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ABSTRACT: Polystyrene spheres can be used to substitute concrete in reinforced concrete
slabs. Despite the weight, the structural performance of the slab would also be affected. This
study investigated the behaviour of slabs containing polystyrene spheres under loads. Six
specimens were fabricated and tested under the four-point load setup. The parameters studied
included the diameters of the polystyrene spheres and the spacing between them. The
polystyrene spheres reduced the slabs’ first crack load, stiffness, yield strength, and ultimate
strength. The first crack, yield, and ultimate loads decreased by 22.3%, 2.1%, and 4.1%,
respectively, when the polystyrene sphere’s diameter increased from 75 mm to 125 mm. As
the polystyrene spheres’ spacing decreased from 50 mm to 10 mm, the first crack, yield, and
ultimate loads dropped 14.2%, 9.2%, and 7%, respectively. Despite some limitations identified
during the feasibility analysis, specimen SP3 was found feasible as a simply supported one-
way spanning slab. In the specimen, the polystyrene spheres were 0.625 times the slab
thickness in diameter and 2.5 times the concrete cover in spacing.

KEYWORDS: Reinforced concrete slab; polystyrene spheres; flexural behaviour; four-point
load test; concrete replacement

1. Introduction

A reinforced concrete slab is a flat structural element made of concrete. It is one of the largest
members of a structure [1-3]. It functions as the floors, ceilings, and roof decks, designed to
resist loads acting perpendicularly to its surface. One issue with slabs is the high weight-to-
strength ratio [4], putting extra loads on the beam, columns, and foundations. This leads to
larger structural elements [1, 3], which is uneconomical. The weight of slabs can be reduced
by removing concrete through the creation of voids or incorporating lightweight materials
(Table 1). This approach is conceptually viable based on the bending theory of flexural
members. The concrete in the tension region presumably conveys no load [5], yet it remains
crucial as a stress transfer medium [6]. Complete removal of concrete would jeopardise the
slab’s structural stability. The materials used to substitute concrete included plastic, recycled
plastic, high-density polyethene, polystyrene, industrial sponges, and paper tubes (Table 1).
These materials are generally lightweight and easily accessible. They do not chemically react
with concrete, absorb water, or deform during concrete casting [5].
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Table 1. Previous studies of lightweight slabs.

Methods Materials Reference
Creating voids in slabs High-density polyethylene (HDPE) [1,5,7,8]
Plastic [9-12]
Glass fiber plastic [3]
Plastic/recycled plastic [9, 13]
Paper tube [14]
Polypropylene plastic/recycled polypropylene [3, 23-25]
Embedding lightweight  Styropor / polystyrene [8, 15-17, 21]
materials in slabs Industrial sponge [18]

Lightweight materials come in various shapes (Table 2), often larger than aggregate in
concrete [17]. The most common shape is spherical. Sharp corners or edges should be avoided.
The round corners and smooth edges prevent stress concentration [19-21], resulting in better
structural performance [22].

Table 2. Shapes of void formers embedded in slabs.

Reference  Sphere  Cuboid Cube Donut Ellipsoid Cylinder Mushroom Tube
[1]
[5]
[7]
[l
[10]
[11]
[13]
[16]
[17]
[18]
[12]
[21]
[23, 24]
(8]
[19]
[15] v
[3] v V
[25] V
[14] \

2 2222222222222 2|

Among previous studies, the concrete replacement rarely exceeded 30% [17, 22]. These
slabs' performance is often inferior to that of a solid slab. Most of them can only retain roughly
90% of the strength of a solid slab [17]. This is due to the following reasons:

e The presence of voids in slabs disrupts the member's stress distribution. This makes the
growth and enlargement of cracks notably fast [16].

e Removing concrete from slabs reduces the slab's moment of inertia [16, 26]. This affects
the ability of the member to resist bending [26].

e The voids near the reinforcements remove the concrete around them. This reduced the bond
strength [16].

Despite this, removing concrete from the slab can improve material efficiency [21, 22].
If properly designed, the strength-to-volume ratio of these slabs can exceed that of a solid slab
[22, 27]. The strength-to-volume ratio is sometimes known as the strength-to-weight ratio. This
is conditional on the homogeneity of the concrete. There emerges a critical inquiry into the
potential for further optimisation of lightweight slabs. The observed limitations in performance
raise questions about whether there are other factors constraining their overall performance.
This underscores the need for investigation.



Civil and Sustainable Urban Engineering 4(1), 2024, 1-19

In this study, polystyrene spheres were used to substitute concrete in reinforced concrete
slabs. The specimens were tested in the laboratory. The purpose was to investigate the slabs'
behaviour. The effects of (a) the size of polystyrene spheres and (b) the spacing between the
polystyrene spheres were studied. Finally, the feasibility of the slabs was evaluated. This study
contributes insights into how the slabs’ geometrical configuration impacts their structural
performance. Furthermore, the proposed criteria for feasibility analysis in this study might
serve as a guide for future research.

2. Materials and Methods
2.1. Specimens.

Six slab specimens were fabricated in the laboratory (Figure 1, Table 3). A solid slab served as
the control specimen (i.e., CS). Polystyrene spheres were embedded in five test specimens (i.e.,
SP1 to SP5). For the parameters studied, the sphere’s diameter, dp, ranged between 75 mm and
125 mm, and the longitudinal spacing between the spheres, sp, varied from 10 mm to 50 mm
(Table 4).
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Figure 1. Details of test specimens.
Table 3. Details of specimens.
Details Control specimen (CS1) Test specimen (SP1 to SP5)
Dimension 750 mm in width, 1600 mm in length, and 200 mm in thickness
Concrete Grade C20/25, design slump = 100 mm to 180 mm, cover = 20 mm

Reinforcement  High-strength steel bars with a nominal yield strength of 500 N/mm?, bar diameter = 10 mm,
spacing = 150 mm (main), 200 mm (secondary)

Polystyrene Nil Diameter = 75, 100, and 125 mm; longitudinal
spheres spacing = 10, 30, and 50 mm; transverse spacing
=50 mm; location = 40 mm from soffit
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Table 4. Details of polystyrene spheres.

. Changing Parameters Nos. of polystyrene spheres
Type Specimens d» (mm) 55 (mm) (nxn, = n,)

Control slab Cs1 - - R

SP1 75 50 12x6=72

Slabs with SP2 100 50 10 x5=50

polystyrene SP3 125 50 9x4=36

spheres SP 4 125 30 10x4 =40

SP5 125 10 11 x4 =44

d, = diameter of polystyrene sphere; s, = longitudinal spacing between polystyrene spheres; n; = nos. of
polystyrene spheres along the longitudinal section; n; = nos. of polystyrene spheres along the transverse section;
np = total nos. of polystyrene spheres in the specimen.

The specimens were cast in formworks made of 12 mm 3-layer plywood and 46 mm x
24 mm hardwood (Figure 2(a)). Steel reinforcements were prepared. The polystyrene spheres
were tied together using galvanised wires (Figure 2(b)). The formwork was painted with used
oil for waterproofing before being filled with ready-mixed concrete. Curing involved spraying
the specimens with water and covering them with plastic sheets. After 28 days of casting, the
specimens were tested.

Polystyrene sphere
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.| @
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(a) Formworks (b) Reinforcement and polystyrene spheres

Figure 2. Preparation of specimen.

2.2. Test setup.

Each specimen was subjected to four-point load testing (Figure 3). The specimen was simply
supported at a clear span of 1500 mm. A hydraulic jack was used to apply an incremental load
to the specimen. Two steel rollers were then used to convert the load into two point loads at

260 mm spacing.
=
Load cell
—— Distribution beam

—] 22— Steel roller

——— Specimen
260 mm
5 Effective span = 1500 mm o
E— Steel rocker JiLL ﬂl ﬂlLVDTS E,
: e e -
670 mm 260 mm 670 mm

Figure 3. Test setup of specimen.

The measuring instruments included a load cell and three Linear Variable Differential
Transformers (LVDT) (Table 5). The load cell was used to measure the load induced by the
hydraulic jack. The LVDTs were utilised to measure the vertical displacement of the
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specimen’s soffit. One LVDT was installed in the midspan, and the other two were placed
beneath the two point loads. All the measuring instruments were connected to a data logger for
data acquisition.

Table 5. Test equipment and instruments.

Instrument  Model Specifications Accuracy

Hydraulic Enerpac RR-10018 933 kN load, 460 mm stroke, Double-Acting, -

Jack Hydraulic Return

Hydraulic Enerpac P-462, 700 bar operating pressure, 7423 cm?dreservoir -

Pump Two-Speed  Steel capacity, 4,75 cm?®stroke maximum flow at rated

Hand Pump pressure

LVDT TML CDP-100 100 mm stroke, 3 Hz frequency response, 0 to +40°C £ 0.01 mm
operating temperature

Load Cell TML CLJ-300KNB  Capacity 300kN, -20 to +70°C temperature +0.1kN
range

Data logger TML TDS-630 50 Channels, speed 0.04 seconds/channel 0.1s measurement speed

2.3. Test procedure.

Before the test, a preload was applied to the specimen twice. The preload was approximately
10% of the specimen’s estimated ultimate capacity. The load was held for 5 minutes before
release. The specimen was left resting for 1 minute before the preload was applied again. The
purposes of this process were to consolidate the test setup and check the measuring devices.
Before the test began, all of the readings were reset to zero. The load was gradually increased.
The load was held for at least 1 minute at every 5 KN or 0.5 mm, whichever came first. Then,
readings were recorded, and the test proceeded. Throughout the test, the cracks on the
specimen’s surface were inspected. The test was stopped after at least three consecutive drops
in the load measured.

3. Results and Discussion
3.1. Material properties.

The properties of the materials used in the specimens are given in Tables 6 and 7. The concrete
met the designed cube strength of 25 N/mm?. The reinforcements achieved the specified yield
strength of 500 N/mm?. Thus, the material quality was considered acceptable.

Table 6. Properties of concrete.
Specimen  Compressive Strength, fou (N/mm?) Average Compressive

Cube 1 Cube 2 Strength, feu, avg (N/mm?)
CS1 26.9 26.5 26.7
SP1 26.4 26.0 26.2
SP 2 26.3 26.5 26.4
SP 3 26.4 25.7 26.1
SP 4 25.8 25.6 25.7
SP 5 25.2 25.2 25.2

CS = control slab, SP = slab with embedded polystyrene spheres.

Table 7. Properties of reinforcing steel.

Bar Diameter Yield Strength, fy, (N/mm?) Average Yield Strength,
(mm) S1 S2 S3 fy,avg (N/mm?)
10 640 635 638 637.7

S1, S2 and S3 represented 3 different samples.
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3.2. Geometrical properties.

The geometrical properties of the specimen can be represented by the ratios of sphere size, area
replacement, volume replacement, and moment of inertia reduction: (Table 8)

a. The size of the polystyrene spheres may be expressed in a ratio, Rq, in a function of the
polystyrene sphere diameter, dp, and the slab’s thickness, h:
Rq =2 ()
where dp = diameter of polystyrene sphere, mm; h = thickness of the solid slab, mm.

b. The area replacement ratio, Ra, resembles the effective concrete area of the slab’s cross-

section, As, relative to the cross-sectional area of the polystyrene spheres, Ap.
_ ntXAp

Ry =—— )
where A, = Cross-sectional area polystyrene spheres, mm?; As = Cross-sectional area of a
solid slab, mm?; n = Number of polystyrene spheres in the transverse direction.

c. The volume replacement ratio, Ry, represents the effective concrete volume of the entire

slab, Vs, compared to the volume of the polystyrene sphere, V.

R, = 2L (3)
where V, = total volume of polystyrene spheres, mm?; Vs = volume of the solid slab, mm?;
np = total number of polystyrene spheres in the slab

The volumes of polystyrene spheres, Vp, and solid slab, Vs, are expressed in Egs. 4 and 5,
respectively.

1 3
where dp = diameter of polystyrene spheres, mm.
V,=bxhxl ®)

where b = width of the solid slab, mm; h = thickness of the solid slab, mm; | = length of the
solid slab, mm.
d. The moment of inertia reduction ratio, Rj, is given in Eg. 6.

R =1-"L (6)

Is
where left = effective moment of inertia of slab with polystyrene spheres, mm?*, Is = moment
of inertia of solid slab, mm*
The effective moment of inertia of the slab with polystyrene spheres is given as:
legr = X(1i + Aid,”) @)
where li = moment of inertia of an area, mm?®; A = area of a shape, mm?; d, = distance
between the area centroid and the slab’s centroid.
The moment of inertia for the solid slab, Is, and the polystyrene spheres, I,, are given in
Egs. 8 and 9, respectively.

bh3
Iy = 12 (8)
d 4
I, = ne: ©)

where b = width of the solid slab, mm; h = height of the solid slab, mm; dp = diameter of
polystyrene sphere, mm.
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Table 8. Geometrical properties.

Area of Volume of Effective Moment of
. . Area Volume - .
Size ratio,  polystyrene polystyrene moment of inertia
replacement replacement . ) -
Rd spheres, Ap ratio R sphere, Vp ratio. R inertia, leff reduction
(mm?) e (mm?3) Y (mm*) ratio, Ri
Ref. Eg.1 Eq. 2 Eq. 4 Eg. 3 Table 9 Eq. 6
SP1 0.375 4,418 0.177 220,893 0.066 496,142,400 0.008
SP2 0.500 7,854 0.262 523,599 0.109 494,262,786 0.011
SP3 0.625 12,272 0.327 1,022,654 0.153 487,932,312 0.024
SP4 0.625 12,272 0.327 1,022,654 0.170 487,932,312 0.024
SP5 0.625 12,272 0.327 1,022,654 0.187 487,932,312 0.024

Sphere’s diameter, dp, Spacing between polystyrene spheres, sp, nos. of polystyrene in the transverse direction,

Ny, and total nos. of polystyrene spheres, ny, refer to Table 4; Slab’s width, b = 750 mm; slab’s thickness, h = 200
mm; slab’s length, | = 1600 mm); Cross-sectional area of solid slab, As = 150,000 mm?; volume of solid slab, Vs
= 240,000,000 mm? (Eq. 5).

Table 9. Computation of slab’s effective moment of inertia.

Ref Specimen
' SP1 SP2 SP3 SP4 SP5
Ip Eq.9 1,553,156 4,908,739 11,984,225 11,984,225 11,984,225
Yp 775 90.0 102.5 102.5 102.5
2Aiyi 14,657,605 14,293,140 13,742,120 13,742,120 13,742,120
2Ai 145,582 142,146 137,728 137,728 137,728
y 100.7 100.6 99.8 99.8 99.8
dys -0.7 -0.6 0.2 0.2 0.2
dyp -23.2 -10.6 2.7 2.7 2.7
Asdy,s? 73,500 54,000 6,000 6,000 6,000
Apdy,p? 2,377,944 882,475 89,463 89,463 89,463
Is+Asdys? 500,073,500 500,054,000 500,006,000 500,006,000 500,006,000
lp+Apdy,p? 3,931,100 5,791,214 12,073,688 12,073,688 12,073,688
left Eq.7 496,142,400 494,262,786 487,932,312 487,932,312 487,932,312

IAnnotations: I = moment of inertia, A = area, y = centroid, d, = distance between the centroid of area and
centroid of the slab, eff = effective, s = solid slab, p = polystyrene sphere; 2 Moment of inertia of solid slab, Is =

500,000,000 mm*, Centroid of the solid slab, ys = 100 mm, the centroid of the slab with polystyrene spheres,

— _ YA
y= Sy

3.3. Load-displacement response.

Figure 4 shows the load-displacement responses of the specimens. In general, each specimen
went through three major stages before reaching its load capacity. This included the elastic,
plastic, and failure stages.
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125 Ultimate load Ultimate load
%l 00 |
2 oy Specification: Soecifi
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() 1 1 I} () o 1 1 L 1 1 L 1 1 |
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Digplacement (mm) Displacement (mm)
(a) Specimen CS1 (b) Specimen SP1

Figure 4. Load displacement response.
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Figure 4. Load displacement response. (cont.)

The stiffness reflected the specimen’s rate of deflection under load. The gradient of the
load-displacement curve represented it. The uncracked stage had the highest stiffness. Upon
entering the cracked stage, the stiffness reduced slightly. In the cracked stage, the deflection
developed faster than in the uncracked stage. Before cracking, both the concrete and
reinforcements resisted the flexural stress together. After the slab cracked, the concrete gave
way, and the stress was fully taken by the reinforcements.

The yield point marked the end of the elastic stage. Then, plastic deformation began. The
stiffness dropped dramatically, resulting in large deflections. This could be due to the yielding
of steel reinforcement and the excessive cracking of concrete. The slab's integrity deteriorated

gradually until critical damage appeared. The load peaked at the ultimate state, and thus the
specimen was deemed failed.

3.4. Crack pattern and failure mode.

The load causes flexural stress near the slab’s soffit. As a result, strains developed. Cracks
formed when the strain exceeded the concrete’s deformability limit. The cracks were
predominantly flexural (Figure 5). The first crack appeared near the mid-span soffit. It began
at the bar-concrete interface, subsequently spreading to the concrete surface [37]. The crack
widened and penetrated deeper into the slab as the load increased. Then, more cracks appeared,
and the cracked region widened. The cracks affected the bond between the concrete and the
reinforcement. Excessive cracks deteriorated the composite action of the materials and affected
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the slab’s ability to carry the load [38]. This limited the load capacity of the specimen. Judging
from the crack pattern, all the specimens failed in flexure.

W

(c) Specimen SP2 (f) Specimen SP5
Figure 5. Crack pattern.

3.5. Test results.

Table 10 displays the specimen test results. This includes the specimens’ properties at the
elastic, yield, and ultimate stages. The results were computed based on Table 11.

Table 10. Test results.

Specimen Cs1 SP1 SP2 SP3 SP4 SP5

First crack load, Pcr (KN) 49.7 443 38.8 344 30.3 295
First crack displacement, dcr (Mmm) 1.36 1.34 2.12 0.96 0.89 0.70
Initial stiffness, Si (KN/mm) 36.5 33.1 18.3 35.8 34.0 421
Secant stiffness, Sc (kN/mm) 234 20.9 16.1 21.2 20.2 19.6
Yield load, Py (kN) 119.7 116.4 115.2 113.9 105.1 103.4

Yield displacement oy (mm) 6.25 6.8 8.7 6.43 6.48 6.47
Ultimate load, Py (kN) 146.2 142.2 140.1 136.3 130.9 126.8
Ultimate displacement, ou (mm) 29.65 36.3 41.88 33.12 32.61 31.34
Ductility ratio, 4 4.74 5.34 4.81 5.15 5.03 4.84

Table 11. Computation of slab’s properties.

Results Description
a. First crack load, Per The load when the first crack was noticed. It was determined from Figure 5.
b. First crack displacement,  The slab’s deflection upon the first crack. It was obtained from the load-displacement
Ocr curve in Figure 4.
c. Initial stiffness The stiffness of the specimen before cracking (Figure 6(a)). It was calculated by
(uncracked), Si dividing the first crack load, Pcr, by the first crack displacement, der.
d. Secant stiffness, Ss The stiffness represented the elastic response of the specimen. It was taken as the
gradient of the line passing through the point of 0.75Py (Figure 6(b)).
e. Yield point (Py, dy) The point when the specimen underwent plastic deformation. It was determined by
using the method by Park (1988) [28] (Figure 6(b)).
f. Ultimate load, Pu The largest load sustained by the specimen. It was determined from the peak of the

load-displacement curve (Figure 4).
g. Ultimate displacement, ou  The deflection of the specimen corresponded with the ultimate load (Figure 4).

h. Ductility, 4 The index implied the ductile behaviour of the specimen. It was computed by dividing
the ultimate displacement, du, by the yield displacement, dy.
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Figure 6. Methods to determine stiffness and yield point.

From Table 10, the following are observed:

e The first crack developed between 29.5 kN to 49.7 kN, which was equivalent to 23% to
34% of the specimens’ ultimate loads.

e The specimens’ stiffness before cracking (i.e. initial stiffness) was typically higher than
their overall stiffness (i.e. secant stiffness).

e The specimens started experiencing plastic deformation between 103.4 kN and 119.7 kN.
The yield load constituted about 80% to 84% of the specimens’ ultimate loads.

e The specimens deflected considerably before failure. The ultimate displacement was 4.74
to 5.34 times the yield displacement. This can be observed from the ductility ratios.

To compare the test specimens (SP1 to SP5) with the control specimen (CB1), a series
of performance ratios were generated (Table 12). The ratios were computed by dividing the
properties of each test specimen by the control specimen.

Table 12. Performance of test specimens relative to the control specimen.
Performance ratios

Specimen Pert Su Ssi Pyi Pus &
Pcr,c Si,c ss,c Py,c Pu,c Ac

SP1 0.89 0.91 0.89 0.97 0.97 11
SP2 0.78 0.50 0.69 0.96 0.96 1.01
SP3 0.69 0.98 0.91 0.95 0.93 1.09
SP4 0.61 0.93 0.86 0.88 0.90 1.06
SP5 0.59 1.15 0.84 0.86 0.87 1.02

Per = first crack load, S; = initial stiffness, Ss = secant stiffness, Py = yield load, P, = ultimate load, 4 = ductility
ratio, i = test specimen, ¢ = control specimen.

The polystyrene sphere negatively affected the overall structural performance of the
slab. The slabs with polystyrene spheres (i.e., SP1 to SP5) generally had a lower first crack
load, initial stiffness, secant stiffness, yield strength, and ultimate strength (Table 13). These
properties were closely related to the slab's ability to withstand loads. Embedding polystyrene
spheres in a slab altered its geometrical properties. As the size of the spheres increased, both
the effective cross-sectional area and the sectional moment of inertia decreased. The reduced
sectional area encouraged stress concentration in the slab. This led to the early development of
the first crack. The smaller moment of inertia affected the slab's ability to resist bending. This
reduced the slab's stiffness, yield strength, and ultimate strength.

10
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Table 13. Effects of polystyrene spheres on slabs.

Effects of polystyrene
spheres on:

Observations

Findings

a. First crack load

b. Initial stiffness

¢. Secant stiffness

d. Yield strength

e. Ultimate strength

f. Ductility

All specimens had the Peri ratio less than 1.0.

cr.c

All specimens, except SP5, had the % ratio
less than 1.0. ’

All specimens had the ? ratio less than 1.0.

S,

All specimens had the =2 ratio less than 1.0.

P
Pyc

All specimens had the ? ratio less than 1.0.

All specimens had the % ratio more than 1.0.

The first cracks of the specimens developed
earlier than the control specimen.

The stiffness of the specimens at the uncracked
stage was generally lower than the control
specimen.

The overall stiffness of the specimens at the
elastic stage was lower than the control
specimen.

The specimens had lower design strength (i.e.
yield strength) than the control specimen.

The specimens had a smaller load capacity
than the control specimen.

The specimens were more ductile than the

control specimen.

The polystyrene spheres increased the slab’s ductility slightly. This can be seen from
the ratios % of the specimens, which ranged from 1.01 to 1.13. The higher ductility was due to

(@) lower stiffness, (b) smaller yield displacement, and (c) larger ultimate displacement of the
slab. Polystyrene spheres affected the slab’s ability to resist deformation. This encouraged the
slab’s deflection and caused it to enter the plastic stage early. For the lower slab’s stiffness, the
slab failed at the larger ultimate displacement. These combined effects resulted in a slightly
higher ductility of the slab with polystyrene spheres.

3.6. Parametric responses.

The effects of the polystyrene sphere’s size can be seen in specimens SP1, SP2, and SP3. The
spacing between the polystyrene spheres in these specimens was set at 50 mm, which was 2.5
times the concrete cover. The slab's geometry changed as the size of the polystyrene sphere
increased from 75 mm to 125 mm. Table 14 summarises how the changes affected the slab's
structural performance. When the polystyrene sphere’s diameter increased from 75 mm to 125
mm, (a) the first crack load decreased 22.3% from 44.3 kN to 34.4 kN, (b) the yield load
dropped 2.1% from 116.4 kN to 113.9 kN, and (c) the ultimate load fell 4.1% from 142.2 kN
to 136.3 kN (Table 10). These effects were in line with the implications identified from the
geometrical changes of the specimen.

On the other hand, specimens SP3, SP4, and SP5 demonstrated the effects of spacing
between the polystyrene spheres. In these specimens, the polystyrene sphere’s diameter was
fixed at 125 mm. Specimens SP3, SP4, and SP5 had a spacing of 50 mm, 30 mm, and 10 mm,
respectively. The spacing imposed no geometrical changes to the slab’s cross-section (Table
15). It only reduced the overall weight of the slab. Yet, the changes to the slab’s structural
performance were notable. As the polystyrene sphere’s spacing decreased from 50 mm to 10
mm:

The first crack load decreased 14.2% from 34.4 kN to 29.5 kN,
The secant stiffness reduced by 8% from 21.2 KN/mm to 19.6 kN/mm,
The yield load decreased by 9.2% from 113.9 kN to 103.4 kN,
The ultimate load dropped 7% from 136.3 kN to 126.8 kN, and

11
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the ductility ratio reduced by 6% from 5.15 to 4.84.

Table 14. Effects of increasing the polystyrene sphere’s diameter from 75 mm to 125 mm.

Observations from

Table 8

Geometrical changes

Implications

a. The size ratio, Re, The polystyrene spheres i. A smaller space was available in the slab for laying the
increased  from occupied a space of reinforcements.
0.375 10 0.625. around 37.5% to 62.5% of ii. Some parts of the secondary reinforcements were in direct contact
the slab’s thickness. with the spheres. This might affect the bond between the
secondary reinforcement and the concrete.
b. The area 17.7% to 32.7% of i. A smaller effective area in the slab for stress distribution and
replacement ratio, concrete in the slab’s absorption.
Ra, increased  cross-section was replaced  ii. This led to the early formation of the first crack.
from 0.177 to by polystyrene spheres. iii. The shear strength of the slab may be impacted as well *.
0.327.
c. The volume 6.6% to 15.3% of concrete i. Reduced the slab's overall weight.
replacement ratio, volume was removed from ii. This could improve the material's efficiency, resulting in greater
Rv, increased the slab due to the strength per unit weight of the slab.
from 0.066 to substitution of polystyrene
0.153. spheres.
d. The moment of The moment of inertia of  i. Reduced the slab's ability to resist bending.
inertia reduction the slab’s cross-section ii. The slab’s yield strength and ultimate strength were slightly
ratio, Ri, was reduced from 0.8% to affected.
increased  from 2.4%.
0.008 to 0.024.

! not investigated in this study.

Table 15. Effects of reducing the polystyrene sphere’s spacing from 50 mm to 10 mm.

Observations from Table 8 Geometrical changes Implications
a. The size ratio, Ra, of all specimens No change to the space in the slab’s No implication to the slab’s
was 0.625 1. cross-section  occupied by  the structural performance from this
polystyrene spheres. aspect.
b. The area replacement ratio, Ra, No change to the percentage of concrete No effect on the slab’s structural

remained constant, which was 0.327 1.  replacement in the slab’s cross-section.  performance was expected from this.

15.3% to 18.7% of the concrete volume
being substituted by the polystyrene
spheres.

¢. The volume replacement ratio, Ry,
increased from 0.153 to 0.187.

Reduced the slab's overall weight.

d. The moment of inertia reduction ratio, No change to the moment of inertia of No effects on the slab's bending
Ri, was 0.024 throughout . the slab’s cross-section. resistance.

1 The geometrical properties were based on the cross-section of the slab.

Polystyrene spheres removed concrete from the slab, creating elevated concrete sections
in between, known as ribs (Figure 7). The ribs’ width varied with the spacing between the
spheres. Larger spacing meant wider ribs, making the lightweight slab stronger against load
and deflection. Specimens SP3, SP4, and SP5 demonstrated increased ultimate load and secant
stiffness as the spacing increased from 10 mm to 50 mm (Table 10). This was consistent with
the findings of [33], and [34], confirming better specimen performance with larger ribs.

— Concrete rib

Figure 7. Concrete ribs between polystyrene spheres.

These ribs connected the top and bottom parts of the slab. Wider ribs strengthened the
slab by providing a larger concrete cross-sectional area to distribute stresses. This minimised
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localised high-stress points, which were vulnerable to cracking and failure. Additionally, wider
ribs led to a larger cross-section and moment of inertia. This enhanced the slab’s structural
integrity, resulting in greater resistance to bending deformation and, thus, higher stiffness.

3.7. Feasibility Analysis

The slabs with polystyrene spheres were evaluated for feasibility in various aspects. It included
the space occupied, weight reduction, material efficiency, load capacity, serviceability,
ductility, and failure modes. The relevant criteria are outlined as follows:

a. C1: Forasimply supported slab, only bottom reinforcements are required. The polystyrene
spheres should not disturb the reinforcements, and adequate concrete cover should be
maintained. The 20 mm concrete cover used in this study set a limit for the maximum size
of the polystyrene sphere, dp,im (EQ. 10). On this basis, the size ratio, Rap, was preferably
less than 1.0 (Eq. 11).

Aptim =h —2¢c —dp;m —dpgs (10)

dp

<1.0 (11)

R =
ap dp,lim

where h = thickness of slab, mm, ¢ = concrete cover, mm, dym = diameter of the main

reinforcements, mm, dys = diameter of the secondary reinforcements, mm, dp, = diameter
of polystyrene sphere, mm.

b. C2: The polystyrene spheres should replace a significant amount of concrete for a notable
weight reduction [20]. While there is no set standard for the minimum percentage of
replacement, the mean value of the specimens was used as a benchmark, as per [39].
Therefore, the preferred volume replacement ratio, Ry (see Table 8), was set to be at least
the mean of all specimens, 13.7%.

c. C3: For effective usage of material, the strength per unit of concrete of the test specimen
should be greater than that of the control specimen. Thus, the effective strength-volume
ratio, Re, should be at least 1.0 [27]. As all the test specimens met this requirement, a more
rigorous passing criterion was applied, using the specimens’ mean value as the benchmark.

Re =2 >1.074 (12)
where Esp = strength per unit concrete of the slab with polystyrene spheres, KN/m?3, Es =
strength per unit concrete of the solid slab, kN/m?.

The strength per unit of concrete, Esp and Es, was determined by dividing the load capacity
by the total concrete volume of the respective slab (Eg. 13 and 14).

Pu,s

Esp =7 (13)
Pus

Es = TS (14)

where Pysp = ultimate load of the slab with polystyrene spheres, kN (Table 10); Vs =
concrete volume of the slab with polystyrene spheres, mm? (Eq. 15); Pys = ultimate load of
the solid slab, kN (Table 10); Vs = concrete volume of the solid slab, kN (Table 8).
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Vip = Vs =mplp (15)

where Vs = volume of the solid slab, mm? (Eq. 5); n, = nos. of polystyrene spheres in the
slab (Table 4); V, = volume of a polystyrene sphere, mm? (Table 8).

d. C4: The slab with polystyrene spheres should have a larger load capacity than the solid
slab. Thus, the strength ratio, Rs, should be at least 1.0.

Ry=22>10 (16)

u,s

where Pysp = ultimate strength of the slab with polystyrene spheres, kN; Pys = ultimate
strength of the solid slab, kN.

e. Cb: The service load of the slab with polystyrene spheres should not be excessively low in
comparison to its load capacity. Thus, the serviceability ratio, Rsy, should be at least 0.75
[29, 30].

Ry, = % > 0.75 (17)

where Py = yield strength of the beam with polystyrene spheres, kN; Py = ultimate strength
of the beam with polystyrene spheres, kN.

f. C6: The slab containing polystyrene spheres should be ductile enough for survival
purposes. For use in low to moderate seismic zones, the ductility ratio, 4, should be at least
4.0 [27, 29, 31-33].

A=3t>40 (18)

y

where dy = ultimate displacement of the beam with polystyrene spheres, mm; oy = yield
displacement of the beam with polystyrene spheres, mm.

g. CT7: The slab containing polystyrene spheres should perform comparable to a solid slab.
One way to assess this was to examine if the failure mode was similar to that of a solid slab.
Given the potential reduction in shear strength due to the polystyrene spheres, shear failure
should be avoided. This condition applied provided that (a) the specimen was not subjected
to excessive shear load and (b) the control specimen did not fail in shear.

Each specimen was evaluated based on criteria C1 to C7 (Table 16). None of the
specimens fulfilled all the criteria. Thus, the specimens meeting the most criteria were
identified. From the results, specimens SP3 and SP4 met all the criteria except C4. None of the
specimens met the requirement of having an Rs greater than 1.0. This implied that the
polystyrene spheres inevitably lowered the slab's ultimate strength.

Specimen SP3 performed better than Specimen SP4 in many aspects. It was (a) more
efficient, offering a higher effective strength-to-volume ratio, Re; (b) stronger, where the
strength ratio, Rs, was greater; and (c) more ductile, where the ductility ratio, 4, was higher. As
a simply supported slab, specimen SP3 would be a preferable choice. In general terms,
specimen SP3 had (a) the size of polystyrene spheres of 0.625 times the thickness of the slab
and (b) the spacing between polystyrene spheres of 2.5 times the concrete cover.
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Table 16. Feasibility analysis.

Criteria Specimen Ref. SP1 SP2 SP3 SP 4 SP5 Mean
c1 Size ratio, Rep Eq. 11 0.34 O.Jl 0.5/39 039 0.\2/39
Volume Table 0.066 0.109 0.153 0.170 0.187 0.137
C2 replacement 8
ratio, Ry X X \ v \
Concrete

volume of test

- Eq. 15 224,095,704 213,820,050 203,184,456 199,093,840 195,003,224
specimen Vsp

(mm?)
Strength per Eq. 13
C3 unit concrete, ' 0.0006346 0.0006552 0.0006708 0.0006575 0.0006502
& 14
E (N/mm?3)
Effective Eq. 12 1.04 1.08 1.10 1.08 1.07 1.074
strength-
volume ratio, X v v v X
Re
ca Strength ratio, Eq. 16 0.97 0.96 0.93 0.90 0.87
Rs X X X X X
c5 Serviceability  Eqg. 17 0.82 0.82 0.84 0.80 0.82
ratio, Rsv \/ \/ \/ \/ \/
c6 Ductility ratio,  Table 5.34 4.81 5.15 5.03 4.84
A 10 \ \ v \ v
c7 Failure F F F F F
mode*3 Y Y \ \ \
Score** 3/6 4/6 5/6 5/6 4/6
| Remarks*® NA NA A A NA

For CS1, Vs, = 240,000,000, E = 0.0006092, and 4 = 4.74; * Diameter of polystyrene sphere, d,, refers to Table
4; Slab’s thickness, h = 200 mm, Concrete cover, ¢ = 20 mm, Size of reinforcements, dpm and dps = 10 mm,
Maximum allowable size of polystyrene sphere, dpim = 140 mm (Eg. 10); Ultimate load, Py, and yield load, Py,
refer to Table 10; Volume of the solid slab, Vs = 240,000,000 mm?; Volume of a polystyrene sphere, Vp, refer to
Table 8; 2 - evaluation criteria met, X - evaluation criteria not met; 3 F — flexural failure; 4 Nos. of evaluation
criteria met out of seven; 5 A — Applicable, NA — Not applicable

3.8. Limitations of study.

For simplicity, the weight and strength of polystyrene spheres were neglected. The space
occupied by the polystyrene spheres was assumed to be stress-free voids. The volume of
concrete replaced by the polystyrene spheres was thought to be proportionate to the weight
decrease. This was provided that (a) the concrete was homogeneous throughout, and (b) the
weight and strength of polystyrene spheres were minimal. No strain gauge was installed on the
slab’s reinforcements. It was hard to tell (a) if the reinforcements had yielded and (b) when
they yielded. In this study, the reinforcements were believed to have yielded, based on the
plastic deformation demonstrated in the slabs’ load-displacement responses. The yield point
identified from the load-displacement response was assumed to result from the yielding
reinforcements.

The concrete strength of the test specimens was determined using concrete cubes cast
alongside them. Presumably, homogenous concrete with an identical mix proportion, batch,
and age would have the same strength. While this approach may not give an exact concrete
strength, it is a common practice. The results served as a reference for checking the consistency
and quality of the concrete. The test specimens were simply supported, one-way-spanning
slabs, as evident from the setup using two rockers supporting the longer span. The test results
may not fully capture the complex behaviour of two-way-spanning continuous slabs. For
example, (a) the secondary reinforcement has a smaller impact on the flexural resistance of
one-way spanning slabs than two-way spanning slabs, and (b) continuous slabs would
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necessitate top reinforcements at the supports. Nonetheless, the study provides fundamentals,

serving as a reference for further studies on two-way spanning slabs.

This study focuses on investigating the flexural behaviour of the lightweight slab.
Removing concrete from a slab’s cross-section reduces its effective shear area, making it more
susceptible to shear load. One way to overcome this is to avoid replacing concrete in high-
shear regions. Subsequent studies may explore the impacts of embedded lightweight materials
on the slab’s shear strength and ways to improve its shear resistance. The development of
cracks was monitored through observation. However, there was a lag in crack detection. The
internal cracks, which developed at the bar-concrete interface, were invisible until they were
discovered on the concrete surface. By then, the internal cracks had already formed to a certain
extent. Although the internal cracks were invisible, they changed the strain distribution in the
bars and so affected the bond [37]. There was no explicit guide to evaluate the feasibility of the
slabs. Seven evaluation criteria were established using the methodologies of earlier researchers
[17, 29, 32, 34-36]. However, some constraints have been identified:

e The scope, number, and requirements of the criteria had a significant impact on the
evaluation outcome. The selection outcome may differ if a different set of criteria is used.
Therefore, the criteria used for the evaluation must be properly justified.

e The feasible and non-feasible specimens cannot be effectively distinguished using Criteria
C1, C4, C5, C6, and C7. The criteria led to binary results where either all specimens passed
or none did. As far as the current set of specimens was concerned, these criteria were
redundant. Despite their limited utility in the current study, the criteria acted as a guide for
future slab development.

e Criteria C2 and C3 set requirements based on the specimen group's mean values rather than
theoretical benchmarks. This approach identified feasible specimens through relative
comparisons among them. While not formally recognized by any standard, the two criteria
played a pivotal role in this study’s feasibility analysis.

4. Conclusions

The study examined the impact of varying sizes and spacings of embedded polystyrene spheres

on the structural performance of reinforced concrete slabs. The conclusions are as follows:

e The structural performance of the slab was influenced by polystyrene spheres, resulting in
reduced first crack load, stiffness, yield strength, and ultimate strength.

e As the polystyrene sphere’s diameter increased from 75 mm to 125 mm, the first crack
load, yield load, and ultimate load decreased by 22.3%, 2.1%, and 4.1%, respectively.

e When the spacing between polystyrene spheres decreased from 50 mm to 10 mm, the first
crack load, yield load, and ultimate load decreased by 14.2%, 9.2%, and 7%, respectively.

e Specimen SP3 was found feasible as a simply supported one-way-spanning slab, meeting
most evaluation criteria. It outperformed other specimens in various aspects, showcasing a
more optimised design, with polystyrene spheres’ diameter equal to 0.625 times the slab
thickness and spacing equal to 2.5 times the concrete cover.

e The seven feasibility evaluation criteria employed in this study could potentially serve as a
guide for future studies with a similar slab design.
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