 >90 >148/>183

Compressive Strength (10% def.) D1622 kPa >70 >110 >167/>205

Shear Strength C273 kPa 124-152 159-172 179-221/228-255

Shear Modulus - MPa 1.9-2.2 2.6-2.8 3.2-3.4/4.1-44

Modulus of Elasticity Cl1623 MPa 1.2-15 1.7-2.1 2.2-2.5/3.2-3.4

Tensile Strength C203 kPa 110-138 117-145 124-152/159-186

Flexural Strength Cs518 kPa 172207 207-262 276-345/345-517

Thermal Conductivity Cs518 W/m-K 0.023-0.026 0.022-0.025 0.021-0.024 / 0.020-0.023

Water Absorption (Vol. %) C272 % 3.9-44 4.0-4.8 4.2-4.6/4.4-5.0

Surface Burning (Flame Spread) E84 UL Rating <20 <20 <20/<20

Smoke Developed Index E84 — 300 300 300/300

3.3 Properties of fresh concrete and mortar

Previous studies have reported that the fresh properties of concrete are key indicators of its workability, homogeneity, and
potential performance in its hardened state. The slump test, as described in BS EN 12350-2, has been widely used to evaluate
concrete consistency. Normal-weight concrete typically exhibits slump values between 25—-100 mm for medium workability
mixes and up to 175 mm for high-workability mixes incorporating superplasticisers. Excessively high slump values often indicate
the risk of segregation and bleeding, while very low slumps may suggest inadequate compaction potential. The density (unit
weight) of fresh normal-weight concrete generally falls within 2300-2450 kg/m?, depending on aggregate type, moisture
condition, and mix proportions. Lightweight concrete mixes may show densities between 1600-2000 kg/m?, with reductions
primarily due to the incorporation of lightweight aggregates or cores such as EPS. The yield, defined as the total volume of
concrete produced per batch from a known mass of ingredients, has been reported to align closely with design volumes when
batching accuracy is maintained, with typical deviations not exceeding £1.5%. Air content whether entrained or entrapped has
been shown to affect durability, particularly in freeze—thaw environments. For normal structural concrete, air contents typically
range from 1-3%, while air-entrained concrete intended for cold climates contains 4—7% air to improve resistance to cyclic
freezing and thawing. Excessive air content, however, can reduce compressive strength by approximately 5% for each additional
1% air volume beyond the optimum range. Table 4 presents the properties of fresh concrete, the experimental and literature
results with the corresponding references are stated.

Table 3: Properties of cement, sand, and granite

Properties Cement Fine aggregate Coarse aggregate Standard constraints range

(sand) (granite)
Fineness (%) 3.9 - - <10 (BSEN 197-1)
Initial setting time (min) 50 - - >45 (BSEN 197-1)
Final setting time (min) 420 - - <600 (BS EN 197-1)
Consistency (%) 26.4 - - 25-30 (BS EN 197-1)
CaO (%) - - 60-70 (ASTM C150/ BS EN 197-1)
SiO2 (%) - - 17-25 (ASTM C150 / BS EN 197-1) [31]
Al203 (%) - - 3-8 (ASTM C150/BS EN 197-1) [31]
Fe203 (%) - - 0.5-6 (ASTM C150/BS EN 197-1) [31]
MgO (%) - - 0.1-4 (ASTM C150/BS EN 197-1) [31]
SOs3 (%) - - 1-3 (ASTM C150/BS EN 197-1) [31]

Na20 + K20 (%)

- - 0.2-1.3 (ASTM C150/BS EN 197-1) [31]
% Passing 0.075 sieve - 0.07

- <3 (ASTM C33/BS 882) [32]
% Passing 0.425 sieve 27.05 51 10— 30; 45 — 60 (ASTM C33/BS 882) [32]
Specific gravity (g) 2.60 2.66 2.55-2.75 (ASTM C33/BS 882) [32]
AASHTO classification A-1-b Well Graded Well-graded distribution required (ASTM

C33/BS 882) [33]
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Table 4: Properties of fresh concrete

Property Experimental result Literature range Ref.
Slump (mm) 32 25-100 (medium workability), up to 175 (high workability) [36]
Density (kg/m®) 1413 2300-2450 (normal weight), 1600—2000 (lightweight) [37]
Yield (m®) 1.45% deviation Design yield £1.5% deviation [37]
Air Content (%) 2.5% 1-3% (normal concrete), 4—7% (air-entrained for freeze—thaw) [36]

3.4 Compressive Strength of Sandwich Panels

The compressive strength test results presented in Table 5, Figures 5 and 6 reveal significant variations among the different
composite panels and control specimens over the 7, 14, and 28 day curing periods. For each material type, three specimens were
tested at each curing age, and the values presented in the table represent the average compressive strength obtained from these
replicate tests. The control samples, concrete and mortar without core materials, recorded the highest strength values across all
curing periods. The plain concrete control achieved a compressive strength of 15.66 N/mm? at 28 days, while the plain mortar
recorded 10.54 N/mm?. This confirms their structural superiority, likely due to the absence of low-density core materials, which
can reduce mechanical performance. Among the composite panels, those faced with concrete generally demonstrated higher
compressive strength than those with mortar facing. Specifically, the concrete-faced panel with particle board core recorded the
highest compressive strength of 8.18 N/mm? at 28 days among the sandwich panels, followed closely by the concrete-faced panel
with expanded polystyrene (EPS) core at 6.96 N/mm?. This suggests that concrete facings contribute significantly to the load-
bearing capacity of the panels, even when lightweight core materials are introduced. In contrast, the mortar-faced panels exhibited
lower compressive strength, with the particle board core achieving 6.44 N/mm? at 28 days and the EPS core yielding the lowest
value of 4.13 N/mm?. Figures 7 and 8 highlights the influence of both the facing material and the core type on the structural
performance of composite panels. Particle board, being denser and more rigid than EPS, offers better support under load. At the
same time, EPS, though beneficial for weight reduction and insulation, compromises structural strength due to its low density
and compressibility. The experimental results revealed that particle board (PB) core sandwich panels consistently demonstrated
superior compressive strength compared to expanded polystyrene (EPS) core panels, regardless of facing material. At 28 days,
concrete-faced PB-core panels achieved 8.18 N/mm?, approximately 17% higher than the 6.96 N/mm? recorded for their EPS-
core counterparts. Mortar-faced PB-core panels also outperformed EPS-core panels, reflecting the beneficial effect of higher
stiffness and improved load transfer through denser cores. These findings are consistent with Kumar et al. [34], who reported
that EPS-based lightweight panels exhibited lower compressive capacity compared to panels incorporating denser aggregates
such as marble waste and LECA, achieving up to 29.85 N/mm? when optimized for stiffness and bonding. Similarly, Serri et al.
[37] observed that low-stiffness insulating cores, including EPS, suffered from reduced shear transfer efficiency and higher
deformation under loading, limiting composite action unless additional connectors or surface modifications were introduced. In
this study, mortar-faced EPS-core panels showed limited late-age strength gains, supporting the literature’s observation of
interface bond challenges with EPS. Overall, while EPS cores provide notable weight reduction and thermal benefits, PB cores
deliver superior load-bearing capacity due to their higher rigidity and enhanced interface bonding, making them more suitable
for structural applications where mechanical performance is a priority.

Table 5: Compressive strength result

S/N Facing Materials Core Materials 7 days 14 days 28 days
1 Concrete Expanded polystyrene 5.70 6.39 6.96
2 Concrete Particle board 7.47 7.77 8.18
3 Mortar Expanded polystyrene 4.49 4.70 4.13
4 Mortar Particle board 5.64 6.12 6.44
5 Concrete - 13.12 13.16 15.66
6 Mortar - 8.61 9.30 10.54

3.5 Flexural strength of sandwich panels

The experimental flexural strength results indicate that concrete with standard facings consistently achieved the highest
values, increasing from 9.90 N/mm? at 7 days to 10.88 N/mm? at 28 days as presented in Table 6 and Figures 9 and 10,
demonstrating superior resistance to bending forces. Concrete panels with particle board (PB) cores, while slightly weaker,
showed moderate flexural strength ranging from 9.18 to 9.48 N/mm? over the same period, reflecting the stiffer core’s ability to
transfer loads effectively. Expanded polystyrene (EPS) core panels recorded the lowest strengths, increasing from 6.56 to 7.46
N/mm?, confirming that while EPS enhances thermal insulation, it compromises bending resistance due to its lower stiffness and
weaker interface bonding. These findings agree with Serri et al. (2019), who reported reduced flexural capacity in EPS-core
panels compared to higher-density core materials, largely due to diminished composite action and shear transfer. Kumar et al.
(2024) similarly observed that lightweight panels with denser aggregates exhibited significantly higher flexural performance,
attributing this to improved rigidity and load distribution. For mortar-based systems, standard mortar achieved the highest
flexural strength (0.37-0.43 N/mm?), followed by mortar—PB composites (0.32—0.38 N/mm?) and mortar—EPS composites (0.27—
0.30 N/mm?), mirroring the concrete panel trend. Overall, results reinforce literature consensus that lower-density core materials,
particularly EPS, reduce flexural strength, whereas PB and denser aggregates offer a better balance of lightness and bending
resistance (Kumar et al., 2024; Serri et al., 2019).
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Table 6: Flexural strength result

Avg. Flexural Strength (N/mm?)

SIN Composite 7 days 14 days 28 days
1 Mortar-PB 5.64 6.39 8.44
2 Mortar-EPS 4.19 4.40 4.73
3 Mortar 8.16 9.30 10.54
4 Concrete-PB 9.18 9.23 9.48
5 Concrete-EPS 6.56 7.40 7.46
6 Concrete 9.90 10.43 10.88

Contour plot showing the variation of flexural strength (N/mm2) of sandwich panels with curing age
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Figure 9: Flexural strength of sandwich panels with curing age Figure 10: 3D surface plot of flexural strength

3.6 Statistical analysis (ANOVA results)

The results of the ANOVA test are presented in Table 7 The calculated F-value of 15,642.941 with an associated p-value of
< 0.0001 is well below the standard significance threshold of a = 0.05. This extremely low p-value demonstrates that the
differences in compressive strength observed among the various sandwich panel types are statistically significant and not
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attributable to random variation. Consequently, the null hypothesis is rejected, confirming that the composite configuration,
specifically the combination of facing and core materials, exerts a decisive influence on panel strength.

These findings carry important implications for material selection in sandwich panel design. The statistical evidence
validates the experimental observations that panels with concrete facings consistently achieve higher compressive strengths than
those with mortar facings. At the same time, particle board (PB) cores outperform expanded polystyrene (EPS) cores in terms of
structural capacity. The ANOVA model substantiates that these patterns represent genuine performance differences rather than
experimental anomalies, reinforcing the conclusion that both facing type and core material selection are critical determinants of
mechanical performance. Table 7 presents the individual compressive strength values obtained from three replicates for each
composite panel type at 28 days. These replicates are essential to ensure the accuracy and consistency of the average values
reported earlier in Table 1. In contrast, Table 8 summarizes the key statistical parameters (count, average, and variance) for each
group of replicates. This descriptive information provides the foundation for conducting a meaningful ANOVA test.

Table 7: Replicate compressive strength results for sandwich panels (28 days)

S/N Sandwich panel
Concrete — EPS Concrete - PB Concrete Control Mortar — EPS Mortar - PB Mortar - Control
1 6.96 8.18 15.66 4.13 6.44 10.54
2 7.01 8.10 15.71 4.18 6.40 10.50
3 6.89 8.26 15.61 4.08 6.49 10.58

Table 8: Summary statistics of compressive strength data

Groups Count Sum Average Variance
Concrete — EPS 3 20.86 6.953333 0.003633
Concrete — PB 3 24.54 8.18 0.0064
Concrete Control 3 46.98 15.66 0.0025
Mortar — EPS 3 12.39 4.13 0.0025
Mortar — PB 3 19.33 6.443333 0.002033
Mortar — Control 3 31.62 10.54 0.0016

Table 9: ANOVA test results for compressive strength data
Source of Variation SS Df MS F P-value F crit
Between Groups 243.3346 5 48.66693 15642.94 1.91E-22 3.105875
Within Groups 0.037333 12 0.003111

Total 243.372 17

3.7 Independent Welch’s t-test analysis

Welch’s t-tests (unequal variances) on pairs that are most relevant to hypotheses (PB versus EPS for same facing and
sandwich versus control). Concrete-PB versus Concrete-EPS: t = 21.211, p = 5.1 x 107°. Here, a statistically significant
difference; Concrete-PB panels are stronger than Concrete-EPS (p < 0.05). Mortar-PB versus Mortar-EPS: t =59.510, p= 1.0 x
107¢. Here, the Mortar-PB panels are highly significant and outperform Mortar-EPS. Concrete-Control vs Concrete-PB: t =
137.331, p = 0.0 (numerical underflow; p < 0.001). Here, control concrete is significantly stronger than PB-cored sandwich
panels. Mortar-Control vs Mortar-PB: t=117.717, p= 0.0. Here, control mortar specimens are significantly stronger than mortar-
faced PB sandwich panels. All tested differences above are highly statistically significant (p-values far below a = 0.05). These
tests confirm, with high confidence, the experimental observation that PB cores provide higher compressive strength than EPS
cores for the same facing, and full concrete/mortar controls have substantially higher compressive capacity than their sandwich
counterparts. The previous report included an ANOVA with F = 15,642.941, p <0.0001. This extremely small p-value supports
the t-test results: the different panel configurations produce statistically different compressive strengths (reject Ho). Mentioning
both the ANOVA (global test) and the pairwise t-tests (post-hoc style comparisons) strengthens the statistical narrative.

These results follow literature trends where EPS-core panels offer better lower weight but reduced mechanical capacity,
while denser cores (PB or aggregate-filled cores) increase stiffness and strength.

3.8 Visual analysis of performance patterns

To complement the tabulated results and ANOVA findings, Figure 11 provide heatmap and contour visualizations of both
thermal conductivity and compressive strength. Figures 10 and 11 clearly show that the lowest thermal conductivity is observed
in the concrete—EPS panel configuration, reinforcing its superior insulating performance. In contrast, Figures 12 and 13 highlight
the compressive strength distribution, with the concrete-PB panel exhibiting the highest values among the sandwich panel group.
These charts reveal a consistent performance gradient from EPS to particle board to control (no core), and from mortar to concrete
facings. Notably, the contour plots highlight how strength and thermal performance are influenced by the synergy between facing
material and core type. These visualizations further validate the statistical conclusion that panel configuration significantly
affects mechanical and thermal behavior.
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4. Conclusion

The mechanical assessment of lightweight sandwich panels demonstrated that the choice of core material plays a decisive
role in determining both compressive and flexural strength performance.

1) Particle board (PB) cores deliver superior compressive and flexural strengths compared to expanded polystyrene
(EPS), due to higher stiffness and better core—facing bonding.

2) Concrete-faced PB-core panels provide the highest structural reliability, while mortar-faced and EPS-core panels
exhibit lower mechanical performance.

3) EPS-core panels, though weaker structurally, remain advantageous for lightweight and thermal insulation-focused
applications.

4) Careful selection of core—facing combinations is essential; hybrid designs and surface treatments could enhance
EPS bonding and overall panel efficiency.
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