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ABSTRACT

The construction industry generates vast quantities of non-biodegradable waste, such as glass cullet and plastic
scraps, posing serious environmental challenges that require innovative recycling strategies in concrete produc-
tion. This study evaluates the mechanical and physical properties of high-performance concrete incorporating
glass powder (GP) and ultra-fine glass powder (UFGP) as partial replacements for fine aggregate, together with
low-density polyethylene (LDPE) granules as a partial substitute for coarse aggregate, using locally available
quartz-based materials. Ten distinct concrete mix designs were prepared using ordinary Portland cement (OPC)
Grade 53, fractionated quartz sand, and crushed vein quartz as coarse aggregate. GP and UFGP replacement
levels ranged from 0% to 20%, while LDPE replacement levels varied from 0% to 15%. All specimens were
cured for 28 days and subsequently tested for compressive strength, water absorption, ultrasonic pulse veloc-
ity (UPV), modulus of elasticity, and density. The results showed that the mix containing 10% GP and UFGP
replacement (Mix B) achieved the highest compressive strength of 61.98 MPa, representing a 10.9% improve-
ment over the control mix, which recorded 55.91 MPa. The hybrid mix (Mix E), incorporating 10% GP and
UFGP together with 5% LDPE, attained a compressive strength of 57.38 MPa while reducing the specimen
weight to 2425.95 g and achieving the lowest water absorption rate of 0.54%. However, increasing the LDPE
content beyond 10% resulted in significant strength deterioration; for example, Mix K, containing 15% LDPE,
recorded a compressive strength of only 29.16 MPa. The incorporation of GP and UFGP improved workability,
as indicated by slump values increasing from 45 mm to 210 mm. Conversely, the addition of LDPE gradually
reduced the modulus of elasticity from 37 GPa to 25 GPa. Ultrasonic pulse velocity measurements of 5.51
km/s for Mix B confirmed that GP and UFGP enhanced concrete density and internal compactness, whereas the
inclusion of LDPE adversely affected internal homogeneity. These findings suggest that optimal combinations
of GP, UFGP, and low percentages of LDPE can produce sustainable lightweight concrete suitable for structural
applications, effectively diverting waste materials from landfills while maintaining acceptable mechanical per-
formance and durability.

Keywords: high performance concrete, low-density polyethylene, glass powder, ultra-fine glass powder, Python,
quartz, silicon dioxide.
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INTRODUCTION

The integration of industrial by-products
and waste materials into cementitious compos-
ites represents a critical strategy for advancing
sustainable construction. As the most widely
consumed manufactured material globally, con-
crete provides a unique matrix for incorporating
diverse waste materials while simultaneously
enabling targeted modifications to its mechani-
cal and physical properties. Among these alter-
natives, quartz-based materials such as quartz
vein material and quartz sand have attracted con-
siderable research interest as potential partial or
full replacements for conventional aggregates.
Although quartz is fundamentally composed of
silicon dioxide (SiO2), its performance within a
cementitious matrix depends not only on chemi-
cal purity but also on physical characteristics such
as particle size distribution, morphology, surface
texture, and impurity content [1,2].

Several studies have reported that quartz sand
can provide beneficial or acceptable performance
in concrete applications. For example, the incor-
poration of white quartz sand has been shown
to improve mechanical properties and enhance
durability characteristics, including reduced chlo-
ride ion permeability and lower water absorption
[3,4]. One study reported that replacing 5% and
10% of fine aggregate with quartz sand in non-air-
entrained concrete produced acceptable results,
with compressive strengths 0f 26.483 MPa, 26.087
MPa, and 23.824 MPa for the 5% quartz, control,
and 10% quartz mixtures, respectively [5].

In contrast to the variable performance of
quartz additives, glass powder (GP) and its
ultrafine variant (UFGP) have been consistently
identified as effective supplementary cementi-
tious materials (SCMs) capable of enhancing
the mechanical properties of concrete, particu-
larly compressive strength. The incorporation
of GP utilizes the pozzolanic reaction, in which
the amorphous silica present in glass reacts with
calcium hydroxide (portlandite), a by-product of
cement hydration, to produce additional calcium
silicate hydrate (C-S-H) gel [6,7]. Studies have
demonstrated that partial cement replacement
with GP can produce favorable outcomes. For
instance, replacement levels of up to 10% have
been shown to improve strength while reducing
drying shrinkage [8]. More substantial improve-
ments have been reported at higher replace-
ment levels. One study achieved a maximum

compressive strength of 47.5 MPa by combining
15% recycled glass powder (RGP) with 1% nano-
silica (NS) as cement replacement materials [9],
while another investigation reported that a 25%
glass powder replacement achieved a compres-
sive strength of 115 MPa at 7 days, demonstrat-
ing its potential for high-strength and reactive
powder concrete (RPC) applications [10]. The
particle size of glass powder is a critical param-
eter governing its reactivity and, consequently,
its influence on concrete performance. This dis-
tinction has led to the classification of ultrafine
glass powder (UFGP) as a separate category.
UFGP offers distinct advantages over micro-
sized glass powder, particularly in accelerat-
ing early-age strength development. Lam [11]
reported that UFGP increased the compressive
strength of cement paste by 50% after 1 day and
by 5% after 28 days. This accelerated reaction
is primarily attributed to the significantly larger
specific surface area of ultrafine particles, which
provides more active sites for the pozzolanic
reaction and enhances early cement hydration.
Overall, GP—and especially UFGP—provides
a practical approach for tailoring the mechani-
cal properties of concrete. In addition, the partial
replacement of Portland cement with these mate-
rials contributes to reducing the environmental
impact associated with cement production while
simultaneously improving long-term strength
and durability.

Along with mineral additives, the incorpora-
tion of low-density polyethylene (LDPE) gran-
ules or fibers into concrete provides an effective
approach for producing lightweight, high-per-
formance composites. Unlike mineral additives,
LDPE possesses unique physical characteristics
that significantly reduce the density of concrete.
As a result, the produced material becomes suit-
able for applications where reduced dead load
and improved thermal insulation are important,
such as partition walls, paving blocks, and pro-
tective barriers.

Although the inclusion of LDPE generally
reduces compressive strength, it enhances the suit-
ability of concrete for specialized non-structural
and semi-structural applications. This approach
enables engineers to optimize concrete not solely
for maximum strength, but for a balanced combi-
nation of workability, durability, thermal perfor-
mance, and functional efficiency [12].
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Problem

Despite the promising attributes of individual
additives, significant challenges remain in predict-
ing and controlling the performance of quartz-mod-
ified concrete. A substantial body of research indi-
cates that quartz incorporation may have a neutral
or even negative effect on compressive strength.
Previous studies have reported notable strength
reductions when crushed quartz powder was added
to concrete mixtures; for example, one investiga-
tion found that the inclusion of quartz powder
reduced compressive strength by approximately
9.3% and 13.4% under different conditions[13].
These findings suggest that the physical form of
the quartz additive—whether coarse and angular
quartz vein material used as structural aggregate or
finely ground quartz powder functioning as a filler
or pozzolanic material—is a critical factor influ-
encing performance. The effectiveness of quartz
as a filler depends largely on its ability to achieve
dense particle packing, which is governed by par-
ticle grading and fineness modulus [ 14].

The incorporation of polymeric inclusions
such as low-density polyethylene (LDPE) intro-
duces additional complexity to concrete behavior.
Several studies have quantified the influence of
plastic waste on compressive strength, demonstrat-
ing that replacing fine aggregate with plastic waste
can reduce compressive strength by approximately
35% to 50% [15]. Similarly, one study reported
reductions of 5%, 15%, and 30% in 28-day com-
pressive strength with increasing proportions of
recycled plastic aggregates [16].

Research gap

The conflicting findings regarding quartz
additives suggest that their performance cannot be
generalized, as it is governed by the physical form
of the material and its engineered role within the
overall aggregate gradation of the concrete mix-
ture. Quartz may provide beneficial effects when
functioning as a well-graded inert aggregate; how-
ever, it may become detrimental when acting as a
poorly performing filler or when it disrupts opti-
mal particle packing within the concrete matrix.

Furthermore, although the individual advan-
tages of GP and UFGP have been extensively doc-
umented, and the lightweight potential of LDPE
is well established, the existing literature lacks
comprehensive investigations into the combined
use of quartz sand, quartz stone, GP, UFGP, and
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LDPE within a single concrete system. In addi-
tion, despite the abundance of quartz resources in
Jordan, their integrated application with recycled
plastic waste in sustainable concrete formulations
remains largely underexplored.

Objective

This study aims to develop and characterize
sustainable concrete formulations incorporating
quartz-based materials (quartz sand and quartz
stone), GP, UFGP, and LDPE. The specific objec-
tives are to evaluate the effects of these combined
additives on compressive strength, microstructural
density, and the overall performance of the con-
crete composite; to determine the optimal propor-
tions that achieve a balance between lightweight
characteristics and mechanical integrity; and to
assess the suitability of the proposed formula-
tions for construction applications utilizing locally
available quartz resources and recycled plastic
waste, particularly in Jordan.

MATERIALS AND METHODS

Materials

Every material used in this experimental
study was carefully chosen.

e OPC Grade 53, according to the ASTM C114-
85 standard.

e Fine aggregate, according to the ASTM C136-
84. The sand has a high-purity fractionated
quartz sand (<4.75 mm) with a rounded par-
ticle shape and contains very few impurities
with a moisture content of <0.2%, as shown in
Figure 1. Table 1 shows a comparison of the
chemical properties of quartz sand between
Jordan and Russia.

e The coarse aggregate, well-graded crushed
vein quartz (<20 mm), which has the best
packing density and particle properties. Its
angular grains and rough, textured surface and
its characteristics are shown in Figure 2.

e Low-density polyethylene (LDPE) plastic
waste was processed into uniform 4-5 mm
granules, as shown in Figure 3, so that they
could be easily mixed in and used to strategi-
cally replace some of the aggregates in differ-
ent mix designs.

e Micro glass beads, with two different size
fractions (106600 pum and 0-50 um), were
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added as a multifunctional additive to these
materials to improve particle packing density
and the interfacial transition zone, as shown in
Figure 3.

e According to ASTM C187, the water-cement
ratio (w/c = 0.38) and superplasticizer content
(1.4%) were used. The mix design for all sam-
ples is shown in Table 2.

Methods

Specimen preparation

A total of 60 cubic specimens (100 x 100 %
100 mm) were prepared using ten distinct mix
designs, with six replicates per mix to ensure sta-
tistical reliability.

Specimen preparation and curing

Fresh concrete mixtures were cast into
steel molds in three equal layers, with each

layer compacted by 25 blows using a standard
tamping rod in accordance with ASTM C192/
C192M. This procedure minimized air voids
and ensured uniform density across all speci-
mens. After casting, the specimens were cov-
ered and kept at an ambient temperature of 23
+ 2 °C for 24 hours. The specimens were then
cured in water at 23 + 2 °C for 28 days in accor-
dance with ASTM C511.

Surface drying and evaluation preparation

After curing, specimens were surface-dried
and then subjected to a multi-parameter evalua-
tion protocol. Compressive strength testing was
performed using a calibrated universal testing
machine, complying with ASTM C39/C39M.
Water absorption capacity was determined by
measuring the mass difference between dried
and saturated surface-dry conditions. Addition-
ally, non-destructive ultrasonic pulse velocity

Sieve analysis of sand

Sicve Ne

1 0.1 0,01
‘Cumulative percentage passing

Figure 1. Sieve analysis of fractionated quartz sand

Table 1. Comparison of chemical properties of quartz sand

Chemical properties of quartz sand

. . In Jordan (Ras En Nagb) Ministry of . .
Major oxides Energy and Mineral Resources [17] In Russia (Crystal Mountain) [18]
SiO, 98.7 98.9
ALO, 0.52 0.62
Fe,O, 0.04 0.07
Na,0+K,0 0.1 0.105

Figure 2. Vein quartz was observed under a polarizing microscope (Altami Polar 3)
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Sieve analysis of Glass powder (GP) 0.106-0.6mm

Sieve Ne

1 0l 0.01
Cumulative percentage passing

Sieve analysis of Ultra-fine glass powder (UFGP) 0.0-0.05 mm

Sieve Ne

0.1 0.01
Cumulative percentage passing

Figure 3. The granules of a specific size range (4—5 mm) of LDPE, tiny spherical glass particles with a diameter
of 106-600 um and 0—50 um with Sieve analysis

(UPV) testing was conducted to assess internal
homogeneity and to validate the integrity of the
hardened matrix. Figure 4 illustrates the com-
prehensive experimental workflow adopted in
this study.

Wheatstone bridge

To connect strain gauges on a cube using
the Wheatstone bridge method, the wiring and
principle are as shown in the Figure 5 and 6,
specifically tailored for strain gauge measure-
ment on cubes [19].

Full Wheatstone Bridge equations:
1. Balanced Bridge condition (no strain applied):
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Ry Rs

When balanced, output voltage V/ is:

2. Output voltage of full Wheatstone Bridge with
strain:
When strain causes changes A, in each resis-
tor Ri, the output voltage is:

Vo =—X
07 4

Ve <AR1 3 AR, 4 AR, B AR4) 3)

Ri Ry Ry Ry
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Table 2. Comprehensive concrete design mix

Materials
(mass (1 mP3)) A B c D E F G H | K
Portland cement | 390 390 390 390 390 390 390 390 390 390
gg;‘ztmc“on 897 807.3 | 76242 | 717.6 807.3 807.3 807.3 897 897 897
coarse 914 914 914 914 868.3 822.6 776.9 868.3 822.6 776.9
aggregate
Glass powder
(GP) 0.106-0.6 0 67.27 | 10091 | 13455 | 67.275 | 67.27 67.27 0 0 0
mm
Ultra-fine glass
powder (UFGP) 0 22.42 33.67 44.85 22.42 22.42 22.42 0 0 0
0.0-0.05 mm
polyethylene
e 0 0 0 0 457 91.4 137.1 45.7 91.4 137.1
Water 149 149 149 149 149 149 149 149 149 149
j‘“f;rp'as“c'zer 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46 5.46
Percentage of o 10%GP | 15% GP | 20% GP | 10% GP | 10% GP | 10% GP | . , o o
(GPand UFGP) |0 %2 CP& | o' FGP. | & UFGP. | & UFGP. | & UFGP. | & UFGP. | & UFGP. |0 % GP &0 % GP &0 % GP &
UFGP. 0 . . . . S S UFGP.5 | UFGP. 10| UFGP. 5
and LDPE % LoPE | 0% 0% 0% 5% 10 % 15% | o pPE | % LDPE | % LDPE
content ° LDPE LDPE LDPE LDPE LDPE LDPE ° ° °
on 0h
Mixing all Fiace fresﬁ
. concrete into
materials
steel molds
0h Oh
Finish and level Compact
. concrete 25
specmen times per layer
surfaces

(rod or vibrator)

24 h

24 h to 28 days

Demold concrete Water cure
. concrete
specimens ;
specimens
28 days 28 days
Test water Test compressive
absorption strength
28 days
Test Ultrasonic
Pulse Velocity
(UPV)

Figure 4. Mixing and casting and testing of all samples

a)
A
100
ot 34 2 o
S =4
i
8l 1
3
100

Figure 5. a) Scheme for gluing strain gauges onto cube samples, b) BX120-50AA 120-50AA Gauge concrete,
¢) PM830B high accuracy digital multimeter
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3. Gauge factor and strain relation:
AR

The relative change in resistance r is related
to mechanical strain € by the gauge factor k
AR;
2k xe )

i
Substituting this in:

Vox

V., =
07 4

XkX(e,—€,+€3—€4) (5

4. Simplified output voltage for symmetric strain:
If the strains are symmetric and balanced
such that (€ = €3 =€ande, =€, = —€

(common in bending), then:

V. =Ve—x><k><(6—(—6)+6—(—6))=
oo ©)
=V, XkXe

Higher-order finite elements: Formulation and
strain computation

Higher-order finite elements employ polyno-
mial shape functions of degree p>2 to approxi-
mate the solution field, distinguishing them
from linear (first-order) elements which rely on
straight-sided geometry and linear interpolation
[20]. While the assembly of the stiffness matrix
adheres to standard FEM procedures, it incorpo-
rates these higher-degree shape functions, typi-
cally defined by the addition of midside nodes.
Within this framework, strains are calculated
from displacement derivatives using the strain-
displacement matrix, [B].
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a .-‘

: y —%ﬂp\\n —— ; g7 ol A
Figure 6. a) Full Wheatstone Bridge and b) 1) Matest hydraulic press, 2) Zetlab ZET 017-T8 strain gauge
station, 3) personal computer for data processing (zetlab software), 4) personal computer for data processing
(UTM2 software), 5) cube specimen (mix E) with BX120-50AA 120-50AA strain gauge,

6) Canon EOS 80D DSLR camera

ON
a 0
Ex
ON |(|u
qi-lo O {v}=[3]{d} @
m) fov o
L 0 Ox

where: €, g, - normal strains in x and y direc-
tions; Vo~ shear strain (ny: 2e
[B] — strain-displacement matrix;
{d} —nodal displacement vector.

In higher-order elements, both the geometry
and displacement fields are interpolated using
identical shape functions defined within a natural
coordinate system (&, m). Consequently, deriva-
tives must be transformed from the element’s
natural coordinates to the global Cartesian system
(X, y) [21]. This mapping is governed by the Jaco-
bian matrix, [J]:

ox o
o¢ 0

1= 5 & ®)
o on

where: x,y — global coordinates; &7 — natural
coordinates.

Derivation of the transformation

The chain rule gives:

a0 06 06 a0
| rqlex| |ox| ;1|0
oo| "V a0 =120 |\l ae | @)
on Oy Oy on
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Solving for [J]:

00 1 0Oy0oo 0Oy oo
= Ay (10)
Ox []] on 0 0& On

66=L(§8G Ox 89) (11

dy [J1] oc o onoc
where:
Ox Oy Ox Oy
:dt =-({——— 12
[J]=det ) o amar (02

This equation defines the strain-displace-
ment relationship within the natural coordinate
system for isoparametric higher-order finite ele-
ments. It serves as the theoretical basis for accu-
rately computing strains in elements featuring
curved geometries, such as cubic elements. The
following analysis examines the significance of
this relationship and its critical role in higher-
order formulations.

oy 20 oy 0
5 On 08 OF On
* 1 0x 00 0x 00 |[u
Oy (=t o @ .= (13)
[/] dc o on ¢ |lo
) lacos oo o0 o0
| O£ On On O On 0 O On
{0} = [D'][N {4} (14)

Formulate element matrix [B] to evaluate [£]
such that [B] =[D] [N]

[B(E,n)]=‘[;]‘UBIHUBZH ....... [B.[] @5)

where: submatrices [B] with index i =1 to » num-
ber of nodes in the element are.

B]=
=1

[y d(N) 9y (N

0
I 9E aE Iy (16)

dxd(N;) 9xa(N;) {u}

’ o g oy oc
axa(ND axI(N) dya(N) aya(Ny)

10 Oy On 0 Oy O O& oy |

Stiffness matrix of an element with constant
thickness h,

[K]= 11 (BI” (DIBIhdxdy (17)
A

Express the stiffness matrix in terms of § and
n by general type of transformation

[ f (2 y)hdxdy = [ £(&n)|J|ndedn — (18)
A A

After applying transformation equation, [k]
can be written as

[K] =14 5% (81T [DIBIR|j|dedn — (19)

Shape functions interpolate continuous fields
from discrete nodal data in FEM [22]. Serendipity
elements (Q8) use incomplete cubic polynomials
to maximize efficiency without sacrificing accu-
racy [23,24]. Formulation in global coordinates
(x,y) necessitates precise Jacobian-based trans-
formations to handle arbitrary geometries.

X =a; +a,l+azn+aén+ asfz +

+ agn® + a,;&n + agdn?

. (0)
y =agtajpd+an+adn+a;s+

2
+ apn? + agsln + agen®

Shape functions:
1
N1 = 7 (-9 n (1)

1
N, = 7 1+9@-n(&n-1)

1
N3 = 1(1 +OA + (& +y-1)

Ny = 2 -9+ )£+ 7-1)
N = %(1-52)(1-;7)
No =3 (1 +8) (1)
N, = %(1-52)(1 + 1)

1
Ng =5 (1-(1 +72)

ey

Concrete damaged plasticity (CDP) model

Concrete contains inherent micro-flaws (pores,
micro-cracks) that act as initial damage, with mac-
roscopic failure arising from their growth across
scales [25]. The nonlinear stress-strain response
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and stiffness degradation result from micro-crack
expansion coupled with plastic straining, necessi-
tating an elastic-plastic damage framework [26]. In
the CDP model, concrete is idealized as a homo-
geneous, isotropic continuum. Extending Lubliner
et al., the formulation combines isotropic damage
mechanics with distinct plasticity laws for tension
and compression, capturing stiffness degradation
under monotonic or cyclic loading and partial
recovery upon unloading [27].

In elastic stage, the CDP model adopts the
elastic model to describe the mechanical proper-
ties of materials. After stepping into the stage of
damage, the relation between the elastic modulus
in the CDP model can be described as.

E=(1-dE, (22)

where: E indicates the initial elastic modulus, d
indicates the plastic-damage factor d, or
d_ in tension or compression and ranges
from O to 1, in which O indicates that the
material is not damaged and 1 indicates
that the strength of the material is com-
pletely lost.

CDP model under single uniaxial tension/
compression.

In Figure 7a, ¢ and 0 denote the strain and
stress at the unloading point, respectively, while
Egé and & ! represent the tensile elastic strain of
undamaged and damaged concrete, respectively.
The symbols ef ! and ef® indicate the tensile
plastic strain and tensile cracking strain of con-
crete, respectively.

The tensile damage data are input into
Abaqus in the form d; — ¥, and the program

Ot A

(a)

o -

) ///I
<
\d
/—f /anI
/ |
i t

automatically converts the cracking strain into
plastic strain using the following formula.

(23)

If the plastic strain sf s negative or the

cracking strain £ is sufficiently small — indicat-
ing an intersection of the tensile unloading path
— the Abaqus will show an error warning, as ten-
sile damage cannot occur when sf ! equals efk
. Regarding the compressive stress-strain curve,
data points exceeding the elastic range will be
treated as inelastic deformation.

The data is input into Abaqus as O, .versus

sén. The compressive cracking strain is defined
as the total strain minus the elastic strain calcu-
lated under undamaged material conditions, as
illustrated in Figure 7b.

The data of the compressive damage will be
entered into the finite element software (Abaqus)
with the form of d. — &, Then, the program
will automatically convert the cracking strain into
plastic strain according to the following formula.

pl _ _in de 0.

_ % 24)
fo TE 14 E,

Finite element modeling in python

To support the experimental study, a cus-
tom FEM program, named CDP-FEM Studio,
was developed in Python to simulate the behav-
ior of concrete cube specimens containing GP,
UFGP, and LDPE under uniaxial compression.
The model employed a mapped hexahedral mesh
to analyze stress distribution, displacement, and

| .
»>E
1 (4
e: h £

< »i€

Figure 7. Concrete damaged plasticity (CDP) model response: (a) tensile and
(b) compressive stress—strain behavior [28]
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potential failure behavior. Material properties
were assigned based on the 28-day experimen-
tal results. A linear elastic constitutive model
was implemented in the analysis. The numerical
results were validated by comparing the simu-
lated load—displacement responses with both the
experimental data and the results obtained from
the SCAD++ software [29]. This Python-based
FEM framework provided a simple and efficient
alternative to commercial software for concrete
cube compression analysis.

RESULTS AND DISCUSSION

Compressive strength at 28-day

The incorporation of GP and UFGP as par-
tial replacements for fine aggregate, together with
LDPE granules as partial replacements for coarse
aggregate, offers a promising approach for improv-
ing both the mechanical performance and envi-
ronmental sustainability of concrete. This study
evaluated the 28-day compressive strength of ten
different concrete mix designs (labeled A-K) to
investigate the individual and combined effects of
these sustainable materials, as presented in Table 3.

The concrete specimens were classified
into four groups to evaluate the influence of the
replacement materials on key engineering prop-
erties, including compressive strength, slump,
modulus of elasticity, ultrasonic pulse veloc-
ity, water absorption, and density. Figures 8§—13
illustrate the load—time curves (Figure 8), slump
values (Figure 9), modulus of elasticity (Figure
10), ultrasonic pulse velocity (Figure 11), water
absorption (Figure 12), and density (Figure 13)
for all concrete mixtures.

e Group 1: Control mix without GP, UFGP, or
LDPE replacement.
The control mix (A), containing 0% GP &
UFGP and 0% LDPE replacement, achieved a
reference compressive strength of 55.91 MPa

e Group 2: Concrete mixes incorporating GP
and UFGP replacements without the inclusion
of LDPE.

The highest compressive strength of 61.98
MPa was achieved with a 10% replacement of
fine aggregate by GP & UFGP (Mix B), repre-
senting a 10.9% improvement over the control
mix. This aligns with previous research [30],
which identifies around 10% glass powder as

the optimal replacement level. At this propor-
tion, the pozzolanic activity of the glass powder
enhances the pore structure and strengthens the
interfacial transition zone without significantly
weakening the cementitious matrix. However,
increasing the glass powder content beyond 10%
led to a gradual decrease in strength. Mix C (15%
GP & UFGP) recorded 58.36 MPa, and Mix D
(20% GP & UFGP) showed 55.95 MPa, roughly
equivalent to the control. This trend suggests that
the beneficial pozzolanic effects diminish when
the replacement level exceeds the 10% threshold.
On the other hand, Yan Diao [31] replaced cement
and sand with glass powder and glass beads at
10%, 15%, and 20% levels, yielding compressive
strengths of 33.5 MPa (0%), 28.2 MPa (10%),
31.1 MPa (15%), and 22.7 MPa (20%). In con-
trast, Al-Mashhadani [32] replaced cement with
GP and achieved 48.4 MPa (0%)), rising to 50.64
MPa (10%) and 49.25 MPa (15%), before drop-
ping to 43.13 MPa (20%). However, Daban A.
Muhedin [33] reported compressive strengths of
sand replacement, 42 MPa (0%), 40 MPa (10%),
32 MPa (15%), and 28 MPa (20%); for cement
replacement, 46 MPa (10%), 43 MPa (15%), and
36 MPa (20%). Overall, these results suggest that
replacing sand with glass powder can be more
effective than replacing cement, though outcomes
vary by study.

e Group 3: Concrete mixes incorporating GP,

UFGP, and LDPE replacements.

The interaction between 10% GP & UFGP
and varying LDPE contents was tested in Mixes
E, F, and G. Mix E (10% GP & UFGP + 5%
LDPE) achieved 57.38 MPa, exceeding the con-
trol strength, showing low-volume plastic incorpo-
ration is feasible with optimized GP & UFGP. At
this low dosage, spherical LDPE granules improve
workability and packing, while GP & UFGP con-
tribute pozzolanically to densification. However,
higher LDPE contents caused strength degrada-
tion: Mix F (10% GP & UFGP + 10% LDPE)
recorded 43.32 MPa, and Mix G (10% GP & UFGP
+ 15% LDPE) fell to 38.01 MPa. This reduction is
due to LDPE’s low elastic modulus, weak inter-
facial adhesion with cement paste, and increased
trapped air from its hydrophobic nature. Mahesh’s
experimental [34] results for compressive strength
at 10% glass powder replacement showed values
of 18.9 MPa with 12% LDPE granules, 18.7 MPa
at 18% LDPE, 18.7 MPa at 24% LDPE, and 18.3
MPa at 30% LDPE, indicating a slight decline in
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Table 3. Statistical analysis results for all concrete samples

Compressive - o - . -
Sample strength (Mpa) (x) (SD) (CV) Absorption% (x) (SD) (CV) Weight(g) (%) (SD) (CV)
A1 55.95 0.7 2450.00
A2 56.00 0.8 2460.50
A3 55.75 0.9 2448.30
55.92 | 0.12 | 0.21 0.80 | 0.09 | 11.18 2457.80 | 7.36 | 0.30
Ad 55.95 0.8 2459.20
A5 56.05 0.7 2461.00
A6 55.80 0.9 2467.80
B1 62.15 0.6 2490.50
B2 61.80 0.7 2498.20
B3 62.00 0.6 2501.00
61.98 | 0.22 | 0.35 0.66 | 0.05 | 7.47 2497.96 | 4.09 | 0.16
B4 61.85 0.7 2496.80
B5 62.30 0.7 2499.40
B6 61.75 0.65 2501.86
C1 58.50 0.50 2500.00
C2 58.20 0.6 2506.50
C3 58.40 0.6 2504.20
58.37 | 0.16 | 0.28 0.59 | 0.07 | 11.23 2505.14 | 3.21 | 0.13
C4 58.32 0.6 2507.80
C5 58.19 0.7 2503.60
C6 58.60 0.55 2508.74
D1 56.10 0.8 2470.00
D2 55.85 0.8 2474.60
D3 55.90 0.85 2476.20
55.96 | 0.18 | 0.32 0.81 | 0.06 | 7.23 247548 | 3.48 | 0.14
D4 56.00 0.75 2478.50
D5 55.70 0.9 2473.90
D6 56.20 0.75 2479.68
E1 57.50 0.5 2420.00
E2 57.25 0.5 2426.80
E3 57.40 0.6 2424.50
57.38 | 0.16 | 0.29 0.54 | 0.05 | 9.08 242595 | 4.21 | 017
E4 57.35 0.5 2428.10
E5 57.15 0.6 2423.90
E6 57.60 0.55 2432.40
F1 43.50 0.6 2345.45
F2 43.15 0.6 2348.25
F3 43.30 0.7 2349.60
43.32| 0.19 | 0.44 0.65 | 0.05 | 8.43 2348.87 | 2.20 | 0.09
F4 43.20 0.6 2350.10
F5 43.15 0.7 2347.90
F6 43.60 0.7 2351.90
G1 38.20 0.8 2278.20
G2 37.95 0.65 2280.80
G3 38.00 0.65 2283.30
38.01 | 0.22 | 0.57 0.70 | 0.08 | 11.07 2282.00 | 2.75 | 0.12
G4 37.90 0.75 2284.70
G5 37.70 0.6 2280.00
G6 38.30 0.75 2285.00
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H1 46.05 0.8 2418.40
H2 45.70 0.9 2420.90
H3 45.90 0.8 2422.70
45.86 | 0.20 | 0.43 0.85 | 0.04 | 5.26 2421.86 | 2.12 | 0.09
H4 45.80 0.9 2424.10
H5 45.60 0.85 2421.30
H6 46.10 0.85 2423.76
11 38.95 0.85 2354.00
12 38.84 0.9 2356.80
13 38.70 0.95 2358.20
38.75| 0.22 | 0.57 0.91 | 0.06 | 6.44 2357.50 | 2.05 | 0.09
14 38.55 1 2359.50
15 38.45 0.85 2357.10
16 39.00 0.9 2359.40
K1 29.30 0.95 2280.40
K2 29.00 1.05 2282.70
K3 29.20 1 2283.90
2917 | 0.17 | 0.59 1.03 | 0.06 | 5.86 2283.18 | 1.93 | 0.08
K4 29.15 11 2284.60
K5 28.95 1 2281.80
K6 29.40 1.1 2285.68
700
Type A
—Type B
—Type C
—Type D
—Type E
—Type F
Type G
~—Type H
—Typel
—Type K
0 100 200 300 400 500 600 700 800
Time (sec)
Figure 8. Load-time at 28-day
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Figure 9. Slump test
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strength as LDPE content increased beyond 12%,
with stability between 18% and 24%.

Group 4: Concrete mixes incorporating LDPE
replacement without the inclusion of GP, UFGP.

Mixes H, I, and K incorporated LDPE gran-
ules without any GP & UFGP. At 5% replace-
ment (Mix H), compressive strength was 45.85
MPa. This is approximately 18% below the
control but remains potentially suitable for
moderate-load or secondary structural applica-
tions. Strength declined to 38.75 MPa at 10%
LDPE (Mix I) and dropped sharply to 29.16
MPa at 15% replacement (Mix K). This con-
sistent inverse relationship between LDPE
dosage and compressive capacity corroborates
prior research [12], which indicates that plas-
tic aggregate replacements beyond 10-15%
typically reduce strength by more than one-
third, primarily due to increased porosity and
compromised load-transfer mechanisms at the
aggregate—paste interface. On the other hand,
Prakash [35] reported the compressive strengths
of specimens with sand replaced by LDPE: 21.0
MPa at 0%, 19.89 MPa at 5%, and 18.7 MPa at
10%. Note that information regarding the 15%
replacement level was not provided in the study.
Vivek [36] observed a continuous decline in
compressive strength when replacing sand with
LDPE at varying percentages. Specifically, the
reported compressive strengths were 27.33 MPa
(0%), 15.67 MPa (5%), 13.0 MPa (10%), 10.67
MPa (15%), and 7.67 MPa (20%).

Slump test

Group 1: Control mix without GP, UFGP, or
LDPE replacement.

The control mix A, which exhibited consider-
ably lower initial workability (45 mm) compared
to Al-Mashhadani’s [32] control (150 mm).

Group 2: Concrete mixes incorporating GP and
UFGP replacements without the inclusion of LDPE.

The inclusion of GP & UFGP significantly
enhanced the slump, reaching 210 mm at the
maximum dosage (Mix D). In contrast, Al-
Mashhadani observed more moderate increas-
es, with slump values rising from 161 mm to
178 mm when replacing cement with 10-20%
glass powder. Furthermore, Ram [37] reported
that replacing sand with glass powder resulted
in slump values of 30 mm (0%), 45 mm (10%),
55 mm (15%), and 60 mm (20%). Ahmad [38]
reported compressive strengths of 77 MPa,
85 MPa, and 100 MPa at 10%, 15%, and 20%
cement replacement, respectively. In contrast,
Khan [39] observed values of 99.06 MPa, 88.9
MPa, and 76.2 MPa at the same replacement
levels. Meanwhile, Balasubramanian [40]
reported strengths of 85 MPa, 90 MPa, and 98
MPa at 10%, 15%, and 20% cement replace-
ment, respectively.

Group 3: Concrete mixes incorporating GP,
UFGP, and LDPE replacements.

For Mix E (10% GP & UFGP + 5% LDPE
granules), the slump exhibited a sharp decline to
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35 mm, representing a 22% reduction compared
to the control mix. For Mixes F and G, which
contained higher plastic contents, the slump
recovered to 75-90 mm. Mahesh observed that
slump test results at 10% glass powder replace-
ment decreased progressively with increasing
LDPE granule content, from 91 mm at 12%
LDPE to 87 mm at 18% LDPE, 83 mm at 24%
LDPE, and 80 mm at 30% LDPE. While Bala-
subramanian reported slump values of 73 mm
at 10% glass powder with 5% plastic, 69 mm at
10% glass powder with 10% plastic, and 58 mm
at 10% glass powder with 15% plastic.

Group 4: Concrete mixes incorporating LDPE
replacement without the inclusion of GP, UFGP.

Mix H (5% LDPE granules) exhibited a
slump of 75 mm, Mix I (10% LDPE) achieved
90 mm, and Mix K (15% LDPE) recorded 110
mm, demonstrating progressive improvement in
workability with increasing LDPE content. While
Baboo [41] found that at 0%, 5%, 10%, and 15%
replacement, the slump values were 80, 75, 58,
and 45 mm, respectively.

Modulus of elasticity

Adding only GP & UFGP keep the concrete’s
stiffness relatively high. However, incorporating
LDPE significantly reduces stiffness, especially
when the content exceeds 10%. The modulus of
elasticity remains high in mixes A-D (without
LDPE), ranging between 35 and 37 GPa. Replacing
sand with fine and ultrafine glass powder has only a
minor effect on stiffness. In mixes B and E, stiffness
slightly increases due to improved particle packing
and a denser matrix. On the other hand, Ahmad
reported modulus values of 20 GPa at 0%, 23 GPa
at 15%, and 26 GPa at 20%, while Mohamed found
values of 19.75 GPa at 0%, 20.62 GPa at 10%,
20.40 GPa at 15%, and 20.39 GPa at 20%.

When LDPE is introduced (mixes E-K),
the modulus of elasticity decreases significantly
because LDPE is more deformable than natural
aggregate. This effect is further amplified by the
reduction in coarse aggregate content, making the
composite more flexible. The lowest modulus of
elasticity is observed in mix K (25 GPa), which
contains a high percentage of LDPE replacement.

Ultrasonic pulse velocity

Ultrasonic pulse velocity (UPV) changes for
mixes A—K, which reflects concrete density, stiff-
ness, and internal integrity. UPV is highest for the
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glass-modified mixes without LDPE (A-E), rang-
ing from about 5.24 to 5.51 km/s, which indicates
a dense, well-bonded matrix; mix B, with moder-
ate glass replacement of sand, gives the maximum
velocity, suggesting the best packing and lowest
micro-void content. As LDPE is introduced (F—K),
velocity gradually decreases from about 5.06 km/s
in F to around 4.78 km/s in K, meaning the con-
crete becomes less dense and more heterogeneous
because the soft, lightweight LDPE particles and
reduced aggregate increase acoustic impedance
mismatch and micro-voids. The small recovery
at mix H (=5.07 km/s) suggests that a low LDPE
content without glass can still maintain relative-
ly good internal quality, but further increases in
LDPE (I, K) clearly reduce UPV, confirming that
high polymer replacement impairs the continuity
and compactness of the concrete.

Water absorption

The current study utilizing LDPE and quartz-
based aggregates demonstrating superior overall
moisture resistance compared to both Al-Mash-
hadani’s HDPE-based research and Yassen’s [42]
glass powder-only investigation. The control mix
in the present study recorded the lowest baseline
absorption at 0.80%, substantially outperforming
Al-Mashhadani’s control (1.25%) and Yassen’s
(1.0351%), likely attributable to the high-purity
quartz aggregates, optimized particle packing,
and consistent superplasticizer dosage enhancing
matrix density. All three studies confirm that glass
powder incorporation progressively reduces water
absorption through pore refinement and pozzolanic
activity, yet the magnitude of improvement varies:
the current study achieved absorption values of
approximately 0.66%, 0.59%, and 0.62% at 10%,
15%, and 20% glass replacement respectively,
compared to Yassen’s 0.875%, 0.76%, and 0.72%,
and Al-Mashhadani’s 1.15%, 1.12%, and 1.05%
at equivalent dosages, suggesting that the dual-
fraction glass powder combined with well-graded
quartz sand creates a more refined microstructure.
Regarding plastic addition, LDPE-only mixes in
the current study exhibited progressive absorption
increases to 1.05% at 15% replacement, whereas
Al-Mashhadani’s HDPE mixes showed values ris-
ing from 1.28% to 1.39%, indicating that LDPE’s
lower density and smoother morphology may cre-
ate fewer interconnected capillary pathways than
angular HDPE particles. Most significantly, the
hybrid Mix E (10% GP & UFGP + 5% LDPE)
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achieved the lowest absorption of 0.54% in the
current study—substantially outperforming Al-
Mashhadani’s equivalent hybrid mix (10% glass
+ 5% HDPE: 1.13%) and Yassen’s best glass-only
result (20% glass: 0.72%)—demonstrating that
the synergistic interaction between glass powder’s
pore-filling capacity and low-volume LDPE, when
combined with high-quality quartz aggregates,
can effectively mitigate the hydrophobic plastic’s
tendency to increase permeability. These compara-
tive findings underscore that material selection—
encompassing plastic type (LDPE vs. HDPE), glass
particle fineness, aggregate mineralogy (quartz vs.
conventional), and overall mixture proportions—
critically governs water absorption performance,
with the current quartz-based, LDPE-glass hybrid
formulation offering a more durable, eco-friend-
ly concrete solution for applications requiring
enhanced resistance to moisture ingress and long-
term durability in aggressive environments.

The control mix (A) exhibited a density of
2,4578 kg/m?, while mixes incorporating only GP
& UFGP (B-D) showed a slight increase in den-
sity. Mix C showed the highest density at 2.505 kg/
m?, which can be attributed to the higher density of
GP & UFGP compared to natural sand. In contrast,
mixes containing LDPE demonstrated a decrease
in density with increasing plastic content. Mix G,
which included the highest combined proportions of
GP & UFGP and LDPE, showed the lowest density
at 2.282 kg/m?, closely followed by Mix K (with the
highest LDPE content alone) at 2.283 kg/m?. This
reduction is primarily due to the significantly lower
density of LDPE relative to conventional aggre-
gates, resulting in a lighter composite material.

Mixes containing both GP & UFGP and a low
amount of LDPE (E and F) had intermediate den-
sities. This suggests that while GP & UFGP partly
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offset the drop in density, the LDPE has a stronger
effect, leading to an overall lighter concrete. Such
behavior is beneficial for applications requiring
reduced dead load while maintaining adequate
structural performance. On the other hand, Bala-
subramanian reported densities of 2.372 kg/m?,
2.385 kg/m?, 2.374 kg/m?, and 2.369 kg/m? at 0%,
10%, 15%, and 20% glass powder replacement,
respectively. For mixes incorporating both glass
powder and plastic, densities of 2.368 kg/m* at
10% glass powder with 5% plastic, 2,335 kg/m?
at 10% glass powder with 10% plastic, and 2.285
kg/m? at 10% glass powder with 15% plastic were
observed. While Sojobi [43] reported densities of
2.600, 2.550, 2.525, and 2.400 kg/m?* at 0%, 10%,
15%, and 20% LDPE replacement, respectively,
Baboo [41] found that at replacement levels of
0%, 5%, 10%, and 15% plastic, the densities were
2.400,2.350,2.250, and 2.210 kg/m?, respectively.
The stress—strain curve for Mix E (Figure 14)
illustrates both compressive and tensile behavior.
Under compression, Mix E exhibits typical high-
performance concrete behavior, with stress rising
rapidly to a peak strength of about 57 MPa at a
strain of approximately 0.00275. This high strength
is notable given the inclusion of 45.7 kg/m* of
LDPE, suggesting that the addition of ~89.7 kg/m?
of glass powder compensates for potential strength
loss (optimal mix). The glass powder likely acts as a
micro-filler and contributes to pozzolanic reactions,
improving the interfacial transition zone (ITZ) and
maintaining matrix integrity. Beyond the peak, a
softening branch indicates post-peak deformation.
In tension, Mix E shows a typical brittle
response, with a linear elastic increase reach-
ing a peak tensile strength of about 5.0 MPa,
followed by a sudden drop due to crack initia-
tion. The tensile-to-compressive strength ratio is

stress-strain curve
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Figure 14. Stress-strain curve for sample E
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approximately 1:11 to 1:12. While glass powder
helps preserve compressive strength, the material
remains brittle in tension. Overall, Mix E demon-
strates that combining moderate amounts of glass
powder with low LDPE content can produce
durable concrete with high compressive capacity,
suitable for structural applications where weight
reduction and sustainability are desired.

Figure 15 illustrates the von Mises stress dis-
tribution in the cube specimen (Mix E) under com-
pression, obtained through finite element simula-
tion. The stress field shows a clear gradient, with
lower stresses represented in blue and higher stress-
es in red, and most of the specimen experiencing a
moderate level of stress relative to the peak values.

The highest stress shows up in the red-orange
areas at the bottom corners and edges, where the
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specimen sits directly against the loading plate.
Inside the cube, though, it’s mostly blue — mean-
ing the stress is spread pretty evenly. That tells
us the material is fairly uniform and transfers
load well, even with LDPE and GP & UFGP in
the mix.

The CDP-FEM Studio program was used
to calculate the displacement of the concrete
specimen during loading using a FEM frame-
work. The software provided numerical and
graphical results for evaluating the deformation
behavior under applied loads. A mesh and load-
step convergence study was also conducted to
examine the effect of mesh density on displace-
ment predictions. The results showed that finer
meshes improved the accuracy, stability, and
convergence of the model, while coarser meshes

concrete FEM View - Cube - Displacement

Distributed pressure 57.360 MPa
Nodes loaded: 81

Add Support
Remove Selected Support

Clear Supports

Displacement (mm)

Figure 16. Interface of CDP-FEM Studio showing displacement in a cube specimen (sample E)
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Figure 18. Interface of SCAD++ showing displacement in a cube specimen (sample E)

produced less accurate results. The study also
helped determine an optimal mesh density that
balanced simulation accuracy and computational
efficiency. Figures (16—17) present the displace-
ment results for concrete Sample E using dif-
ferent mesh densities. The results demonstrate
the effect of mesh refinement on the predicted
displacement behavior during loading. Figure
18 shows the displacement results obtained from
the SCAD++ software for comparison and vali-
dation of the CDP-FEM Studio results.

The numerical displacement obtained using
CDP-FEM Studio was 0.161572 mm, which

showed very good agreement with the experi-
mental displacement of 0.16132 mm and the
numerical result obtained from the SCAD++
software as shown in the Figure 18, which was
0.16 mm.

CONCLUSIONS

This experimental investigation compre-
hensively evaluated the feasibility of integrat-
ing GP & UFGP and LDPE plastic waste into
high-performance concrete formulations using
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quartz-based aggregates. The following conclu-
sions are drawn:
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Optimal GP & UFGP replacement: The incor-
poration of 10% GP and UFGP as fine aggre-
gate replacement (Mix B) yielded the maxi-
mum compressive strength of 61.98 MPa,
demonstrating that GP and UFGP exhibit
significant pozzolanic activity that refines
the microstructure and strengthens the inter-
facial transition zone. Though 15% and 20%
replacements still maintained strengths com-
parable to the control mix.

The synergistic effect of hybrid replacement:
Mix E, combining 10% GP and UFGP with
5% LDPE, achieved a compressive strength of
57.38 MPa—exceeding the control mix while
reducing weight and attaining the lowest
water absorption (0.54%), with a Von Mises
stress distribution of 2.080 x 10?, a maximum
compressive strain of 0.00436, and a maxi-
mum tensile strain of 0.00160. This demon-
strates that moderate GP & UFGP content
can effectively mitigate the adverse effects of
low-volume plastic aggregate incorporation
through matrix densification and improved
particle packing.

LDPE content limitations: Higher LDPE
replacement levels (>10%) resulted in pro-
nounced strength degradation, with compres-
sive strengths falling below 45 MPa. The
hydrophobic nature, low elastic modulus, and
weak interfacial bonding of LDPE particles
increased porosity and compromised load-
transfer mechanisms, limiting structural appli-
cability at high replacement levels.

Physical properties enhancement: GP and
UFGP incorporation significantly improved
workability (slump increased from 45 mm
to 210 mm) and increased fresh density (up
to 2505.14 g), while LDPE addition pro-
gressively reduced both stiffness (modulus
decreased to 25 GPa) and ultrasonic pulse
velocity (down to 4.78 km/s), confirming the
lightweight, more compliant nature of plastic-
modified concrete.

Based on the comprehensive analysis of the
ten tested concrete mixes (A—K), the opti-
mal selection depends entirely on the specific
performance requirements of the intended
application. For applications demanding the
highest compressive strength and elastic mod-
ulus—such as high-rise columns, heavy indus-
trial flooring, or prestressed elements—Mix B

is clearly superior, offering a peak strength of
61.98 MPa, the highest modulus at 37.00 GPa,
and a low absorption of 0.66% with a work-
able 60 mm slump. If the priority is maximum
durability and resistance to water ingress (e.g.,
water-retaining structures, foundations in wet
soils, or bridge substructures), Mix E is the
optimal choice, exhibiting the lowest absorp-
tion rate of just 0.54% while still maintain-
ing a very good strength of 57.38 MPa and
moderate stiffness. For situations requiring
excellent workability to fill congested rein-
forcement or complex formwork (e.g., heav-
ily reinforced beams or columns), Mix D is
the best fit, providing an exceptionally high
slump of 210 mm (self-compacting range)
with acceptable strength (55.96 MPa) and
durability (0.81% absorption). Finally, for a
balanced general-purpose structural concrete
combining good strength, reasonable work-
ability, and low absorption without extreme
values in any property, Mix C (58.37 MPa, 80
mm slump, 0.59% absorption) offers the most
versatile and robust performance. Mixes F, G,
H, I, and K exhibit significantly lower com-
pressive strengths (29—46 MPa) and are only
suitable for low-strength, non-critical appli-
cations such as temporary works, backfill, or
lightweight non-structural elements.
Confirmation that the Python-based CDP-
FEM Studio accurately predicted the displace-
ment behavior of concrete cube specimens
under compression, with a numerical displace-
ment of 0.161572 mm compared to the experi-
mental value of 0.16132 mm and the SCAD++
result of 0.16 mm, demonstrating excellent
agreement and reliability.
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