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Abstract: The development of sustainable lightweight materials is a promising field solution in this
era. The production of sustainable materials by replacing coarse aggregates with some lightweight
alternative provides a good quality construction material. In this study, rocky coarse aggregates were
replaced by an ultra-lightweight material (i.e., expanded polystyrene beads) to produce an equivalent
rock-solid mass of concrete. Using an M15 grade of concrete composition, expanded polystyrene
(EPS) beads were added in place of aggregates in amounts ranging from 5% to 40% at a water—-cement
(w/c) ratio of 0.60. The specimen size as per American Society for Testing and Materials (ASTM)
specification was 150 mm in diameter and 300 mm in length. Furthermore, statistical analysis for the
relationship study for destructive testing (DT) (i.e., compressive test machine) and non-destructive
testing (NDT) (i.e., rebound hammer and ultrasonic pulse velocity (UPV)) has been performed at
developed specimens under 7- and 28-day curing conditions. In the end, the results showed that
NDT predicts higher compressive strength than that of DT with the addition of EPS beads up to 20%
aggregate replacement, after that it is vice versa for up to 40% aggregate replacement. This study will
not only help in the production of sustainable lightweight materials, but especially concrete block
production can also be performed at a large scale as a sustainable engineering solution.

Keywords: sustainable; lightweight; concrete; process; EPS-beads; non-destructive testing

1. Introduction

Lightweight material production is destined to become a dominant building material in the
new era [1]. The basic constituents of concrete are cement, fine aggregate (sand), coarse aggregate,
and water [2,3]. Concrete is extremely hard and rigid, and its thermal as well as natural qualities
are not very high [4]. With the passage of time, concrete demand in the construction industry has
increased. Currently, a large quantity of concrete is employed all over the globe for creating structures
like dams, bridges, and multi-story edifices [5]. The density of traditional concrete (regular weight
concrete) is 2400 kg/m? and commonly used for regular routine construction works [6]. Because of the
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employment of standard concrete, the self-weight of structures is very high, and to resist this load,
additional precautions need to be adopted for safe and correct construction [7]. Generally, additional
reinforcement has to be provided in structures to resist a load of regular-weight concrete because of
long spans, etc. [8].

In multi-story buildings and alfa structures, there is a great amount of self-weight involved that
increases the overall load of the structures. Hence, to scale back the self-load of the building, lightweight
concrete tends to be used as its self-weight is less compared to traditional-weight concrete [9-12].
In frame structure construction, bricks and concrete blocks are used as panel walls as the self-weight of
the bricks and traditional-weight concrete blocks are so high. Hence, that issue will also increase the
overall self-weight of the structure [10]. The expansion of lightweight concrete (LWC) as a structural
fabric has become identified as much lower than it was in the Roman regime. However, the creation
of light-weight aggregates started out on a larger scale as a result of critical situations. In fact, it is
noted within the literature that the earliest sensible use of light-weight concrete declined at that
point, once the American Emergency Fleet Corporation designed light-weight concrete ships [13].
The fabrication of light-weight aggregate concretes has been increasing and currently includes every
kind of concrete: from no-fines concrete in terms of denseness, especially for block fabrication with
densities from 300 to 1200 kg/m?, to structural concrete with densities from 1000 to 2000 kg/m3 and
compressive strengths from 1 to 100 MPa [14]. Another study shows that LWC has an oven-dry density
ranging from 300-2000 kg/m3 [15].

Lightweight concretes exhibit ideal aspects like lesser density, greater specific strength, superior
thermal insulation, and superior energy absorption, which can be obtained by exchanging standard
aggregates fully or partially with lightweight aggregates [16,17]. The density of lightweight concrete
made with EPS beads ranges from 1700-2100 kg/m? [3]. Lightweight aggregates are largely categorized
into binary groups: natural (pumice, diatomite, volcanic cinders, etc.) and artificial (perlite, clay;,
sintered fly ash, expanded shale, etc.) [18]. Expanded polystyrene beads (EPS-beads) are a variety
of synthetic ultra-lightweight aggregates with solidity of only 10-30 kg/m? [19,20]. EPS-beads are
very light-weight and their thermal and other physical properties are very good [21,22]. A lot of
researchers experimentally and analytically study the behavior of EPS-beads lightweight concrete and
also their thermal and other important parameters [23]. Lightweight EPS-beads-based concrete has
been found to be suitable for lightweight sandwich wall panels [24]. The resistance and durability of
the concrete are supposed to be the main essential characteristics that are needed in concrete [25]. While
observing efficiency for energy absorption, these EPS-based buffering materials show similar behavior
like concrete developed with flexible aggregates [26]. The compressive strength of concrete at the age of
28 days is also used to distinguish the mechanical properties of concrete [27]. Two sorts of tests are used
to analyze the mechanical properties of concrete: destructive and non-destructive tests [28]. The results
from destructive testing are very helpful to judge the real picture of specimen parameters. On the other
hand, non-destructive testing is very helpful to know about the characteristics of both new and old
structure elements without breaking the elements [29]. However, the results obtained from this type of
testing are not very accurate or helpful to analyze the exact picture of structural elements [30]. With the
help of non-destructive techniques, the in-situ strength of concrete can be measured in an easy and
rapid manner [31]. Various countries have shown interest in the application of non-destructive testing
(NDT) in civil engineering, particularly in predicting concrete compression strength without damaging
the structure [32,33]. Once the structures are tested, their lifespan is foreseen, and therefore plans for
their preservation become less difficult and cost-effective [34,35]. The destructive test, compressive
strength test, non-destructive test, ultrasonic pulse velocity test, and rebound hammer test were
performed on standard cylinder specimens to explore their mechanical properties.

In this experimental work, the following parameters like compressive strength, density, % age
replacement of rocky coarse aggregates with EPS-beads, curing period, dynamic modulus of elasticity,
pulse velocity, concrete quality, and rebound number have been studied. The paper presents a
comparison between two different approaches and types of analysis after experimental tests in order
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to characterize an ultra-lightweight material with the addition of EPS-beads. Both destructive and
non-destructive tests were performed on a standard specimen. In the end, a relationship between these
parameters through a statistical regression model will be developed and a graphical representation
will be plotted to understand the range utilization for produced lightweight concrete as well.

2. Materials and Methods

2.1. Materials

The basic material involved in the preparation of EPS-beads lightweight concrete involves cement,
fine aggregate, coarse aggregate, and EPS beads.

2.1.1. Cement

Ordinary Portland Cement Grade 53 of Type-1 according to ASTM C-150 provisions [36] has been
used. The chemical and physical properties of cement are shown in Tables 1 and 2.

Table 1. Chemical properties of ordinary Portland Cement.

LOI SiOZ A1203 Fe203 CaO MgO SO3 Kzo NaZO
341 20.16 4.40 3.68 63.30 291 2.61 0.94 0.21

Table 2. Physical properties of ordinary Portland Cement.

Property Result Standard
Normal Consistency (%) 30 ASTM C-187
Fineness% 95 ASTM C 184
Initial Setting Time(mints) 145 ASTM C-191
Final Setting Time(mints) 220 ASTM C-191
Soundness(mm) 1 ASTM C-189

2.1.2. Fine Aggregate

The extreme size of the fine aggregate is 4.75 mm. The physical properties are shown in Table 3
and grain size distribution (sieve) analysis shown in Figure 1.

Table 3. Physical properties of fine aggregate.

Property Result Standard
Fineness Modulus 2.23 ASTM C-136
Bulk Density (kg/m?) 1527 ASTM C-29

IGradation Curve of Fine Aggregatel
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Figure 1. Grain size distribution (sieve) analysis of fine aggregate.
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2.1.3. Coarse Aggregate

A well-graded crushed coarse aggregate maximum size of 20 mm is used for EPS-beads lightweight
concrete specimens casting, and their physical properties are shown in Table 4. Also, these aggregates
contain both calcareous and siliceous content. The grain size distribution (sieve) analysis is shown in
Figure 2.

Table 4. Physical properties of coarse aggregate.

Physical Properties

Property Result Standards
Bulk Density (kg/m?) 1487 ASTM C-29
Aggregate Impact value (%) 20.45 BS812: Part 3
Aggregate Crushing Value (%) 26.50 BS812: Part 3
Los Angeles abrasion (%) 32 ASTM: C131
Water Absorption (%) 49 ASTM C-127
IGradation Curve of Coarse Aggregates I
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Figure 2. Grain size distribution (sieve) analysis of coarse aggregate.

2.1.4. Expanded Polystyrene Beads

Polystyrene is also known as polyvinyl resin. Structurally, it is an extended organic compound
chain, with a phenyl collection connected to each different carbon atom. Styrene is made by a radical
vinyl chemical action from the compound polyvinyl resin [37]. Expandable polystyrene (EPS) meantime
is styrene in raw beads being steam-heated, inflicting it to expand [38]. EPS-beads are easily available
in the market in the form of spherical beads shown in Figure 3. Styrene has been used principally
in cold states to form concrete blocks for residential functions [5]. On the other hand, polystyrene
beads have demerits that constrain the applying and promotion of EPS-beads concrete: they are very
lightweight which may cause separation in commixture [39]. On the other hand, the merit is that
they are hydrophobic [40] because on behalf of this merit it can be easily used in concrete production.
Due to its water absorption criteria, it can be easily used without adding extra water to the concrete.
EPS-beads are produced in three key steps of pre-expansion, aging and molding [23]. Some physical
characteristics of expanded polystyrene beads are shown in Table 5 according to ASTM C-578 [41].
Expanded polystyrene beads (EPS) are spherical in shape and according to ASTM C-578 classification,
Type XI beads with a density of 12 kg/m> have been used in this study.
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Figure 3. Expanded polystyrene beads.

Table 5. Physical characteristics of EPS-beads according to ASTM C-578.

Classification

Physical Property Unit  Type Type Type Type Type Type Type Type Type Type Type
XI I VI XII X il Iv Ix Vvi vo V
Density, min kg/m? 12 15 18 19 21 2 26 29 29 35 48
Compressive Resistance  yp,, 35 69 90 104 104 104 173 173 276 414 690
at Yield, min
Flexural Strength, min KPa 70 173 208 276 276 276 345 345 414 517 690
Water Absorptionby ) o 4 4 3 03 03 3 03 2 03 03 03

Total Immersion, max

2.2. Batching, Mixing and Preparation of Test Specimens

The primary part of any research is related to its mix proportions that are to be adopted during
research work, because the mix proportion also indicates the belongings of concrete that are also
explored after casting and curing of concrete specimens. The main aim of this paper is to study an
effective and reliable mix proportion that is economical to adopt and also fulfills the basic mechanical
properties of any concrete [42]. In this study, the rocky coarse aggregate is to be replaced by a volume
of EPS-beads and a total of six specimens have been prepared for a Mix ID-1 i.e., three for 7 days
curing and three for 28 days curing testing. Also, both destructive and non-destructive tests have been
applied to these six specimens according to their curing period. A total of 54 specimens were prepared.
The quantity mix proportion of an EPS-beads lightweight concrete is given in Table 6.
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Table 6. Quantity mix proportion of an expanded polystyrene beads concrete.

Mix ID EPSB-0 EPSB-5 EPSB-10 EPSB-15 EPSB-20 EPSB-25 EPSB-30 EPSB-35 EPSB-40
W/C Ratio 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60 ]
Repl. of Beads (%) 0 5 10 15 20 25 30 35 40 |
Cement (kg/m?) 320 320 320 320 320 320 320 320 320 [ ]
Fine Agg. (kg/m) 680 680 680 680 680 680 680 680 680 [ ]
Coarse Agg. kg/m?) 1326 1259 1192 1126 1059 995 926 862 795 [ T ———
EPS Beads (kg/m?) 0 0.53 1.07 16 214 2.67 3.21 3.74 427 |
Water (kg/m?) 192 192 192 192 192 192 192 192 192 ]

After the decision of mix proportion, the next step is batching or mixing of EPS-beads lightweight
concrete to get a uniform or homogenous concrete. The weight of EPS beads is very light. Due to this,
the EPS-beads lightweight concrete is prone to segregation. Ingredients were mixed following the
following instructions: primarily, the EPS-beads were wetted at first with a district of the blending
water. Moreover, cement, sand and therefore the residual water were intercalary and mixed for 3 min
at slow speed. Now, crushed stone was intercalary and mixed for 3-5 min more till a consistent
concrete was developed. This step procedure has been counseled by the appropriate learning [40,43].
The standard specimen is 150 mm in diameter and 300 mm in length and has been cast in moulds,
grade concrete (1:2:4), and w/c ratio is 0.60 has been kept in this research but the ratio of % age
replacement of rocky coarse aggregates varies. Compaction was done by hand with the help of the
tamping rod. After casting, the concrete cylinders were to be demolded after 24 h. Then for curing
purposes, the specimens were put into a water bath. After curing, the specimen was taken out of the
bath water and rested in room temperature at 23 + 2 °C to completely dry the specimens.

2.3. Testing Methodology

After the successful completion of the curing period, the next step was to apply the standard tests
to analyze the true picture of each mix proportion specimen. Three major test procedures have been
focused on in this study i.e., Ultrasonic pulse velocity test, Rebound Hammer Test and Compressive
Strength Test.

2.3.1. Ultrasonic Pulse Velocity Test

A non-destructive test was executed on concrete to analyze its behavior and to determine
its mechanical characteristics. It is straightforward to use, and outcomes were hastily attained
on-site [44-50]. Thebasic principle of UPV is that the pulse wave is produced due to the electro-acoustical
transducer. This pulse wave moves through the concrete and the time that the pulse wave takes to
travel the sample is to be measured. With the help of this time, the longitudinal or pulse velocity is
measured. Two transducers are used, one is a transmitter and the other is receiver [51]. The formal
diagram of UPV [52] according to ASTM C-597 is shown in Figure 4. Ultrasonic Pulse velocity test
equipment of brand MATEST (Italy) with a measuring range (0-3000 ps—accuracy +/-0.1 us) and
two 55 kHz probes with connection cables, based on ASTM C597 standard, were used in this study as
shown in Figure 4.
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Figure 4. Ultrasonic Pulse Velocity Test: (a) UPV formal diagram, (b) Specimen testing.
The pulse velocity and dynamic modulus of elasticity are to be calculated by Equations (1) and (2)

that are listed in ASTM C-597.

V= T 1)
where

L = Travel Path Length (m), T = transit (us), V = Pulse velocity (km/s)

_ Eq(1-p)
Y= \/p<1 (1 -20) @

p = Poisson Ratio

V = pulse velocity (m/s)

p =Density of concrete (kg/m?)

E; = Dynamic modulus of elasticity (GPa)

The frequency of the transducer pair is 55 kHz. The Poisson’s ratio was considered as 0.28 for
this experimental study [53]. Also, the coupling agent was used for better results and with the help
of the coupling agent, the firm contact was developed between the transducer and concrete surface.
The transducer ranges lie in between 20-150 kHz. Transducers with a frequency of 50 kHz to 60 kHz
are appropriate for most common applications. Basically, the pulse velocity shows the concrete quality
that also shows the presence of voids and homogeneity of concrete [54]. According to Jones, the lesser
limit of pulse velocity (V) for virtuous quality concrete is between 4.1 and 4.7 km/s [55]. In this research,
pulse velocity (V) and Dynamic modulus of elasticity (Ed) were estimated for every concrete specimen
and also specimen testing is shown in Figure 4. After curing, initially non-destructive testing was
performed followed by destructive testing.

2.3.2. Rebound Hammer Test

Many non-destructive test techniques have been developed and used to conclude the compressive
strength of concrete. However, in all of these techniques, the rebound hammer test is usually used to
conclude the compressive strength of concrete [31]. Basically, this is a surface rigidity test and it also
works on the principle of elastic mass that impinges into a hardened surface [54]. In 1948, Schmidt



Processes 2019, 7, 791 8 of 25

established the Schmidt rebound hammer check. This device is collectively used attributable to a
hardened steel hammer compact on the concrete by a spring. [56]. This test is conducted on concrete
specimens with rebound hammer-aluminum framed for brand MATEST (Italy) having a spring impact
energy of 0.225 m-kg (2.207 Joule or Nm). Ten rebound readings were to be taken on a test area of each
cylinder and the average of these readings was taken. In this study, the rebound hammer was applied
to the cylinder in a vertically downward direction. The test was applied according to ASTM-C805.
The operational diagram is shown [57] in Figure 5.

Scale Body —
Latch

o

Hammer ‘
Spring
Plunger
U] n (I (V)
Hammer Ready Hammer Pushed H H
for Test gai Speci 1 Rel d Rebounds
(a) (b)

Figure 5. (a) Operational diagram of Schmitt Rebound Hammer; (b) Sample Testing.
2.3.3. Compressive Strength Test

After the successful complaint of non-destructive testing, the compressive strength test was
conducted on every specimen at 7 and 28 days shown in Figure 6 according to ASTM C-39 [58].
A compressive strength test was applied with the compression test machine of brand MATEST (Italy)
and was conducted respectively in accordance with the ASTM Standard ASTM C39. Compressive
strengths were calculated for cylindrical specimens of 110 mm (4.334 in.) diameter and 220 mm
(8.668 in.) height. Automatic compression machines with 2000 kN capacity were used for compression
test having a rate loading rate of 5 kN/s (1.124 kips/s) fixed for these specimens.

(a) (b) ()

Figure 6. (a) Compressive strength test machine; (b) Cracked cylinder; (c) Interface of cracked cylinder.
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3. Results and Discussion

3.1. Effect of EPS Beads on Density

In this research, the coarse aggregate was replaced by beads at an interval of 5% by volume.
The EPS beads are an expanded agent that can reduce the density of concrete and make them lightweight
concrete. The effect of EPS beads on density and cylinder weight are shown in Figure 7.

=—0O=—Density —O—Weight
2350 14
2250 13
T 2150 12 _
by
E" =
= -
z 2050 11 _'En
: :
& 1950 10
1850 9
1750 8
0 5 10 15 20 25 30 35 40
% Beads

Figure 7. Beads vs. Density (Weight).

In this study, the maximum and the minimum density is 2330 kg/m? and 1800 kg/m? at 0% and
40% replacement of aggregates with beads. This figure also represents the direct relationship between
% beads and density also weight. The maximum weight of the cylinder at 0% replacement is 12.9 kg
and the minimum is 10.1 kg at 40% beads replacement. Also, the EPS-beads lightweight concrete
density varies from 1800-2200 kg/m3. Percentage weight reduction is shown in Figure 8.

® % Weight Reduction

|% Weight Reduction |

Figure 8. Weight (Dead Load) reduction w.r.t percentage beads in addition.

It can also be seen that approximately 22% of the dead load is reduced after using 40% beads.
At the same time, a lot of saving occurs due to the usage of EPS-beads lightweight concrete because the
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value of the dead load is directly proportional to the number of beads. When the quantity of beads
varies, the specimen dead load is reduced. Furthermore, a comparison of the density of the developed
EPS-beads concrete with already conducted research is shown in Figures 9 and 10.

Comparision-EPS Density(kg/m?3)

40
35
30
25
20
15
10

Density (kg/m?3)

R. sri Sadrmomtazi & Ranjbar & Bengin This Research
Ravindrarajah Sobhani Mousavi M.A.Herki

Figure 9. Comparative analysis of EPS-beads density of this study with Ravindrarajah, R. Sri [59],
Sadrmomtazi, A., et al. [60], Xu, Yj, et al. [6], Ranjbar, M.M., and Mousavi, S.Y. [61], and Herki, B. [2].

Figure 10 indicates the EPS-beads concrete density of different previous research that clearly
indicates that the density of concrete is dependent on the dosage of EPS-beads.

2500 E
2000 i - § u
TR
1500 : : ; ‘
«»EloooﬁJ—HJ
E} E
= 500
g | | i
[] IR N[NNI RR NP XRNDRX XXX XXX RQ ¥R XX X¥[R
[ Glojlonom s G olnolonfnonoonmnol oo o fononomolno
) o o N < o o o o
X X X X X X
R.Sri Ravindrarajah | Sadrmomtazi & Yi Xu Ranjbar & Bengin This Research
Sobhani Mousavi M.A.Herki

EPS (%) and Researchers

Figure 10. Comparative analysis of EPS-beads Dosage vs. EPS beads concrete Density of this study
with Ravindrarajah, R. Sri. [59], Sadrmomtazi, A., et al. [60], Xu, Yi, et al. [6], Ranjbar, M. M., and
Mousavi, S. Y. [61] and Herki, B. [2].

As the EPS-beads’ content increases directly, the concrete density decreases. That occurs because
the density of EPS-beads is much less than that of natural rocky coarse aggregate [2]. The density
variations also occur due to the variations in the entrapped air content against the different EPS-beads’
dosage contents. Density is also changed as the w/c ratio varies [59]. As the thermal insulation
properties of EPS-beads’ concrete increases, at the same time, a lot of dead load saving is achieved and
also the density decreases [6]. In our research, approximately 22% of dead load saving is achieved at
40% beads content. As the EPS-beads’ content increases, the amount of entrapped air voids entering
the concrete increases and the density decreases [60,61].
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3.2. Effect of EPS Beads on U.P.Velocity

In this research, non-destructive testing is also conducted on concrete specimens. Basically,
velocity tells us about the homogeneity and concrete quality. The concrete quality is very noted
parameter in every construction. Figure 11 shows the UPV values at different % beads replacement.

¥ 28 Days % 7 Days

‘ UPV (km/s)

Figure 11. % Beads addition vs. UPV (km/s)

The higher the percentage replacement of beads, the lower the pulse velocity obtained.
The Figure 11 represents the pulse velocity values at 7- and 28-day curing periods. Due to the
curing age affect the pulse velocity values is also affected similarly, the curing period is large the
pulse velocity value is large. Based on concrete quality criteria, all the concrete specimens are truly
homogenous and their quality is good. The higher value of pulse velocity is 4.47 km/s at 28 days
of curing and at 7 days the velocity is 4.22 km/; an approximately 6% higher value of pulse velocity
is obtained at 28 days curing compared to 7 days curing. As the percentage replacement increases,
the percentage difference is reduced between 7- and 28-day pulse values. At 40% replacement,
the difference is only 4.9%. To compare the performance of the developed EPS concrete with already
conducted research based on UPV, a comparison is shown in Figure 12. A similar trend can be seen in
all cases shown in Figure 12.

UPV (km/s)

R.Sri Ravindrarajah i This Research
M.A.Herki

EPS (%) and Researchers

Figure 12. Comparative analysis of UPV of this study with Ravindrarajah, R. Sri [59], and Herki, B. [2].
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According to Bogas et al. [62], lightweight concrete fc” and UPV values decreased as the volume of
lightweight aggregate increased. On the other hand, this strategy is quite the opposite of normal-weight
concrete, because the volume of normal aggregate increases the fc’ and UPV are increased in NWC.
The main reason for the similar trend reported by earlier researchers is that lightweight concrete has
a greater impact on elasticity than on density, leading to a reduction of velocity values. Bogas et al.
used a lightweight aggregate of different types for the preparation of lightweight concrete, but in our
research, a normal rocky coarse aggregate is replaced with expanded polystyrene beads that also the
effective parameter of velocity results.

According to Jones et al. [55], if the concrete has a large air-filled void, then its transit time will
be longer and due to the longer transit time, the velocity values are high. Due to this, in the present
research, the velocity values are high because due to the increasing volume of EPS-beads the entrapped
air voids increased, which also decreased the strength and velocity values. An investigation into the
engineering properties of concrete reported that as a consequence of the cement-water hydration as
a consequence of the cement-water hydration process over curing time, the physical and chemical
changes will occur in the concrete and will increase the strength and density and, as a result, will increase
the UPV values of concrete [2,60].

3.3. % Beads vs. Compressive Strength

At every percentage replacement, destructive compressive strength is applied, and their values
are noted. Table 7 shows the compressive strength values at 7- and 28-days curing.

Table 7. Destructive compressive strength (MPa).

Mix ID Beads Density =~ Compressive Strength  Compressive Strength
Unit (%) (kg/m®) 7 Days (MPa) 28 Days (MPa)
EPSB-0 0 2326 17.36 20.42
EPSB-5 5 2260 16.02 18.09
EPSB-10 10 2194 14.32 15.82
EPSB-15 15 2128 12.91 14.51
EPSB-20 20 2060 11.06 13.07
EPSB-25 25 1997 10.15 12.07
EPSB-30 30 1930 8.99 10.94
EPSB-35 35 1866 8.24 9.59
EPSB-40 40 1800 7.24 8.21

At each mix proportion, the value of compressive strength is higher at 28 days. The maximum
value of EPS-beads lightweight concrete is 18.09 MPa at 5% replacement. The value of compressive
strength varies from 8-18 MPa. The percentage difference between 7- and 28-days strength at 5%
replacement is only 12%. It means that EPS-beads lightweight concrete gains almost 85% strength at
7 days of curing. Figure 13 shows the strength at 7 and 28 days.

The lowest value is obtained at 40% replacement, because the density of EPS-beads lightweight
concrete is lower at 40% replacement. Figure 14 shows the relationship between density and
compressive strength.
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Figure 13. The compressive strength of EPS-beads lightweight concrete.
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Figure 14. The relationship between density and compressive strength.

As percentage replacement is increased, the dead load reduction is increased. However,
the compressive strength of concrete is decreased. The link between density and compressive
strength is directly related. In fact, at lower density, the compressive strength is only 8.21 MPa at 28
days. In this study, the density ranges from 1800-2330 kg/m? and the compressive strength ranges
from 8-21 MPa. To compare the performance of the developed EPS concrete with already conducted
research based on compressive strength, the comparison is shown in Figure 15. A similar trend can
be seen in the graph shown. Figure 15 indicates the comparative analysis of compressive strength of
this study with previous research studies that also show a similar trend of strength; as the dosage
of EPS-beads is increased, the strength of concrete is decreased. The lower strength of EPS-beads
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lightweight concrete with respect to reference concrete (0% EPS-beads) may be due to the following
factors:

(1) The first factor may be the lack of a natural coarse aggregate in the concrete because the concrete
mixes containing coarse aggregate showed a variation in strength and density.

(2) The replacement of natural aggregates with EPS-beads and the resulting increase in the surface
area of fine particles, which can lead to the weakening of interfacial transition zones (ITZ) between
the aggregates and the cement paste.

(3) Itis observed that full compaction was difficult to achieve with the EPS-beads concrete mixes.
Due to this entrapped air content and voids are increased as the volume of EPS-beads (%) is
increased. Due to compaction reasons, strength is decreased.
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Figure 15. Comparative analysis of the compressive strength of this study with Ravindrarajah, R. Sri
and A. J. Tuck [59], Sadrmomtazi, A., et al. [60], Xu, Yi, et al. [6], Ranjbar, M.M., and Mousavi, S.Y. [61]
and Herki, B. [2].

As the adhesion between EPS-beads and the cement paste is decreased, the strength decreases as
well. A similar trend has been noticed in previous research work. The strength of LWAC depends on
the strengths of the lightweight aggregate used and the hardened cement paste, as well as the bonding
of the aggregate/cement paste in the ITZ [2,60,62].

3.4. By Rebound Hammer

In this research study, non-destructive analysis was applied. In addition, the Rebound hammer
test was also applied to every cylinder and similarly the percentage beads and strength analysis were
conducted. Table 8 shows the strength values by non-destructive analysis.
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Table 8. Rebound hammer strength.

15 of 25

Mix ID Beads Density =~ Compressive Strength  Compressive Strength
Unit (%) (kg/m®) 7 Days (MPa) 28 Days (MPa)

EPSB-0 0 2326 16.55 19.77
EPSB-5 5 2260 15.4 17.41
EPSB-10 10 2194 13.41 15.08
EPSB-15 15 2128 12.3 13.33
EPSB-20 20 2060 10.69 12.64
EPSB-25 25 1997 9.77 11.49
EPSB-30 30 1930 8.85 10.23
EPSB-35 35 1866 7.7 9.2
EPSB-40 40 1800 6.9 7.93

Table 8 contains 28 days and 7 days of compressive strength that range from 7-20 MPa. Also, the
density effect is like the previous effect, but the values obtained from the non-destructive analysis are
slightly more littered than destructive testing. Figures 16 and 17 show the rebound hammer strength

at 7 and 28 days and the density and rebound strength relation.

|Rebound Hammer (MPa)I

25

® 28 days =7 Days

Figure 16. Rebound hammer-based compressive strength (MPa) at 7 and 28 days.
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27 days = 28 days
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Figure 17. The relationship between density and rebound hammer strength (MPa).

3.5. Analysis of Destructive and Non-Destructive Values

Compressive strength values from destructive and non-destructive methods have been taken and
their difference is shown in Table 9.

Table 9. Strength difference b/w destructive and non-destructive testing.

Mix ID Beads Density % Difference % Difference

Unit (%) (kg/m?) 7 Days 28 Days
EPSB-0 0 2326 —4.67 -3.18
EPSB-5 5 2260 -3.87 -3.75
EPSB-10 10 2194 —6.35 —4.67
EPSB-15 15 2128 -4.72 -8.13
EPSB-20 20 2060 -3.34 -3.28
EPSB-25 25 1997 -3.74 —4.80
EPSB-30 30 1930 -1.55 —6.48
EPSB-35 35 1866 —6.55 -4.06
EPSB-40 40 1800 —4.69 -3.41

Table 9 represents the difference between strength values. The maximum strength difference that
occurs at 7 days strength is —6.35% at 10% replacement. Also, at 28-days strength, the replacement is
15% and the difference is —8.13%. Along with all these values, non-destructive strength values are less
than the destructive strength. Figure 18 shows the percentage age difference.
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Figure 18. Strength difference vs. percentage beads replacement.

Regression analysis is also a plot between destructive strength and non-destructive strength.
Basically, the analysis shows a linear relationship between strengths. The analysis is shown in Figure 19.

=¢-—7 Days Strength =fi—28 Days Strength
——Linear (7 Days Strength) —— Linear (28 Days Strength
22
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=
[>]

y=0.9477x+0.0929

=
()]
I

=
N

=
o

‘ R.H .Strength (MPa)‘
'S

6 8 10 12 14 16 18 20 22
Compressive Strength (MPa)

Figure 19. Regression analysis for rebound hammer-based compressive strength (MPa).

The main R-square value for 7 days’ strength is 99% and similarly for 28 days is also 99%.
The R-values show that the relationship between destructive and non-destructive techniques is very
good and acceptable. Overall, the linear curve is formed.

3.6. Pulse Velocity vs. Compressive Strength

In the pulse velocity test, the dynamic modulus of elasticity is very important. In addition,
the velocity across strength is a very important phenomenon. The pulse velocity also indicates the
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relation with concrete specimen strength. Figure 20 shows the link between destructive cylinder
strength and pulse velocity.

&7 Days ==[]==28 Days
25
20
©
[- %
2
=
0 15
c
g
A
o <
210
5]
2
° <
a
5
0
2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9 4.1 4.3 4.5
UPV (km/s)

Figure 20. The relationship between velocity (UPV) and destructive strength (MPa).

The value of velocity varies from 2.68—4.22 km/s for 7 days of curing strength. However, for 28-days
curing, the value varies from 2.82—4.47 km/s. Basically, the direct relationship occurs between pulse
velocity and strength. Higher value velocity is obtained at a higher strength cylinder, and lower velocity
is obtained at a lower strength cylinder. Inversely, it indicates that less replacement of EPS-beads
results in greater strength. Conversely, the higher strength gives higher velocity values.

3.7. Predicted Strength from UPV Results by Regression Analysis

The velocity results are also used to find out the results of concrete specimen strength with the
help of analysis like Regression analysis [15]. In this exploratory study, the regression analysis is also
applied as shown in Figure 21 between destructive values of strength and ultrasonic pulse velocity
values. Equation (3) represents the regression eq’s that are given below and is based on a linear
relationship found in this case study:

y = 6.7977 x — 11.002 ®G)

x = Avg Pulse velocity (km/s)
y = Compressive strength of concrete cylinder (MPa)

The value of R-Square is 98%. This indicates that the results obtained from this equation are

approximately equal to destructive test strength results. The predicted results for 7 and 28 days are
shown in Tables 10 and 11.
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Figure 21. Regression analysis for UPV-based compressive strength (MPa).

Table 10. Difference between destructive strength and UPV predicted strength at 7 days.

MixID Beads Avg Velocity 7days Predicted Strength  Destructive (C.S)  Difference

Units (%) km/s 7 Days (MPa) 7 Days (MPa) %
EPSB-0 0 422 17.68 17.36 1.84
EPSB-5 5 4.01 16.26 16.02 1.5
EPSB-10 10 3.75 14.49 14.32 1.19
EPSB-15 15 3.57 13.27 12.91 2.79
EPSB-20 20 3.33 11.63 11.06 5.15
EPSB-25 25 3.16 10.48 10.15 3.25
EPSB-30 30 2.99 9.32 8.99 3.67
EPSB-35 35 2.81 8.1 8.24 -17
EPSB-40 40 2.68 7.22 7.24 -0.28

Table 11. Difference between destructive strength and UPV predicted strength at 28 days.

MixID Beads  Avg Velocity 28 days  Predicted Strength ~ Destructive (C.S)  Difference

Unit (%) km/s 28 Days (MPa) 28 Days (MPa) %
EPSB-0 0 4.47 19.38 20.42 -5.09
EPSB-5 5 4.3 18.23 18.09 0.77
EPSB-10 10 4.03 16.39 15.82 3.6
EPSB-15 15 3.86 15.24 14.51 5.03
EPSB-20 20 3.6 13.47 13.07 3.06
EPSB-25 25 3.38 11.97 12.07 -0.83
EPSB-30 30 3.15 10.41 10.94 —4.84
EPSB-35 35 3.01 9.46 9.59 -1.36
EPSB-40 40 2.82 8.17 8.21 -0.49

This table also indicates the predicted compressive strength of concrete cylinders. Now focus
on Table 10, it indicates that the experimental values are near to theoretical values that are obtained
from the regression analysis. In 7 days of analysis, most values are greater than experimental values,
but that is also helpful to judge the concrete strength because the highest percentage difference is found
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on a 20% replacement that is 5.15%. Similarly, all other values are close to each other. At 10%, 35% and
40%, the actual and predicted values are very close to each other.

Similarly, the 28 days strength also indicates a closer relationship between actual and predicted
values. At 5% and 40% replacement of beads, the difference is only 0.77% and —0.49 which means that
it is very close to the actual value. In 28 days of analysis, most values are greater than experimental
values, but that is also helpful to judge the concrete strength because the highest percentage difference
is only —5.09% derived. Figure 22a,b also shows the strength variation at 7- and 28-days curing.

% Predicted Strength  ® Actual Strength

Strength (MPa)

3.16 3.33 3.57 3.75 4.01 4.22

(a)

# Predicted Strength ~ ® Actual Strength

25

20
©
o

15 S
<
o

10| §
&

5

0

3.38 3.6 3.86
UPV(Km/sec)
(b)

Figure 22. (a). Strength variations at 7 days. (b). Strength variation at 28 days.

The strength obtained theoretically varies from 7-18 MPa at 7 days. On the other hand, the range
varies from 8-19.5 MPa at 28 days. All of these values lie in the range of tentative strength values.
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3.8. Effect of Beads vs. Dynamic Modulus of Elasticity

Dynamic modulus of elasticity basically originates out via pulse waves; the formula is given
above. It can also be found by putting the values of density and pulse velocity and poisons ratio [3,30].
Figure 23 shows the relation between percentage beads replacement and Ed at 7 and 28 days.

® 28 Days ® 7 Days

T ﬁ
iore

Dynamic Modulus of Elasticity (GPa)

Tsti e
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i kel 5
. rh' H
',"("1. -‘::‘ E
'.’_’u';' oo 3
T — T
20 25
% Beads

Figure 23. Relationship between percentage beads and Ed at 7 and 28 days.

The figure indicates the direct relationship between the percentage of beads and Ed. The highest
value is obtained at 0% that is approximately 36 GPa at 28 days curing. It means that the curing
age effect also occurs, and it also affects the Ed values. However, percentage replacement is also
an important parameter in this research. Similarly, as the percentage beads increases, the dynamic
modulus decreases, Ed.

3.9. Effect of UPV vs. Ed

The main parameter that is obtained from the velocity values is the dynamic modulus of
elasticity [3], which leads towards the true relation between velocity and Ed [30].

Figure 24 shows the relation between these two parameters. In this figure, a direct relation is
formed between these two parameters i.e., the higher the velocity value, the higher the Ed values is.
Nevertheless, remember the curing period also effects these parameters, because on 7 days of curing,
the velocity is 4.22 km/s and Ed are 32 GPa; however, on 28 days curing, the velocity is 4.47 km/s and
the Ed is 36 GPa.
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Figure 24. Effect of UPV values on Ed values.
4. Conclusions

In this research, the development and application of lightweight concrete has been studied with
the help of destructive and non-destructive testing techniques. Removal of useless weight has been
tested via changing rocky coarse aggregates with EPS-beads (i.e., ranging from 5%—40% replacement).
The simplest output is that at 5% substitution of aggregates, about 5% useless load is reduced by means
of the general weight of the concrete specimen. At 40% alternative, approximately 22% load is reduced
because of density concepts. However, it is far seen that density and compressive strength are directly
proportional to each other. At 40% alternative, 28 days’ compressive strength is around 8.5 MPa and
the density is 1800 kg/m?. The relation between percentage beads and compressive strength is inverse.
The rebound hammer test suggests a reasonably linear courting with destructive strength. The value of
R-square is 99% for 28 days and 7 days strength. That represents a totally secure linear courting among
rebound hammer and destruction strength test values. Percentage beads replacement essentially as
the share substitute has increased the ultrasonic pulse velocity. The regression analysis provides a
relationship between velocity and destructive strength values. The equation developed for relationship
analysis is y = 6.7977 X — 11.002. The R-Square value is 98% and with the help of this equation,
the unforeseen compressive strength value is predicted by taking UPV results under non-destructive
conditions. The influence of percentage alternative can be predicted for the compressive strength
values. However, it is concluded that EPSB-25 to EPSB-40 mix concrete design can be used for
concrete block production i.e., it can serve only for a lightweight partition wall concept and not
taking a load. It saves a lot of cost in tall building construction. In the frame structure, such type of
block can be recommended to use instead of bricks for partition purposes. The impact of percentage
alternative is likewise identified on Ed values as a percentage beads increase contributes to Ed values
reduction. Furthermore, if EPS-beads serve as a replacement to coarse aggregate for the development
of construction material, it will contribute to the application of the circular economy concept as it is
one of the major sources of cost-saving for a major coarse aggregate replacement.
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