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Abstract: The objective of this study is to explore the fea-
sibility of developing environmentally friendly green roller-
compacted concrete (RCC) by utilizing locally available
materials. The research investigates the behavior of RCC prop-
erties when different amounts of solid waste materials (brick
powder, glass powder, and steel slag) are added as substitutes
for cement content. To accomplish this, four laboratory tests
were conducted: compressive strength, flexural strength, X-ray
diffraction analysis, and scanning electron microscope imaging.
These tests aimed to identify the changes in concrete properties
resulting from the inclusion of waste construction materials as
cement replacements. The study employed an approach that
involved adding waste materials to the concrete mixture, with
replacement percentages ranging from 10.0 to 40.0% in
increments of 10.0%. Consequently, 12 concrete mixtures
were prepared to examine the effects of adding waste
materials (10.0-40.0%) as substitutes for cement content.
In addition, one reference mixture was designed without
any inclusion of waste materials for comparison purposes.
In general, the results indicate that as the percentage of
waste construction materials increases in the mixtures,
there is a corresponding decrease in compressive strength.
However, it is noteworthy that the strength activity index
(SAT) exceeded 75% according to ASTM C618 standards. This
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indicates that the waste construction materials possess pozzo-
lanic properties, making them suitable for use as cement repla-
cements in RCC mixtures.
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1 Introduction

One or more of the components of green concrete mixture
can have the advantage that its manufacturing process does
not lead to environmental destruction. In addition to, it has
high performance and sustainability over the life cycle. Green
concrete mixture production is also inexpensive because the
waste construction materials are used as partial substitutes
for cement or other components. Continuously, the disposal
fee is eliminated, the manufacturing energy consumption is
reduced, and the durability is much greater. Replacement of
the traditional components of the mixture by waste materials
and by-products gives an opportunity to manufacture an
economical and environmentally friendly mixtures [1,2].

About 8% of the overall carbon dioxide emissions are
generated from production activities of cement. There are
two major sources of cement production that generate CO,
emissions. The first source is the chemical reaction related
with the manufacturing of the cement’s major component,
clinker, in which carbonates decompose in the presence of
heat into chemical reaction. The second source of CO, emis-
sions is the combustion of fossil fuels to generate sufficient
energy needed to heat raw materials [3].

1.1 Literature review

In their study, Malkawi et al. [4] undertook a comparative
analysis of various pozzolanic materials employed in the
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construction of roller-compacted concrete (RCC) dams. The
researchers determined that natural pozzolanic materials
and/or rock flour exhibited exceptionally favorable physical
and chemical properties in comparison to fly ash and other
pozzolanic materials. As a result, they concluded that the
utilization of natural pozzolanic materials and rock flour in
RCC dam construction is highly advantageous and effective
In their research, Shuhua et al. [5] examined the char-
acteristics and microstructure of RCC incorporating a high
volume of low-quality fly ash. The study demonstrated that
the utilization of 60% ground fly ash in cement led to
notably accelerated and enhanced property development
compared to using an equivalent amount of untreated fly
ash. The incorporation of a high volume (60%) of ground
low-quality fly ash resulted in the refinement of pore size
and improved pore size distribution within cement pastes.
This substantial improvement in microstructure conse-
quently elevated the strength and durability of the RCCs.
In their investigation, Lam et al. [6] explored the influ-
ence of compaction delay on the optimal moisture content
and mechanical properties of roller-compacted concrete
pavement (RCCP) incorporating electric arc furnace (EAF)
Slag Aggregate. The study revealed that the higher water
absorption characteristic of EAF slag, which typically leads
to a decrease in water content, was effectively mitigated by
employing a novel mixing method. Surprisingly, the delay in
compaction had minimal impact on the optimal water content
and maximum dry density of RCCP. Additionally, the compres-
sive strength and splitting tensile strength of RCCP utilizing
EAF slag aggregate met the strength requirements for pave-
ment, even when compaction was delayed by up to 90 min.
In their study, Fardin and Santos [7] aimed to examine
the mechanical and physical characteristics of RCC by incor-
porating recycled concrete aggregate (RCA) as a replacement
for natural coarse aggregate. The research revealed that as
the proportion of RCA in the mixtures increased, there was a
decrease in specific mechanical properties, notably the mod-
ulus of elasticity. However, it was observed that there was

Table 1: Physical and mechanical properties of OPC
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no significant decrease in the splitting tensile strength, indi-
cating that the utilization of RCA as a substitute for natural
coarse aggregate in RCC did not adversely affect this parti-
cular strength parameter.

1.1.1 Materials used

In this research, the cement of choice was ordinary Portland
cement Type 1 (OPC). The physical and chemical character-
istics of the OPC used in this study were evaluated in accor-
dance with the Iraqi specifications [8]. The findings are
presented in Tables 1 and 2 for easy reference.

1.1.2 Coarse aggregate

For this study, gravel with a maximum aggregate size of
19 mm was utilized, conforming to the specifications outlined
in the ACI 211.3R standard [9]. The sieve analysis results for
the gravel are presented in Table 3 for clarity and reference.

1.1.3 Fine aggregate

The research employed fine natural sand sourced from the
Kanhash region, which adhered to the prescribed limits of
the ACI 211.3R standard. The sieve analysis results for this
sand are provided in Table 4 for easy reference.

1.1.4 Steel slag

The by-products generated during the high-temperature smelting
of iron ore were utilized in this study. The slag used in the
research was obtained from a local factory plant located in
Zakho, Iraq. Prior to usage, the slag particles were sieved through
a #325 sieve, resulting in a particle size of 45 pm.

Properties Test results Iraqi specification No.5/1984 limits
Specific surface area (Blain’s method), m?/kg 263.6 2230

Soundness (Autoclave method), % 0.14 <0.8

Setting time (Vicat’s method)

Initial setting, h:min 113 245 min

Final setting, h:min 315 <10h

Compressive strength

3 days, N/mm? 21 215

7 days, N/mm? 29 223
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Table 2: Chemical compositions of OPC used
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Table 5: Physical properties of slag

Oxide composition (% by  Test result of Limits of IQS: Slag activity strength 82% >75% for slag
weight) cement used 5/1984 index (%) at 28 days grade 80
Sio, 21.31 — Type Powder —
Al,O5 5.89 — Color Black and —
Fe,03 2.67 — dark grey
Ca0 62.2 — Specific gravity 2.92 —
MgO 3.62 <5% Bulk density (kg/m°) 1,375 —
SO3 2.6 <2.80% (if C3A Fineness surface area, 550 —
> 5%) (Blaine)
Loss of ignition 1.59 <4%
Insoluble residue 0.24 <0.15%
s Malzofggrgponent . The waste materials (glass and brick) were obtained
S 30.835 _ from local landfills and construction sites in Mosul, Iraq.
GA 11.09 — The collected waste was thoroughly washed and air-dried.
C,AF 8.12 — Subsequently, each material underwent separate grinding

Table 3: Sieve analysis of the used coarse aggregate

Sieve Cumulative passing (%) Limits of ACI
size (mm) 211.3R,

25 100 100

19 93 82-100

12.5 84 72-93

9.5 74 66-85

Table 4: Sieve analysis of the used fine aggregate

Sieve size (mm)  Cumulative passing (%) Limits of ACI 211.3R

4.75 54 51-69
2.36 38 38-56
1.18 29 28-46
0.6 22 18-36
0.3 17 1-27
0.15 7 6-18
0.075 2 2-8

The physical and chemical properties of slag, as per
the ASTM (989 [10] standard, are presented in Tables 5 and
6. These tables provide a comprehensive overview of the
characteristics of the slag used in the study.

1.1.5 Cementitious materials

This study incorporated two types of waste materials: Waste
glass powder (WGP) and waste brick powder (WBP). To
attain a fineness comparable to that of cement, these mate-
rials underwent several phases of preparation and grinding

for approximately 1 h using a Los Angeles abrasion machine,
as depicted in Figure 1, following the guidelines outlined in
ASTM C131 [11].

Then, it was passed through sieve No. 4 and the mate-
rials from the sieve were ground in another mill, Guyixuan
(MFS 150), Figure 2.

The test results demonstrated that the fineness of the
material met the requirements specified in ASTM C 618
[13]. The specific gravity of the prepared powder was deter-
mined following the procedures outlined in ASTM C188
[12]. Chemical analysis of these materials was conducted
at Soran University in Soran, Erbil, Iraq, utilizing sequen-
tial X-ray fluorescence. The results of these tests are pre-
sented in Table 7.

1.1.6 Water

All the concrete mixtures were prepared using tap water.

Table 6: Chemical compositions of slag powder

Chemical elements Elements in slag (%)

SiO, 1.4
Al,03 34
Fe,05 28.5
MnO, 0.09
Ca0 49.2
SO; 0.16
K,0 0.99
Na,O 0.23
MgO 0.98
TiO, 0.14
P,0s 0.06
Loss on ignition 1.10
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Table 7: Physical properties and chemical compositions of WGP

and WBP
Physical properties Values ASTM C618 [13]
WGP WBP
Specific gravity 2.56 2.73 —
Blaine’s fineness (cm?/gm) 2,980 3,600
Retained on sieve No. 325 (%) 24 20 <34
Chemical composition Content% ASTM C618 [13]
Si0, 72.7 51.9 —
Al,03 1.49 13.5 —
FEZO3 117 4.5 —
Ca0 1.9 15.6 —
SOs 0.33 3.43 <4
Figure 1: Los Angeles machine. MgO 1.48 6.3 —
Alkalis (Na,0 + K,0) 8.9 2.8 —
MnO 0.014 0.122 —
Feed hopper
Table 8: Mix proportion of reference and green mixtures
Mix Cement Sand Gravel Water BP GP SS
Capacitor cover (kg/m?)  (kg/  (kg/m?) (kg/ (kg/ (kg/  (kg/
m®) m3) m) m’) md
Coolinghood o, 1058 861 54 - -
R1 2943 1,058 861 154 327 — —
R2  261.6 1,058 861 154 654 — —
R3 2289 1,058 861 154 981 — —
R4 196.2 1,058 861 154 130.8 — —
Thickness adjustment knob R5 2943 1,058 861 154 — 327 —
Ironbracket R6 261.6 1,058 861 154 — 65.4 —
R7 2289 1,058 861 154 — 981 —
R8  196.2 1,058 861 154 — 130.8 —
R9 2943 1,058 861 154 — — 32.7
R10 2616 1,058 861 154 — — 65.4
R11  228.9 1,058 861 154 — — 98.1
Figure 2: Guyixuan (MFS 150) grinding machine. R1Z 196.2 1,058 861 1>4 — — 1308
200 optimum dry density kg/m3
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m
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Figure 3: Moisture-density curves.
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2 Experimental work

This study involved a two-stage process. Initially, the first
stage encompassed the preparation of a mixture propor-
tion of RCC based on ACI 211.3R guidelines, serving as the
reference mixture. Subsequently, the second stage entailed
the preparation of mixtures of green roller compacted con-
crete (GRCCQ).

The outcomes of the second stage were assessed by
comparing them with the reference mixture.

Sections 2.1-2.4 provide a comprehensive explana-
tion of the mix proportions, mixing procedure, sample
preparation, curing methods, and test procedures employed
in this study.

Mechanical properties and microstructure of RCC incorporating BP, GP, and SS == 5

2.1 Procedure for determining the mixture
proportions of reference mixtures

1. Select well-graded dry coarse and fine aggregates that
fall within the prescribed limits of ACI 211.3R (2002).

2. Determine the optimum moisture content and max-
imum dry density using ASTM D 1557.

3. Determine the optimum moisture content (OMC) and
maximum dry density of RCC mixtures by casting var-
ious quantities of cement, ranging from 10-17% of the
dry aggregates’ mass. For each cement content, four
mixtures were cast, with varying water content ranging
from 3-9% of the dry aggregate’s weight, The OMC for
cement contents of 10, 13, 14, and 17% resulted in values

Figure 4: Vibrating hammer for molding RCC samples.
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Figure 6: Flexural strength test: (a) prism specimen and (b) flexural testing machine ready to test the prism.

of 6.23, 6.86, 7.1, and 8.56%, respectively. Figure 3 illus- 4. Four RCC mixtures were cast using cement content of (10,

trates the moisture vs density curves for the 14% cement 12,14 and 17) as percentage of aggregate content. by fixing

content mixture. optimum moisture content determined from stage 2
saving as the water quantity for the mixture. The com-
pressive strength and flexural strength of each mixture
were measured after 28 days. Based on the desired flex-
ural strength range of 4-5 MPa, a cement content of 14%
was selected, which was used for casting all the mixtures
discussed in this work.

5. To meet the desired strength requirements, a mixture
proportion of 1:3.23:2.63, w/c = 0.47 was used as refer-
ence mixture (RO).

2.2 Procedure for determining the mixture
proportions of GRCC

1. Mixtures R1-R4 were prepared by incorporating brick
powder (BP), ranging from 10-40% as replacement of
Figure 7: Vibrating hammer for preparing RCC Samples. cement content.
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Figure 8: SAI for 20% replacement of WBP, WGP, and WSS.

2. Mixtures R5-R8 were prepared by incorporating glass
powder (GP), ranging from 10-40% as replacement of
cement content.

3. Mixtures R9-R12 were prepared by incorporating steel
slag (SS), ranging from 10-40% as replacement of cement
content.

Table 8 presents the detailed composition of the mix-
tures used in this work.

2.3 Sample preparation and curing process

During this stage, the procedure involved the preparation
of mixture specimens followed by their curing in tap water
for durations of 7 and 28 days. For assessing compressive
strength, a total of six plastic cube molds (100 x 100 x

Table 9: Compressive strength test results

Mix Replacement (Compressive (Compressive

Mechanical properties and microstructure of RCC incorporating BP, GP, and SS =~ === 7
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Figure 9: Compressive strength test results.

100 mm) were utilized for each mixture. These cubes were
poured in two layers and compacted using a vibrating
hammer, as depicted in Figure 4. At the age of 7 days, three cubes
were examined, while another set of three cubes was tested at 28
days, all within tap water conditions. Additionally, to evaluate the
flexural strength, three plastic prism molds (100 x 100 x 400 mm)
were filled for each mixture. Similar to the cube molds, the prism
molds were poured in two layers, compacted with a vibrating
hammer, and tested after 28 days of curing.

2.4 Sample testing procedures
2.4.1 Compressive test
The compressive test involved subjecting (100 x 100 x

100 mm) cube specimens to compression after curing in

Table 10: Flexural strength test results

details strength) (MPa) at strength) (MPa) at
7 day 28 day Mix Replacement details  Flexural strength (MPa) at 28 days
RO Reference 28.3 36.7 RO Reference 6.7
R1 10% WBP 25 35 R 10% WBP 6.3
R2 20% WBP 22.7 30.3 R2 20% WBP 5.4
R3 30% WBP 20 25 R3 30% WBP 4.55
R4 40% WBP 16 22.2 R4 40% WBP 4.1
R5 10% WGP 243 34 R5 10% WGP 6.12
R6 20% WGP 21.2 30 R6 20% WGP 5.4
R7 30% WGP 18 233 R7 30% WGP 4.2
R8 40% WGP 15 19.3 R3 40% WGP 3.5
R9 10% WSS 28.3 36 R9 10% WSS 6.4
R10  20% WSS 22 31.3 R10 20% WSS 5.6
R 30% WSS 21.2 28.5 R 30% WSS 5.2
R12  40% WSS 17.3 25 R12 40% WSS 4.5
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water for (7 and 28) days. A compression testing machine
with a loading rate of 0.3 MPa/s and a capacity of 2,000 KN,
as depicted in Figure 5, was used for this test. The testing
procedure followed the guidelines outlined in BS: 1881: Part
116: 1983 [14].

2.4.2 Flexural test

Flexural test was performed on prisms (400 x 100 x 100 mm)
using simple beam with third-point loading according to

DE GRUYTER

ASTM C78 [15]. A universal testing machine with a loading
rate of 0.3 MPa/s and a capacity of 2,000 KN, as depicted in
Figure 6a and b, was used.

2.4.3 Vibrating hammer

The samples were produced using a vibrating hammer in
accordance with ASTM (1435 [16]. Figure 7 illustrates the
vibrating hammer employed to prepare all RCC samples,
adhering to the specifications outlined in ASTM C1435.
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Figure 10: XRD pattern for reference mixture at 28 days in tap water.
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Figure 11: XRD pattern for green mixture containing 20% WBP at 28 days in tap water.

3 Results and discussion

In this study, the following experiments were performed:

3.1 Strength activity index (SAI)

The activity index test was employed to assess the activity
of the materials employed, with a 20% replacement ratio
utilizing various waste materials like glass, stainless steel,
and BP, as per ASTM C311 [17]. The SAI exceeded 75% after 7
days. Eq. (1) was utilized to calculate the SAIL

SAI = (z/R) % 100, D
where, z is the mean compressive strength of the pozzo-

lanic materials, and R is the average compressive strength
of the reference mixture.

The SAI for WBP, WGP, and waste steel slag (WSS) was
determined by comparing them with the reference mix-
ture (RO) at 7 and 28 days. The corresponding results are
depicted in Figure 8.

Based on the aforementioned findings, the Substitution
Activity Index (SAI) surpassed 75%. This indicates the pre-
sence of the desired pozzolanic property in these materials.
Consequently, they are deemed appropriate for substituting
cement in concrete mixtures.

These results align with previous studies [18-20], cor-
roborating their findings.

The observed activity can be attributed to the reaction
between the SiO, present in WBP, WGP, and WSS, and the
calcium hydroxide produced during cement hydration [21].
This reaction leads to the formation of secondary calcium
silicate hydrate (C—S-H) [23]
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Figure 12: XRD pattern for green mixture containing 20% WGP at 28 days in tap water.

Additionally, the findings indicate that WSS exhibits a
higher SAI compared to the other materials. This can be
attributed to the higher fineness and specific surface area of
WSS powder in comparison to the others. The elevated specific
surface area enhances the contact area, thereby increasing the
effectiveness of its pozzolanic properties [22]

3.2 Compressive strength test results

Table 9 and Figure 9 display the results of RCC mixtures/
compressive strength.

Table 9 and Figure 9 show that the inclusion of waste
materials cause a diminution in compressive strength at
both 7 and 28 days as compared to reference mixture.

Table 9 and Figure 9 also show that at 7 days, compres-
sive strength of 20% replacement of cement by BP (R2) is
greater than that of 20% replacement of cement by SS
(R10), while beyond 28 days, the strength development
rate was found to be higher in SS (R10) when compared
with (R2) mixture.

The findings demonstrate that the proportion of SS and
the duration of the curing process had a moderate impact
on the development of compressive strength. The glossy
constituents present in SS exhibit a gradual reaction with
water.

Based on the findings, it was observed that the compres-
sive strength increased from 7 days to 28 days. Furthermore,
the mixes incorporating WSS exhibited higher compressive
strength values compared to the mixes containing WBP or
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Figure 13: XRD pattern for green mixture containing 20% WSS at 28 days in tap water.

WGP at the same replacement ratio. This difference can be
attributed to the pozzolanic effect of SiO, on calcium hydro-
xide, leading to the formation of secondary calcium silicate
hydrate (C-S-H) [23].

By enhancing the specific surface area of WSS, the
contact area is enlarged, resulting in heightened consumption
of calcium hydroxide and improved pozzolanic effectiveness.
Additionally, this process contributes to denser microstruc-
tural formation, ultimately enhancing resistance [22-24].

3.3 Flexural strength test results

Table 10 displays the results of RCC mixtures’ flexural
strength.

According to the information presented in Table 10,
it is evident that the incorporation of waste construc-
tion materials (WBP,WGP, and WSS) leads to a decrease
in the flexural strength of GRCC in comparison to the
reference mixture. This finding aligns with prior studies
[18,22,24].

Furthermore, it is noteworthy that “R2 and R6,” which
include WBP and WGP, exhibit reduced flexural strength
compared to “R10,” which incorporates WSS at the same
replacement percentage. This disparity can be attributed to
the higher specific surface area of WSS in comparison to
WBP and WGP. Consequently, finer particles necessitate a
greater amount of water, resulting in increased water con-
sumption [14].
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Figure 14: SEM image of reference mixture.

Figure 15: SEM image of green mixture containing 20% WBP.

4 Micro-structural analysis

X-ray diffraction analysis (XRD) and scanning electron
microscope (SEM) images were obtained from both the
reference mixture and the GRCC samples following 28 days
immersion in tap water.

4.1 XRD

The outcomes of XRD analysis of the reference mixture and
the GRCC samples are shown in Figures 1013, respectively.

The XRD analysis of the selected GRCC samples reveals
similar peaks with varying intensities for the main phases,
namely, quartz, calcite, and graphite 2H. Among these
phases, quartz exhibits the majority of the peaks observed.

DE GRUYTER
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Figure 16: SEM image of green mixture containing 20% WGP.
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Figure 17: SEM image of for Green mixture containing 20% WSS.

4.2 SEM

Figures 14-17 show the SEM morphology of reference mix-
ture and the GRCC, respectively.

From Figures 14-16, the generation of C-S-H can be seen,
which is a product of secondary hydration reactions. Also, a
small amount of calcium hydroxide Ca(OH), can be seen.

Figure 16 also shows that in the mixture incorporating
WSS, it was observed that the calcium silicate hydrate
(C-S-H) was denser when compared to the mixtures con-
taining WBP or WGP at the same replacement ratio. This
difference can be attributed to the pozzolanic effect of SiO,
on calcium hydroxide, leading to the formation of sec-
ondary calcium silicate hydrate (C-S-H) [23].

The microscopy analysis substantiates the findings and
conclusions derived from the compressive strength, den-
sity, and other mechanical testing.

5 Conclusion

1. The WBP, WGP, and WSS possess pozzolanic properties,
making them suitable as cement substitutes. Among
these, the WSS exhibits a higher SAI compared to the
others.

2. GRCC incorporating WSS and WBP demonstrates higher
compressive strength values compared to GRCC incor-
porating WGP at the same replacement ratio.

3. Among the various mixes tested for GRCC, GRCC9 stands
out as the most optimal choice, exhibiting superior com-
pressive strength and flexural strength compared to the
other mixes.

4. The XRD analysis of the selected GRCC samples reveals
similar peaks with varying intensities for the main phases,

Mechanical properties and microstructure of RCC incorporating BP, GP, and SS == 13

Calcium silicate
Hydrate
C-S-H

namely, quartz, calcite, and graphite 2H. Among these
phases, quartz exhibits the majority of the peaks observed.

5. The SEM morphology analysis of the chosen GRCC sam-
ples indicates that mixes with a substantial quantity of
calcium silicate hydrate (C-S-H) exhibit a cloud-like
appearance, resulting in a dense microstructure with
minimal pore formation.

5.1 Recommendations for further work

1. Conduct additional durability tests: Explore the dur-
ability characteristics of GRCC, such as resistance to
freeze-thaw cycles, chemical exposure, and wetting
and drying cycles.

2. Investigate alternative reinforcement materials: Explore the
use of alternative reinforcement materials, such as fiber-
reinforced polymers (FRP) or carbon fibers, to enhance
the mechanical properties and durability of GRCC.

3. Explore sustainable production methods: Investigate
eco-friendly production methods for GRCC, such as incor-
porating recycled aggregates or optimizing energy con-
sumption during the manufacturing process, to enhance
the sustainability of the material.
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