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The large quantity of waste or by-product materials (such as waste glass and steel slag)
released to landfills is considered to be a real problem. The use of these materials as cement
replacements makes it possible to solve this problem and reduce the quantity of carbon dioxide
emitted from the cement manufacturing process. This paper presents the effect of waste glass
powder (GP) and steel slag powder (SSP) on the properties of blended cement mortar. The
flow, compressive strength, direct tensile strength and dry density of cement mortar containing
GP and SSP as cement replacements with and without superplasticizer (SP) are studied and
compared with the control mix. The results show that the glass and steel slag powders, once
they are simultaneously added as a ternary blended cement mortar, reduce the water binder
ratio required to achieve flowability. Additionally, the compressive strength results of such
blended mortar showed that the increased GP content exhibits better performance than that
of slag powder for the same level of waste materials replacements.

Key words: glass powder; steel slag powder; flowability.

1. INTRODUCTION

Cement manufacturing emits about 5-7% of global anthropogenic greenhouse
gas emissions. The high contribution comes from the production of cement whose
each ton releases about 0.8 to 1 tons of the carbon dioxide (COg2) that is being
emitted to the atmosphere from both fuel combustion and calcination process
of raw materials [1]. Local materials such as glass and steel slag powders are
available as partial replacements of cement and offer a viable strategy to reduce
the cement proportion use [1-3]. Actually, these products reduce the amount of
carbon dioxide released into the atmosphere, whereas Portland cement manufac-
turing increases those emissions. Using these materials not only helps to reduce
the amount of CO9 emissions and cost of cement but it also provides a partial
solution to environmental and ecological issues all over the world caused by huge
landfills, resulting in serious environmental pollutions in terms of quantity and
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associated health risks faced by all parts of the world [4, 5]. Worldwide, around
130 million tons of glass are currently produced annually and about 79% left in
landfills [html|. According to BIGNOZZI et al. 6], the chemical composition of
the glass plays a major role in creating the conditions for developing pozzolanic
and/or alkali-silica reactions. While according to PATEL et al. [7] and VIJAYAKU-
MAR et al. [8], GP with particles smaller than 75 pm does not induce an alkali-
silica reaction (ASR). Nassar and SOROUSHIAN [9] observed that the grinding of
pozzolanic materials to micro-scale for particle size activates the reactions with
cement hydrates forming secondary calcium silicate hydrate (C—S-H). However,
PATEL et al. |7] observed through SEM and EDX analysis that the waste GP
behaves as filler in early ages of curing and the propagation of the C-S-H com-
pound may happen at later ages signifying its pozzolanic nature. Another study
was conducted by TAMANNA et al. [10] who found that the calcium hydroxide
Ca(OH)3 has been decreased while the C-S-H formation was increased simulta-
neously at 90 days for particle sizes of 75-38 um and lower than 38 pum.

MaTos and SOUSA-COUTINHO [11] also found that the notable strength
activity indices were obtained at 90 days of curing for mortar containing GP
with a significant increase between 28 and 90 days, which means that the poz-
zolanic activity occurred. IBRAHIM and MEAWAD [12]| found that the ions do
not have effects on the performance of the formation of C-S-H, which is the
main phase of the pozzolanic reaction. According to studies conducted by Matos
and COUTINHO [11], ISLAM et al. [13] and ALIABDO et al. [14], the GP can
be considered as pozzolanic-cementitious material according to requirements of
ASTM C 618 [15|. ALIABDO et al. [14] studied the GP contents that were 0%,
5%, 10%, 15%, 20%, and 25% by weight of cement. The test results showed
that the use of 10% of the GP as cement replacement improved the compres-
sive strength of mortar by about 9.0%. Generally, the use of GP as a partial
cement replacement up to 15.0% improved the concrete properties for the mixes
modified with GP.

Steel slags (SS) are industrial by-products of steel manufacturing. The com-
mon mineral compositions for SS are CsS, C3S, CoF, C4AF, Fe3O4, and RO
phase (CaO-FeO-MnO-MgO solid solution), free CaO and free MgO. Accord-
ing to the World Steel Association Global, the Middle East produced 45.3 Mt
of crude steel in 2019, and the production of one ton of steel tends to produce
about 130-200 kg of SS, depending on the steel production process and the com-
position of steel [16, 17|. According to SHI [16], the chemical composition and
cooling of molten SS have a great effect on the physical and chemical properties
of solidified SS.

WANG et al. [18] observed that the hydration rate of SS increases as its
specific surface area increases. L1U et al. [19] observed that the allowed amount
of particle size with more than 65 pm is less than 10% compared to particle
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size less than 65 um. KOUROUNIS et al. [20] and WANG et al. [21] observed
that the SS retards the hydration of the blended cement due to the contained
Ca2S morphology. This is because SCsS turns to yCaS when the temperature
drops below 500 °C during cooling crystallization. The cooling process of SS is
long enough to allow the lattice rearrangement, so a considerable amount of CyS
takes the form of yCsS. The activity of vCsS is much lower than that of SCsS, in
addition to insufficiency in C3S. So, the early age hydration is retarded, leading
to a reduction in the early age compressive strength [22].

2. OBJECTIVES OF THE STUDY

The objectives of this study are to produce eco-friendly mortar by the ad-
dition of GP and SSP as a replacement of cement in two stages: the first stage
evaluates the pozzolanic effects of glass and steel slag powders, and the second
stage consists of studying the properties of glass and steel slag powder-blended
cement mortar.

3. MATERIALS, EXPERIMENTAL PARAMETERS AND TESTING

3.1. Material properties

Ordinary Portland cement Type I is obtained from the Badoush Expansion
Cement Factory. This cement type satisfies the 1QS: 5/1984 [23] specification
guidelines. Chemical analysis of cement is shown in Table 1, while physical cha-
racteristics are shown in Table 2. The specific gravity values for each of glass and
steel slag powders with particles finer than 63 um are 2.62 and 3.47, respectively.
Chemical analyses of glass and steel slag powders are presented in Tables 3 and 4,

Table 1. The chemical composition of ordinary Portland cement.

Constituent Content percent [%] Limits of IQS 5/1984
CaO 62.5 -
SiO2 20.91 -

Al,O3 5.96 -
MgO 3.8 > 5.0%
FezO3 2.53 -
SO3 2.32 > 2.8%
L.O.I 1.45 > 4.0%
CsS 39.5 -
C2S 30.16 -
CsA 11.5 -
C4AF 7.7 -
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Table 2. Physical characteristics of ordinary Portland cement.

Test Produced cement Limits of IQS 5/1984
Initial setting time [min]| 143 min 45
Final setting time [min)] 175.5 max 600
Blain fineness [cm? /g] 3398 more than 2300
Compressive strength [N/mm?|
3 days 31.64 > 16
7 days 39.3 >24

Table 3. Chemical composition of GP.

Constituent Content percent [%)] Poizs(%?\;[l CCIZEN
CaO 10.43 -
SiO2 73.7 -

Al203 0.72 -
MgO 1.27 -
Fe203 0.38 -
SO3 - 4
NazO 12.71 -
K20 0.70 -
TiO, 0.086 -
L.OI - 10
SiO2 + Al2O3 + FezOgs, min. percent 74.8 Min. 70
Table 4. Chemical composition of SSP.
Constituent Content percent (%) ASTM C989
CaO 44.27 -
Si02 18.73 -
AlI203 2.18 -
MgO 5.54 -
Fe203 22.69 -
SO3 0.45 max 2.5
Na.O - -
K20 0.01 -
L.O.I 6.12 10
(Sas0 + 0,658 Ks0) ooosss | 0%
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respectively. SP has been provided by Sika ViscoCrete hi-tech 1316. This SP is
conformed to ASTM C494 — Type F and G [24]. The natural river sand is the
fine aggregate used in this study and was obtained from the Kanhash region
in Mosul, Iraq. The specific gravity, absorption and fineness modulus of sand
are 2.66, 1% and 3, respectively. The sand grading analysis is conformed to 1QS
45/1984 [25] and given in Table 5. Potable water was used for mixing and curing
processes.

Table 5. Grading of fine aggregate.

Sieve No. [mm] Cumulative passing [%)] Limits of IQS 45/1984
3/8" 100 100
No. 4 (4.75) 92 90-100
No. 8 (2.36) 80 75-100
No. 16 (1.18) 58 55-90
No. 30 (0.60) 39 35-59
No. 60 (0.30) 23 8-30
No. 100 (0.15) 7 0-10

3.2. Experimental parameters

The experimental part of this research is conducted in two stages. The first
stage includes the evaluation of the pozzolanic effect of GP and SSP using the
strength activity index according to ASTM C618 [15] and ASTM C989 [26], re-
spectively. Whereas the second stage presents the use of GP and SSP as partial
replacements of cement, and the cement mortar of the test mix incorporates dif-
ferent percentages of glass and steel slag powders. Mix proportions are described
in Tables 6 and 7. The cement sand ratio is 1:2.75, and the water binder ratio

Table 6. Test results of mortar mixes without SP.

Replacement Compressive | Direct tensile | Bulk dry
Mix | Cement ratio [%] | W/CM | Flow | strength [MPa] strength den31t§§
No. | [%] %] | (%] [MPal, [gm /cm”],

GP SSP 7 days| 28 days 28 days 28 days
MO 100 - — 0.58 111 |21.038]| 31.26 3.089 1.974
M1 80 10 10 0.56 112 17 30.26 2.723 1.958
M2 75 15 10 0.56 111 [15.296| 21.461 2.153 1.906
M3 75 12,5 | 12.5 0.56 109 |14.932| 23.419 2.167 1.944
M4 70 15 15 0.56 113 | 13.52 23.16 1.925 1.945
M5 70 12 18 0.56 115 | 11.31 | 22.197 1.898 1.909
M6 70 18 12 0.56 115 | 13.52 19.84 1.861 1.881
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Table 7. Test results of mortar mixes with SP.

Direct
. Replacement Compressive tel;(;icle Bulk qry
Mix | Cement ratio [%] W/CM | SP | Flow | gtrength [MPa] strength densm};
No. | 1% % | 1 | 1% iEal | lgm /e,
GP | SSP 7 days| 28 days | o9 days 28 days
A0 100 - - 0.50 | 0.8 | 115 |28.705| 35.007 3.654 1.891
Al 80 10 10 0.48 |0.8| 109 [23.254| 32.187 3.283 1.841
A2 75 15 10 0.48 |0.8| 112 |21.687| 31.958 3.112 1.854
A3 75 125 | 12,5 0.48 | 0.8 | 110 |20.869| 31.019 3.147 1.869
A4 70 15 15 0.48 |0.8| 113 |15.024| 27.625 2.797 1.872
A5 70 12 18 0.48 |0.8| 112 |14.687| 21.859 2.857 1.856
A6 70 18 12 0.48 | 0.8 115 |16.067| 24.668 2.939 1.854

varies from 0.58 to 0.56 by weight of binder content to maintain flowability of
mortars, which conforms to ASTM C1437 [27] for all the mixes, and 0.5 to 0.48
by weight of binder content to maintain flowability of mortars for all the mixes by
the virtue of SP. The dosage of SP remains constant for all mortar mixes (0.8%
by weight of binder).

3.3. Test methods

As mentioned before, this research work is divided into two stages. Each
stage includes some related standard tests. The strength activity index was in-
vestigated in the first stage. For the second stage, three cube specimens of size of
50 x 50 x 50 mm were used for each mix in order to test the compressive strength
at various ages of 7 and 28 days according to ASTM C109 [28]|. The flow test
for mixes was performed according to ASTM C1437 [27] with a designed flow of
110 + 5% for fresh mortar. The three bracket specimens were cast for the direct
tensile strength and tested at 28 days according to ASTM C190 [29]. Finally,
three cubes of 70 x 70 x 70 mm samples were used for each mix to test the den-
sity according to ASTM C642 [30]. The cube and bracket specimens were left in
the molds for 24 hours after casting. After demolding, the specimens were kept
in water until the time of the test.

4. TEST RESULTS AND DISCUSSIONS

4.1. Pozzolanic effect of GP and SSP (first stage)

According to ASTM C618 specification limits, (SiOg + AlyO3 + FeoO3) mini-
mum requirement for a standard pozzolana is 70%. The standard sets maximum
limit of SO3, loss of ignition and moisture content are 4%, 10%, and 3%, respec-
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tively. As shown in Table 2, the GP samples can be considered to have pozzolanic
behavior in the cementitious system. Modified cement mortar with 20% GP as
a partial cement replacement should give at least 75% of the control mortar
strength at the curing ages of 7 and 28 days to be considered a cementitious ma-
terial. Thus, the strength activity index at 7 and 28 days was 78.3% and 91.88%,
respectively.

SSP can also be considered as a pozzolanic material according to ASTM C989
specification limits. A modified cement mortar with 50% SSP as a partial cement
replacement should give at least 75% of the control mortar strength at the ages
of 7 or 28 days to be considered a cementitious material. The strength activity
indices for the ages of 7 and 28 days were 62.04% and 80.36%, respectively.
Similar results were also obtained by ZHU et al. [31] as they also found that the
reduced ratio of CaO/(SiO2 + P205) in SS may drop the level of compressive
strength of cement mortar accordingly.

4.2. Effect of using GP and SSP as cement replacement of mortar
(second stage)

4.2.1. Flowability. The flowability (workability) has been measured accord-
ing to ASTM C1437. Due to using standard sand in this research, the effects
of adding supplementary cementitious materials are more obvious. The water to
binder ratio is 0.58 and 0.6 is required to obtain the flowability between 105%
to 115% using 20% from each of GP and SSP, respectively, as partial replacement
of cement. The comparison between this blended mortar (20% from each of SSP
or GP) with control mix (w/b = 0.58) indicates that SSP needs more water than
GP (the same water-cement ratio of control) to achieve the flowability between
105% to 115% according to specification. This is because SSP has irregular par-
ticle shape and coarse surface textures according to QIANG et al. [32] and L1
et al. [33]. The irregular shape of the particles generates high frictional forces
between them and consequently leads to decreased flowability of the mixes [34],
but the results of flow of mortar containing GP were 106% compared with the
control mix with the flow of 111% at the same water requirement. Although GP
exhibits angular particle shape through the SEM analysis observed by PEREIRA
DE OLIVEIRA et al. [35] and SHI et al. [36], the specific surface area of GP needs
more water compared with the specific surface area of cement.

The water binder ratio to obtain the flowability of the mortar mixes con-
taining glass and steel slag powders (e.g., 10% GP and 10% SSP) decreased in
comparison with the control mix (without replacement). This phenomenon can
be attributed to the fact that the mixture containing GP and SSP improves
the filling effect, thus leading to significant improvement in packing density by
lowering the required amount of water to fill the voids between particles [37].
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With the increased packing density in the mixture, cement particles and other
particles are close to each other, and thus may lead to reduce the space needed
to be filled by hydration products [38|. Therefore, the ternary blended cement
in mixes containing GP and SSP, which exhibited the ideal particle-size distri-
bution, improved the gradation of binder materials to achieve a densely graded
binder system [37, 39]. From the results observed, the glass and steel slag powders
may enhance the packing density in ternary mortar mixtures with a higher effect
than that of the control mix, or mortar contains either GP or SSP separately.

The results of the flow illustrated in Table 6 show that the increased glass
and steel slag powders substitution level increases the flow of mortar, especially
at 30% replacement of cement, and the effect of packing density seems more
obvious.

The results of flow of ternary blended cement in mixes containing GP and SSP
with SP are illustrated in Table 7. It can be seen that the water to binder ratio
for obtaining the flowability between 105% to 115% is less than that required for
the control mix (similar effect was obtained with mortar mixes without super
plasticizer).

With the addition of SPs, the packing density of the solids increased. At
high packing density (low w/b), the number of particles that contact each other
increases substantially [40]. The flow increased at the same water binder ratio,
with the GP content increase compared with the SSP content. This can be
attributed to the presence of glass powder, in which, according to Lu et al. [41],
GP has a smooth surface texture compared to SSP.

4.2.2. Compressive strength. Three cubes were tested according to ASTM
C109, at each age for the compressive strength determination of cubes with
various percentages of GP and SSP as a partial replacement of cement. Mortar
mixes were examined at the ages of 7 and 28 days. From the results tabulated in
Table 7, it can be observed that the replacement of 20% of GP and 20% of SSP
compared with the control mix, caused the compressive strength to decrease
by 21.7% and 37.6% at 7 days, respectively. While the results of compressive
strength decreased by about 8% and 19.6% at 28 days for the same replacement
ratio of GP and SSP, respectively. These results are in agreement with the other
experimental results by PATEL et al. [7] studied through the SEM and EDX
analysis the microstructure for GP- blended cement and control pastes, which
are identical in morphology with greater surface area, confirming that its filler
effect and the growth of C-S-H gel is initiated as the Ca/Si ratio decrease. HEA
et al. [42] found that the use of less than 20% of GP content reduced the early
ages’ compressive strengths but increased the later ages’ compressive strengths.
However, with the GP contents increase, the ranges of concrete strengths are
higher than that of concrete strengths for concrete containing SSP contents. This
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is due to the slow development of hydration products for SSP as the hydration
products of SSP slowly increase with time [18].

The compressive strength of the various mixes of mortars (containing glass
and steel slag powders) decreased remarkably compared with the control mix
(without replacement). However, it has been increased noticeably compared with
the GP or SSP replaced separately at a similar replacement ratio. For example,
with a partial replacement of cement by 10% GP and 10% SSP, the compressive
strength of mortar decreased by about 19.2% and 3% at 7 and 28 days, respec-
tively, without SP. Such improvement can be related to the synergistic effect
between these two supplementary cementitious materials (GP and SSP) when
they are simultaneously added, which increases the filling effect with a greater
level than that of the effect of GP or SSP added separately with the same re-
placement ratio improving the packing density of cementitious materials [43, 44].
Although the reactivity of these materials was low (especially the SSP), the good
strength level obtained can be attributed to the increased number of the hard
anhydrous inclusions, which are closer to each other and embedded in hydrate
regions of smaller dimensions [45]. From the results illustrated in Fig. 1 and
Tables 6 and 7, it can be observed that the compressive strength decreased by
about 19.2%, 27%, 29%, 36%, 46%, and 35% for mixes M1, M2, M3, M4, M5
and M6, respectively at 7 days compared with the control mix. Meanwhile, the
compressive strength incorporating SP in the mortar mixes decreased by about

18%, 24%, 27%, 47.7%, 48%, and 44% for mixes Al, A2, A3, A4, A5, and A6,

—4— 7 days, without superplasticizer —@— 28 days, without superplasticizer

—#— 7 days, with superplasticizer 28 days, with superplasticizer

40‘

35

EZ"\\'\

Compressive strength [MPa]
o 8
4

Fic. 1. Effects of glass and steel slag powders on the compressive strength of mortar.
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respectively, compared with the control mix. While the compressive strength
decreased by about 3%, 31.5%, 25.1%, 26%, 29%, and 37% for mixes M1, M2,
M3, M4, M5, and M6, respectively, at 28 days compared with the control mix.
Meanwhile, the compressive strength of mortar mixes with the SP decreased by
about 8%, 8.7%, 11.4%, 21.6%, 37.5%, and 29.5% for mixes Al, A2, A3, A4,
A5, and A6, respectively, compared with the reference mix. The reduction in
the compressive strength is attributed to the lower reactivity of supplementary
cementitious materials compared with ordinary Portland cement as has been
mentioned above.

4.2.8. Direct tensile strength. Figure 2 and Tables 6 and 7 show the test
results for the direct tensile strengths at 28 days. The direct tensile strengths
slightly decreased with the increased replacement ratio of glass and steel slag
powder compared with the control mix. However, it can be noticed that the direct
tensile strength increased more evidently with the increased SSP content other
than the GP content at all mixes with or without SP. For example, direct tensile
strength increased at mix M3 and M5 compared with M2 and M6 without SP.
While at 30% replacement ratio level, the mix containing 18% GP exhibited
higher performance than that of mix containing 18% SSP.

=& without superplasticizer with superplasticizer

4
35—

e
W

Direct tensile strength [MPa]
— [ ]
— W [ ) W w

FiG. 2. Effects of glass and steel slag powders on the direct tensile strength of mortar
at 28 days.

4.2.4. Dry density. The mortar’s oven-dry density containing glass and steel
slag powders was specified based on ASTM C 642. The results for the dry den-
sity test at 28 days are tabulated in Tables 6 and 7. It is observed that the dry
density slightly decreased with the addition of glass and steel slag powders as
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== without superplasticizer with superplasticizer

1\
1.95

§ ~—

Dry density [gm/cm3]

Fia. 3. Effects of glass and steel slag powders on the dry density of mortar at 28 days.

a replacement ratio compared with the control mix. However, the results indi-
cate (Fig. 3) that the increase of SSP increased the overall density of the mortar.
While the increase of the GP content compared with SSP in mortar mixes de-
creased the density.

5. CONCLUSIONS

The following conclusions from the results of this study are as follows:

1) Ternary blends of glass and steel slag powders produced suitable flow, the
quantity of water required to achieve the flowability was smaller than
the quantity of water needed to achieve the flowability of the control mix.
However, with the increased GP content, the mix flow increased unlike the
one with the increased SSP content at the same water binder ratio.

2) The compressive strength of mortar decreased with the increased replace-
ment ratio of cement by GP and SSP. However, the replacement of 30% of
cement by glass and steel slag powders still gave the strength of structural
mortar.

3) The GP content decreased the dry density of cement mortar while the SSP
had less effect on the dry density of mortar.

4) The COg2 emission reduction can be recorded by approximately 19.9% and
29.8% for 20% and 30%, respectively, due to glass and steel slag powders
additions.
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