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Abstract - Rapid urbanization throughout the world resulted in a considerable amount of sewage sludge, which is commonly considered
a great environmental concern. Also, the rapid growth of self-compacting concrete (SCC) marks a significant milestone in enhancing the
construction industry's effectiveness. Hence, an experimental program was carried out to study self-compacting concrete (SCC) properties
incorporating sewage sludge ash (SSA) as a partial replacement of cement. Mixes were prepared with two percentages (0 and 20% by
mass) of SSA as partial replacement of cement. The slump flow, Tso flow time, J-ring, and V-funnel were evaluated for the fresh SCC.
Hardened properties of SCC were assessed by measuring compressive strength, rapid chloride penetration, bulk electrical resistivity,
water absorption rate (i.e., sorptivity), and water permeability. Test results indicated that SCC made with SSA must incorporate a higher
dosage of admixtures than the control mix to achieve satisfactory workability, passing ability, and viscosity. SSA contributed to the
concrete mix's late strength development and led to durable concrete with a low chloride permeability resistance and a high electrical
resistivity. There was a negligible increase in the rate of water absorption and water permeability. However, the water absorption rate
and permeability are expected to reduce with age due to the pozzolanic reaction of SSA. SSA was found to have the potential to be used
as partial cement replacement in making SCC, which could lead to a profound impact on solid waste management and sustainable
development in the construction industry.
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1. Introduction

Self-compacting concrete (SCC) is an innovative concrete and one of the concrete industry's latest achievements. It
flows readily to fill the formwork and compact under its weight without requiring any compaction or vibration [1]. SCC
differs from conventional concrete in including a higher proportion of cement, mineral admixtures, fine aggregates,
superplasticizer, and lower content of coarse aggregates [2]. Furthermore, supplementary cementing materials (SCM) in SCC
are essential differences between SCC and conventional concrete. While using SCM in SCC improves the mechanical,
durability, and long-term properties of concrete, utilizing such wastes in making concrete plays a significant role in
minimizing the amount of the CO; production associated with manufacturing ordinary Portland cement (OPC) [3]. Therefore,
one of the most global encouragements for sustainable development and a substantial waste management challenge is
introducing industrial waste as supplementary cementing materials in making concrete [4].

Due to the rapid increase in the population worldwide, an enormous amount of sewage sludge is generated; it is declared
that each year around 75 million tons of sewage sludge is produced in most of the developed and developing countries [5].
Although sewage sludge's incineration minimizes its volume by approximately 70% to 90%, it is not the final waste treatment
stage. The final disposal of the produced sewage sludge ash (SSA) is not an easy task due to its negative environmental
impact. Hence, due to limited landfill spaces and the environmental restrictions in landfill areas, managing such waste is
considered a major issue in several countries [6]. Previous research reported that the use of SSA in developing sustainable
construction material would be a practical approach to preserving natural resources, reducing CO, emissions, and lowering
the costs of SSA management [7]. Several researchers worldwide studied the utilization of SSA in the construction industry,
such as bricks [8], conventionally vibrated mortar and concrete [9], lightweight aggregate [10], and asphalt paving material
[11].

In many cases, one of the most significant applications is the reuse of SSA as SCM in concrete production. Previous
studies have shown that the mortars incorporating SSA as a partial replacement of OPC exhibited good mechanical properties
[12], without a decrease in compressive strengths. Pinarli and Kaymal [13] and Ing et al. [14] reported that mortars containing
up to 10% of SSA as a partial replacement of OPC showed similar or greater strength values than the control mix. However,
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strength reduction was observed when the percentage of replacement was increased to 25% and 50%, and the reduction
decreased over time [15]. Lin et al. [16] found that finer SSA particles exhibit greater pozzolanic activity, resulting in higher
compressive strength of mortars. When the cement was replaced with SSA in amounts of up to 10% by mass, mortar
corrosion performance was comparable to the control mortar's behavior [17]. Regarding the fresh stage of concrete, there
was a notable decrease in workability for concrete incorporating SSA as partial replacement of cement because of its irregular
morphology and porous structure. However, the addition of plasticizing agents could be used to overcome this reduction
[18]. Although several studies have been done on the physical properties and mechanical performance of concrete using
SSA, relatively little attention has been paid to the effect of SSA on concrete durability and the implementation of SSA in
high-performance concrete (HPC) and SCC.

This study aimed to investigate the effect of introducing SSA as a partial replacement of OPC on the performance of
SCC in its fresh and hardened stages. This will provide better knowledge on utilizing SSA in an environmentally friendly
and sustainable way by developing a green SCC with a minimal impact on the environment over its entire life cycle.

2. Materials and Experimental Procedures
2.1. Materials

In this study, OPC conforming to ASTM C150 - Type 1 was used. Ground SSA incinerated at 900 °C for 2 hours was
used as supplementary cementing material. The chemical composition, mineralogical configuration, and reactivity of the
used SSA were assessed in a previous study and summarized in Table 1 and Fig. 1 [19]. Natural crushed stone with a nominal
size of 9.5 mm (3/8 in.) and a specific gravity of 2.67 was used as a coarse aggregate. The fine aggregates were crushed
natural stone sand with fineness modulus of 3.6 and a specific gravity of 2.64, and dune sand with fineness modulus of 0.9
and a specific gravity of 2.63. Superplasticizer (SP) and viscosity modifying admixtures (VMA) were used to enhance the
mixtures' flowability and viscosity, respectively.

Table 1: SSA chemical composition as a mass percentage.

SiO; CaO POs SOs AlO3 Fe:03 MgO KO0 TiO2 ZnO SrO MnO CuO
252 235 213 45 9.6 6.2 7.0 1.2 070 025 O. 0.13 0.10

2.2. Mixture Design

As summarized in Table 2, one control mixture with 0% replacement of SSA and two SCC mixtures with SSA was
designed with a constant w/c ratio of 0.35 and a total cementitious content of 500 kg/m3. These parameters were kept constant
to eliminate their effects on the results and inspect the effect of SSA on the produced SCC performance. The control mixture
contained only OPC, whereas the other mixtures incorporated 20% SSA as a partial replacement of OPC on the cementitious
content's total mass basis. For the first two SCC mixtures (control mix and SSA1-20), the fine aggregate-to-total aggregate
ratio, by mass, was set at 0.50, and the dune sand-to-total fine aggregate ratio was set at 0.55. Furthermore, the dosage of SP
and VMA for these two mixtures was set at 1.6% and 0.35%, respectively, by weight of the OPC or the OPC+SSA. The trial
SCC mix's workability containing 20% SSA as a partial replacement of cement (SSA1-20) did not meet the minimum
requirement to be classified as an SCC. Therefore, the third mix (SSA2-20) was modified to have a dune sand-to-total-fine
aggregate ratio of 0.45. Moreover, the admixture dosages were increased to 2.1% and 0.5% for both SP and VMA,
respectively, by weight of OPC+SSA. In SCC production, the mixing efficiency, mixer type, and mixing sequence are
significant factors affecting SCC properties [20]. Hence, the same procedure for batching and mixing were followed to
achieve the same homogeneity and uniformity in all mixtures.
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Fig. 1: Mineralogical configuration of used SSA.

Table 2: Mix proportions of SCC mixtures without and with SSA (kg/m3).

Mix OPC SSA CA FA Water SP VMA wi/c
DS CS
Control mix 500 - 871 479 392 175 8.3 1.75 0.35
SSA1-20 400 100 853 469 384 175 8.3 1.75 0.35
SSA2-20 400 100 853 384 469 175 10 2.5 0.35
CA= Coarse aggregate FA= Fine aggregate DS=Dune sand CS= Crushed nature stone

2.3. Test Methods
2.3.1 Fresh Concrete Properties

The produced fresh SCC mixtures' properties were assessed by slump flow, Tso, V-funnel, and J-ring tests. The first
three tests were conducted according to suggested procedures by EFNARC 2005 [21], whereas the J-ring test was performed
according to ASTM C162. The slump flow test evaluated the unrestricted flowability of SCC while the time to reach a flow
diameter of 50 cm (Tso) assessed the SCC viscosity. The V-funnel test was conducted to measure the viscosity and the filling
characteristics of the SCC mixtures by forcing the SCC concrete to flow through a small cross-section and bounded space.
The J-ring test was conducted to evaluate the SCC mixtures' passing ability (i.e., how the mixture would function in a
restricted space similar to reinforcing bars). The diameter spread of concrete through the J-ring apparatus was recorded. The
ability of concrete to pass through steel reinforcement was examined by calculating the difference in diameters between the
slump flow and the J-ring tests. Concrete mixtures were assessed as SCC mixtures according to the recommendation of
EFNARC guidelines [21].

2.3.2 Compressive Strength and Durability

The average compressive strength of three cube specimens (i.e., 100x100x100 mm) was measured at 7 and 28 days of
curing for all mixtures. The mixtures' durability was evaluated by the rapid chloride penetration test (RCPT), bulk electrical
resistivity, water absorption rate, and water permeability. All durability tests were conducted at 28 days of curing for all
mixtures. The RCPT assessed the resistance of concrete to chloride-induced corrosion. The test was performed according to
the ASTM C1202. The bulk electrical resistivity test was conducted according to the ASTM C1876. The electrical resistivity
values judged corrosion protection for steel bars embedded in concrete as per ACI 222R-01 [22]. The water absorption rate

126-3



of concrete (i.e., sorptivity S in mm/s*?) was measured according to the ASTM C1585. The water permeability through the
concrete was conducted using a constant water pressure head (i.e., 35 bars) and measuring the outflow rate.

3. Results and Discussion
3.1. Self-Compacted Concrete Fresh Properties

Test results of the fresh properties for all SCC mixtures are presented in Table 3. As shown in Fig. 2 (a) and (b), and the
values obtained from the slump flow, Tso and J-ring tests (Table 3), the inclusion of 20% SSA without any modifications to
the mixture (SSA1-20) caused a significant decrease in workability, Tso flow time, and passing ability of the mix. This is due
to SSA particles' irregular morphology and inner porosity, which played a significant role in absorbing part of the mixing
water [12]. Figure 2(c) shows the modified SCC mixture, including 20% SSA (SSA2-20). It was observed that increasing
the admixture's dosage and modifying the mixture proportions when introducing SSA enhanced the flowability behavior and
the mixture's passing ability. This behavior was also observed by Monzo et al. [18]. The modification of the mixture resulted
in a slump value of SSA2-20 higher than the control mix. Also, a reduction of Ts, flow time from 4.32 seconds in the control
mix to 2.09 seconds in SSA2-20 was observed. Both slump flow and Tsotest results indicated that the modified SCC mixture,
including 20% SSA as a partial replacement of OPC, exhibited better flowability characteristics than the control mix, and it
can be designated as an SCC mix. Although SSA2-20 contained a higher VMA dosage than the control mix, an increase in
the viscosity of SSA2-20 was observed. However, it is within the acceptable range as per EFNARC guidelines [21]. This
implies that the inclusion of SSA led to more viscous concrete, thus improving the mix’s segregation resistance property.
The increments of SP and VMA dosages contributed to enhancing the mixture's passing ability, as shown in Fig. 3. SSA2-
20 exhibited no visible blocking suggesting that it would perform very well in highly congested reinforced concrete structures
or small-sized sections.

3.2. Compressive Strength

The mean values of the compressive strength of the hardened SCC control mixture (0% SSA) and the SCC mixture
incorporating 20% of SSA (SSA-2-20) at 7 and 28 days of curing are summarized in Table 4. For both mixtures, the
compressive strength increased with age. It was observed that the compressive strength slightly decreased with the addition
of 20% SSA as a partial replacement of OPC. The reduction of strength caused by the addition of SSA at an early age (7
days) was approximately 9.4%. While at a late age, a reduction of 2% was recorded. The decrease in early strength of SSA2-
20 might be partly due to the decrease in the main binder content (i.e., cement) and using SSA characterized with low
pozzolanic activity [19, 23]. The compressive strength development at 28 days for the SSA2-20 mixture could be
attributed to the continuation of the cement hydration and the pozzolanic reaction of the SSA. Therefore, it can be concluded
that SSA plays an active role in compressive strength development and a positive strength gain with age. It will be
interesting to investigate the change in the strength of the SCC modified with SSA versus the control SCC at late
ages (i.e., at 56 or 90 days)

Table 3: SCC fresh properties test results.

Mix _Slump flow Tso J-ring diameter V-funnel time
diameter (mm) (seconds) (mm) (seconds)
Control mix 730 4.32 720 7.59
SSA1-20 588 7.48 498 >12
SSA2-20 760 2.09 745 10.54
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Fig. 2: J-ring test for SCC mixtures (a) control, (b) SSA1-20 and (c) SSA2-20.
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Fig. 3: Passing ability of SCC mixtures.

Table 4: Compressive strength at 7 days and 28 days of curing.

Compressive strength (MPa)*

Mixture

7 days 28 days
Control mix 57.4 (3.15) 66.7 (2.08)
SSA2-20 52.0 (2.39) 65.3 (0.89)

* Values in parenthesis are the coefficient of variation

3.3. Durability

Durability tests were conducted at 28 days of age, and the test results are listed in Table 5. It is clear from the RCPT
results that incorporating SSA in the concrete mixtures resulted in decreasing the total passed charged (i.e., 35% reduction);
thus, reducing the chloride penetration through concrete and improving the resistance of the concrete to chloride-induced
corrosion. According to ASTM C 1202 penetration classification, the SSA2-20 mixture is classified as low chloride
penetration, while the control mix (0% SSA) is classified as moderate chloride penetration. The enhancement of the resistance
to chloride penetration can be related to the pozzolanic reaction of SSA. Similarly, it was observed that the addition of SSA
resulted in a slight increase in the bulk resistivity of the mixture by approximately 2.8% at 28 days of age. Generally, the
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higher the concrete resistivity, the greater the corrosion endurance is [22]. Hence, the addition of SSA produced high-
performance SCC with higher corrosion protection than the control mix. However, according to ACI 222R-01, both mixtures
are classified to have high corrosion protection for steel bars embedded in concrete. As shown in Table 5, the rate of water
absorption (i.e., sorptivity) for SSA2-20 was comparable to the control mix, indicating that the addition of SSA does not
have a noticeable effect on the rate of water absorption of concrete. Table 5 shows that the water permeability coefficient for
both mixes was relatively similar and low. Since water permeability is one of the main factors affecting the durability of
concrete [24], the results obtained indicated that both mixes have high durability. Since SSA exhibited late pozzolanic activity
[19], the measured durability indices are expected to improve at later ages (i.e., 56 or 90 days of age). This would increase
the concrete’s ability to endure the ingress of aggressive species from the surrounding environment.

Table 5: Durability test results.

Property* Control Mixture SSA2-20
RCPT (coulombs) 2931 (11.4) 1904 (15.3)
Resistivity (kQ.cm) 10.6 (0.74) 10.9 (3.7)
Sorptivity (mm/s*?) 0.017 (31.5) 0.021 (31.7)
Water Permeability (m/s) 8.2x 10! (43.8) 8.3x10 (29.7)

* Values in parenthesis are the coefficient of variation

4. Conclusions

Utilizing SSA in the concrete industry will help solve the SSA disposal issue while providing productive use. This
study's main aim was to reuse SSA in producing sustainable high-performance SCC by evaluating SSA's effect on both the
fresh and hardened properties of the produced concrete. From the conducted experimental work, the following conclusions
can be drawn:

1. The incorporation of 20% SSA as partial replacement of OPC resulted in reducing the workability, passing ability,
and viscosity of the SCC mix if the concrete mixture is not adjusted. It was mandatory to adjust the mix's fine powder
content and increase the SP and the VMA dosages in the mix. Adjustment of the concrete mixture and incorporation
of 20% SSA significantly improved the fresh SCC properties (i.e., higher flowability, better passing ability, and
higher viscosity).

2. At an early age (i.e., 7 days), the use of 20% of SSA as a partial replacement of OPC resulted in decreased SCC
compressive strength. However, at late ages, SCC's compressive strength value incorporating SSA was comparable
to the control mix due to SSA's late pozzolanic activity. The inclusion of SSA resulted in improving investigated
durability characteristics of the produced SCC, including the total passed charged through concrete specimens and
the bulk electrical resistivity. It is expected that the performance of the SCC incorporated SSA increases at later
ages.

3. At 28 days of curing, there was no noticeable effect on the rate of water absorption and water permeability when
SSA was used as partial cement replacement. However, it is expected to decrease with age due to the pozzolanic
activity of the SSA.

4. SSA showed a promising potential to be used as an SCM to produce high-performance SCC; therefore, contributing
to the sustainable development of construction materials by reducing the negative impact arising from SSA disposal
and cement manufacturing.
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