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1. INTRODUCTION

Concrete is widely used as one of the most
essential building materials in the world [1].
The great workability of concrete is necessary
when the section is complex and narrow, or
when there are inaccessible areas or several
corners, as well as when steel reinforcing is
dense, making it difficult to place or compact
concrete. So, full consolidation may be
performed with minimum effort [2, 3]. Self-
compacting concrete (SCC) in its fresh state has
several significant advantages, the most notable
of which are that it does not require vibration to
completely fill the formwork and adequately
surround the reinforcement (even in densely
reinforced areas), leave voids, and segregate
either while it is being cast or after it has been
cast. To achieve this, the SCC must, in addition
to possessing high fluidity, display a good
ability to flow and pass between the reinforcing
bars, as well as an exceptional capacity to flow
in the manner of a "viscous fluid" [4, 5]. One of
the most advanced concrete technologies is
self-compacting concrete (SCC) [6]. However,
SCC is being reconsidered due to its high
cement content, which results in an increased
carbon footprint in response to the rising
demand for sustainable development. With
increased awareness of  environmental
preservation and sustainable construction,
using waste powder as a cement substitute is
gaining popularity [7]. Research should focus
on locating new materials and raising the
replacement levels. The qualities of SCC are the
consequence of altering the composition of
traditional vibrated concrete by inserting a high
powder content, mostly cement, vibrating the
concrete at a higher frequency. The widespread
substitution of fine waste materials for cement
can reduce the carbon footprint caused by
manufacturing concrete [8]. Therefore,
partially replacing cement in concrete with

ceramic and glass waste provides significant
energy savings and environmental advantages.
Furthermore, cement accounts for more than
45 percent of the total cost, significantly
impacting the concrete cost [9]. The building
sector has made substantial progress in
recycling industrial byproducts and waste, such
as waste glass and ceramic powder. Recycling
this waste by transforming it into supplemental
cementitious materials (SCMs) not only saves
landfill space but also lessens the demand for
extracting natural raw materials for
construction activities, according to Rakshvir
and Barai [10]. Since these alternatives
necessitate substantial research into their
impact on concrete characteristics, several
studies have been conducted. Rahhal et al. [11]
used two distinct forms of ceramic waste as a
substitute for cement. The research findings
indicated that using glass waste powder (GWP)
enhanced the concrete properties of other
natural pozzolans. As defined by Thomas [12],
pozzolanic activity refers to a material's ability
to react with calcium hydroxide when in contact
with water. Zeng et al. [13] studied the activity
of residues from tile polishing. Their research
concluded that these residues possessed
pozzolanic properties. Several studies have
examined the impact and utilization of GWP as
cementitious  materials. These studies
concluded that using more than 20% CWP
reduced elements for CSH formation, delaying
both early and late strengths. Furthermore, a
decrease was observed in strength [15-18].
Researchers investigated the characteristics of
concrete incorporating GWP as an addition to
cement mixture [16]. The results demonstrated
that adding GWP improved strength, abrasion
resistance, and resistance to sodium sulfate in
concrete. Additionally, it was found that
incorporating GWP into mixes could enhance
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their mechanical properties, workability, and
chemical resistance [19-21]. Other studies [22-
25] that investigated using CWP and GWP
concluded that it had no pozzolanic action at
young ages but did at older ages. All
investigations came to the same conclusion:
CWP and GWP impacted early strength and
required a longer time to acquire strength. The
present research aims to establish the viability
of partially included waste ceramic and glass
combinations by conducting engineering tests
and sustainability analysis.

2, RESEARCH SIGNIFICANCE

The significance of this research lies in its
attempts to provide performance data on SCC
produced in the northern region of Iraq to bring
attention to the possibility of its efficient use in
building and construction. On the other hand,
in this work, local cement, local aggregates,
admixtures produced by local suppliers, and
local cementitious materials (GWP and CWP)
were used to enhance the sustainability of SCC
mixes by reducing the demand for cement, thus
reducing CO2 emissions from the cement
factories and also reducing the demand for non-
renewable natural resources.

3.MATERIALS AND EXPERIMENTAL
PROGRAM

3.1.Cement

The chemical and physical parameters of Type
I Portland cement from Badush Cement
Factory in Mosul, Iraq, following ASTM Ci50,
are listed in Table 1.

3.2.Fine Aggregate (Sand)

Natural river sand from the Kanhash region of
Mosul, Iraq, was utilized for this study. Its
specific gravity was 2.67, according to ASTM
C128 [33].

3.3.Coarse Aggregate (Gravel)

The coarse aggregate used in this paper was
natural river-rounded gravel from the Khazer
area of Mosul, Iraq. Its nominal maximum size
was 12.5 mm, and its specific gravity was 2.7,
according to ASTM C127 [34].

3.4.Water

For mixing and curing concrete mixtures,
regular tap water was used.

3.5.Super Plasticizer

In most SCC combinations, a high-range water-
reducing and retarding super plasticizing
admixture (Sika® ViscoCrete®-1316 Hi-Tech,
type G) was added.

3.6.Ceramic Waste Powder (CWP)

The chemical and physical attributes are shown
in Table 1. They were collected from broken
ceramic materials in Mosul's ceramic storages,
cleaned, crushed, ground, and sieved through
No. 325 mesh (ASTM Ei11).

3.7.Glass Waste Powder (GWP)

After being cleaned, crushed, and ground,
Mosul, Iraq's leftover broken glass (Drink
bottles and waste of windows glass) was sieved

through No. 325 (ASTM E11) to obtain a powder
with a fineness similar to the fineness of the
cement. Table 1 shows the chemical and
physical characteristics of this glass.
3.8.Concrete Mix Proportion and
Preparation

Mixtures for SCCs were designed using the
guidelines established in EFNARC [26]. Sixteen
different mixtures were produced using
supplementary cementitious materials (SCMs)
to replace cement partially. The replacement
levels of SCMs were 5%, 10%, and 15% (by
weight of cement), divided into three series:
Series A (containing ceramic waste powder),
Series B (containing glass waste powder), and
Series C (containing combinations of ceramic
waste powder and glass waste powder). All the
mixtures had the same sand, gravel, water, and
superplasticizer amounts. Table 2 summarizes
all mixes' mix ratios and design factors. First,
the gravel and sand were combined in a dry
mixer for one minute. After the appropriate
amount of CWP and GWP were mixed with
cement in a separate container, it was added to
the aggregate matrix (mixed earlier). Following
adding a predetermined quantity of water and
superplasticizer to the mixture, it was
vigorously combined for an additional five
minutes to obtain a homogeneous mixture.
After the concrete was mixed, its workability
was evaluated using many different tests
according to EFNARC [26], including the
slump, the V-funnel, the L-box, the J-ring, and
the V-funnel tests at Tsmin. It was established
that the values of the tests conducted on
concrete using various levels of SCM
substitution = continued to fulfill the
requirements of the EFNARC specification. A
smooth steel trowel was used to finish the
surface of the concrete after it was laid without
being compacted. Before the material was
removed from the mold, it was allowed to
remain damp inside the mold for twenty-four
hours. Following removing the molds, the
concrete was subjected to a period of curing in
a water tank before being tested.

Table 1 The Chemical and Physical
Characteristics of OPC, CWP, and GWP.

Property OPC % GWP CwP
CaO 73.14 10.655 11.35
MgO 3.83 1184 1.21
SiO2 23..88 74.745 72.6
Al203 6.75 3.65 10.25
Fe203 2.83 0.86 0.74
SOs3 1.97 2.28 1.03
LOI 1.22 2.456 0.97
Free lime 1.57 e mmeemee-
Physical properties
Specific surface (cm2/gm) 3194 2078 2260
Setting Time (min) Initial- 145 — -—--—m-mm -
Final- 185
Specific gravity 3.08 2.87 2.63

The testing of the materials was done at the
laboratories of Soran University.
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Table 2 Designed for Self-Compacting Concrete, Mix Proportions: 1:1.67:1.62 /0.33.

Mix. Series * Mix. ID Cement CwP GWP Water Sand Gravel Super.
(kg/m3) (kg/m3)  (kg/m3) (kg/m3) (kg/m3) (kg/m3) (%)
Control MCoGo 516 o) o) 170 862 836 1.7
MCs5Go 490 26 o 170 862 836 1.7
A MC10Go 464 52 o) 170 862 836 1.7
MC15Go 439 77 o) 170 862 836 1.7
MCoGs5 490 26 170 862 836 1.7
B MCoG10 464 52 170 862 836 1.7
MCoGi5 439 o) 77 170 862 836 1.7
MC5G5 464 26 26 170 862 836 1.7
MC5G10 439 26 52 170 862 836 1.7
MC5G15 413 26 77 170 862 836 1.7
MC10G5 439 52 26 170 862 836 1.7
C MC10G10 413 52 52 170 862 836 17
MC10G15 387 52 77 170 862 836 17
MC15G5 413 77 26 170 862 836 17
MCi5G10 387 77 52 170 862 836 17
MC15G15 361 77 77 170 862 836 17

* E.g., MCoGo denotes a mixture with 0% CWP and 0% GWP.

4.EXPERIMENTAL TESTING
4.1.Strength Activity Index (SAI)
The activity index of the SCMs was determined
by comparing the compressive strength of
mixes based on pure cement (control mix) to
mixes in which the SCMs replace 20% of the
cement. The SAI after three days must be
greater than 75%, as required by ASTM
C311[32] to classify the SCMs under research as
pozzolan.
4.2.Rheological Properties of SCC
According to EFNARC [26], a concrete mixture
may only be classified as SCC if all three
requirements are met. The functional
requirements of SCC are:

1- Filling ability: the SCC’s capacity to flow

under gravity into and completely fill any

spaces within complex formwork
containing obstacles, such as dense
reinforcement.

2- Passing ability: the SCC’s capacity to flow
through spaces approaching the size of
the coarse gravel, such as the spaces
between reinforcing rebar, without any
segregation.

3- Resistance to segregation: the SCC’s
capacity to maintain homogeneity
throughout transporting, casting, and
finishing.

In this study, slump flow, V-funnel, V-funnel at
T5 min, L-box, and J-ring tests were done on
three series of mixes (A, B, and C) to ensure the
rheological properties of SCC. The slump flow
and V-funnel tests were used to evaluate SCC's
filling ability, the L-box and J-ring tests were
used to evaluate SCC's passing ability, and the
V-funnel at T5 min test was used to evaluate
SCC's resistance to segregation, as shown in the
Fig. 1. Testing was done in compliance with
European SCC standards [26].

Fig. 1 (a) Slump Flow Test, (b) V-Funnel and V-Funnel at T5 min Tests,
(c) L-Box Test, and (d) J-Ring Test.
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4.3.Hardened Concrete Tests

After mixing mixtures that met the three
requirements of passing ability, resistance to
segregation, and filling ability, specimens were
cast in molds wusing their weights for
compaction. After one day of casting, all
specimens were de-molded in a controlled
room at 22 + 2 °C and cured in water at 22 + 2
°C and 65% RH until testing. Three
100x100x100 mm cubes and three
100x100%x400 mm prisms were tested for each
mix to measure its compressive and flexural
strengths, respectively, as shown in Fig. 2. The
compressive strength test was done according
to BS 1881, Part 116 [30], and the flexural
strength test was done according to ASTM C78

[31].

(b)
Fig. 2 (a) Compressive Strength Test and (b)
Flexural Strength Test.

5.TEST RESULTS AND DISCUSSION
5.1.Strength Activity Index (SAI)

At the age of 7 days, the Strength Activity Index
(SAI) of the SCMs provided a good SAI,
fulfilling the ASTM C311 standard for natural
pozzolan [32]. The SAI at seven days for mortar
cubes (50x50x50 mm) was 90% and 87% for
GWP and CWP, respectively. as shown in Table
3.

Table 3 Strength Activity Index Test According
to ASTM C311.

Mix Binder Compressive SAI
. % Strength (MPa) %

OPC

Control 100% 25 e
OPC 80%

GWP and GWP 225 90
20%
OPC 80%

CWP and CWP 2175 87

20%
According to ASTM C311, the SAI should be > 75%.

5.2.Rheological Properties of SCC

The rheological test results are highlighted
because they demonstrate the effects of waste
glass (GWP) and ceramic waste (CWP) powder
substitution as supplementary cementitious
materials (SCMs) on the fresh behavior of SCC
mixes. Table 4 summarizes the fresh test
findings for all SCC mixes: covering filling
ability, i.e., slump flow and V-funnel test;
passing ability, i.e., L-box and J-ring test; and
segregation resistance (V-funnel at T5 min.
test). All testing was done in compliance with
EFNARC [26]. The results for rheological
properties (fresh concrete tests) of self-
compacting concrete are shown in Table 4.
Table 4 shows that the workability of all
mixtures with different levels of SCMs
replacement in the mixture gradually decreased
as the substitution ratios increased [24, 20].
However, the reduction was insignificant; the
rheological properties remained within the
limits specified by EFNARC. It is worth noting
that the effect of ceramic waste was very similar
to that of glass waste, as both work to reduce
workability slightly; however, the effect of
ceramics was due to an increase in water
demand (water absorption capacity), whereas
the effect of glass waste was due to the surface
roughness (angular shape) of the glass particles
[27, 24]. According to slump flow and V-funnel
test results (Table 4), SCMs negatively
impacted filling ability, consistent with [28,
29]. SCC mixes with SCMs substitution ratios
had slump flow values ranging from 665 to 775
mm and a V-funnel time ranging from 7 to 11.8
sec. All SCC mixes met the EFNARC target
values except for the mixture MC15G15, whose
value was slightly outside the limits of the
specification. In terms of passing ability (L-box
and J-ring tests), all SCC mixtures
demonstrated good values in the range of 0.96
to 0.8 and 5.8 to 8.4 mm, respectively, which
corresponded to the EFNARC target and was
attained by all SCC mixes. The same principle
applies to segregation resistance (V-funnel at
T5 min. test). According to the EFNARC
Acceptance Criteria of the SCC, all values
obtained showed satisfactory outcomes.
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Table 4 Rheological Test of SCC.

_ Filling Ability Passing Ability Segregation
Mix. Mix. ID :
series IS:}‘;:?P ‘f:;nnel L-box ill:al;tglilgt V-funnel at Ts
el e (h2/h1) T min. (sec.)
Control MCoGo 760 7.0 0.95 6.2 10.1
MCs5Go 755 7.5 0.96 6.5 10.4
A MC10Go 740 8.1 0.92 6.8 11.1
MCi15Go 730 8.3 0.93 7.3 11.2
MCoGs5 760 7.8 0.95 5.8 10.8
B MCoGi1o 750 8.3 0.9 6.7 11.2
MCoGi5 720 9.4 0.89 7.6 12.5
MCs5Gs5 745 7.6 0.92 7 10.7
MCs5G10 710 8.1 0.88 7.4 11.3
MCs5G15 705 10.0 0.86 7.7 13.0
MC10G5 715 10.0 0.9 7.2 13.0
C MCi0G10 700 9.0 0.89 7.6 12.3
MC10G15 680 9.8 0.85 8 13.0
MCi15G5 690 11.3 0.87 7.9 14.8
MCi5G10 685 11.8 0.83 8.1 15.4
MCi15G15 665 12.8 0.8 8.4 16.6
SCC Acceptance Criteria According to EFNARC
Min. 650 6 0.8 o 0
Max. 800 12 1.0 10 +3%

*"+3" refers to the increase in the time of the second test (V-funnel at T5 min test) over the time of the first test (V-funnel test).

5.3.Hardened Properties of SCC

As for the SCC hardened performance, the
compressive strength and flexural strength of
SCC specimens that were cured with water for
up to 28, 56, and 90 days were tested. The mean
compressive strength and the mean flexural
strength, measured from three samples for each
mix, are shown in Table 5. The control mixtures
at different ages were chosen as the reference
mixtures; the goal was to compare the strengths
of several mixtures at different ages by
comparing the strength values for each series to
the control strength value. Table 5 shows that at
28 days, the compressive strength values
decreased between 2% and 33% of the control
strength value. The value for the control sample
was the highest, and the value for the MC15G15
sample was the lowest. At 9o days, the MC10Go
sample had the maximum compressive

strength and exceeded 11% over the control
strength value, whereas the MC15G10 sample
had the lowest, decreased by 17% less than the
control strength value. Also, at 28 days, the
flexural strength values ranged between 3%
more than the control strength value and 16%
less than the control strength value. The
MCoG10 sample value was the highest, and the
MCi15G15 sample was the lowest. In 90 days,
the MCoG10 sample had the maximum flexural
strength, 9% more than the control strength
value, whereas the MCi15G15 sample had the
lowest, 9% less than the control strength value.
Fig. 3 shows the difference between
compressive strength values at different ages,
and Fig. 4 shows the difference between flexural
strength values at different ages.
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Table 5 Hardened Test of SCC.

Control MCoGo
MCs5Go 47 52
A MCi10Go 45 53
MC15Go 44 52
MCoGs5 47 48
B MCoG1o 46 49
MCoGi5 46 50
MCs5G5 45 51
MC5G10 44 47
MCs5G15 41 46
MC10G5 39 47
C MC10G10 41 44
MC10G15 34 42
MCi15G5 37 44
MC15G10 36 41
MCi15G15 32 38
60 m28 days = 56 days =90 days

Compressive Strength (MPa)
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Fig. 3 Compressive Strength (MPa) at 28, 56, and 90 Days.
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Fig. 4 Flexural Strength (MPa) at 28, 56, and 90 Days.
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The value for the control sample was among the
highest values at an early age, indicating that
including SCMs in SCC decreased the
compressive strength and flexural strength at
an early age [20]. However, the results
exceeded those of the SCC mix controls at a
later age [23]. This process can be attributed to
the fact that when glass waste and ceramic
waste are powdered into microparticles, they
will be subjected to pozzolanic reactions with
cement hydrates at late ages, resulting in
secondary calcium silicate hydrate (C-S-H) gel,
which significantly contributes to the
cementitious character [35]. Here, too, the
function of GWP and CWP is better understood
since they merely serve as an inert filler that
decreases the strength of the SCMs series.
Nonetheless, SCMs already performed
significantly at later ages, with the slower
pozzolanic reactions that contributed to the
mixture of the SCMs. Some researchers'
findings showed that using GWP in mixtures
with CWP could drop the strength at an early
age. However, the effect of SCMs was noticed at
a later age, as all of the studied SCC concretes
can reach compressive and flexural strengths of
more than 60 MPa and 8.1 MPa, respectively,
after 9o days. These results agree with [28, 29].

6.CONCLUSIONS
The following conclusions were drawn from the
results:

1- It is possible to create SCC mixtures with
good strengths by combining CWP and
GWP (Ceramic Waste Powder and Glass
Waste Powder) as supplementary
cementitious materials in  partial
replacement with cement. The study's [14,
16] conclusions have reported the same.

2- Using CWP and GWP individually or in
combination with SCMs significantly
improved mechanical strength. At 10%, as
a partial substitution of cement, achieved
the maximum compressive strength (60
MPa) and flexural strength (8 MPa) at 9o
days, which were 11% and 8.1%,
respectively, more than the reference mix
(54 MPa and 7.4 MPa, respectively). The
same was reported in [35].

3- Using GWP and CWP in SCC decreased
strength at an early age. However, the
strength values exceeded the control
values at a later age, i.e., attributed to the
long duration of pozzolanic reactions. The
same conclusion was reported in [20, 23].
The rheological properties of SCC for all
mixtures with different levels of SCMs
replacement gradually decreased as the
substitution ratios increased. The
reduction in flowability for substitution,
ranging from 5% to 35%, was
approximately 0% to 12%, respectively.
However, the reduction was insignificant.
The fresh properties remained within the

£
]

limits specified by EFNARC. The same
conclusion was reported in [27, 28, 29].
5- The best ratio that included CWP and
GWP used in this study, which enhanced
the sustainability of SCC mixtures by
reducing the amount of cement and non-
renewable natural resources, was
MC10G10, although it was not the
strongest. However, it included the
highest replacement ratio (10% CWP and
10% GWP) that met all the SCC functional
requirements (filling ability, passing
ability, and resistance to segregation)
without compromising strength. Its
compressive strength (52 MPa) equaled
96% of the reference mixture strength,
and its flexural strength (7.7 MPa) was 4%
higher than the reference mixture strength

at 9o days.
NOMENCLATURE
SCC Self-Compacting Concrete
CWP Ceramic Waste Powder
GWP Glass Waste Powder
SCMs Supplementary Cementitious
Materials
EFNARC  European Federation

Dedicated to Specialist
Construction Chemicals and
Concrete Systems

SAI Strength Activity Index
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