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The objective of this study was to determine the utilization potential of Spray Dryer Absorber Material
(SDAM) as an additive in concrete made with portland cement. Utilizing SDAM for beneficial use such
as portland cement replacement reduces the CO2 impact for every cubic meter of concrete placed, and
provides a means for utilities to avoid the impacts of landfilling. The utilization of SDAM in concrete is
often avoided due to delay in setting time, i.e. early-age strength-gain, and expansion related durability
issues. The study included SDAM collected from five different coal combustion utilities. A series of labo-
ratory experiments were conducted on the fresh and hardened concrete made by replacing 20 wt% of the
portland cement. The findings of this research demonstrates that despite slow strength gain at early ages,
a 20 wt% replacement of portland cement yielded a concrete that met the desirable 28-day performance
criteria. Additionally, the incorporation of SDAM containing elevated levels of fly ash content improved
the resistance to chloride permeability, and autoclave expansion resistance of concrete. These results pro-
vide evidence against the stigma of poor durability when using SDAM in concrete.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Coal-fired power plants are subject to regulations that require
control of sulfur dioxide emissions and other acid gases [1]. Instal-
lation of Flue Gas Desulfurization (FGD) systems in the coal-fired
power plants is considered an effective strategy to reduce the sul-
fur dioxide emission. This technology gained prominence in the
1980s, and since then, a variety of FGD systems have been used
all around the world [1]. As of 2007 in the U.S., about 85% of FGD
systems are wet, and 3% are dry injection systems. The remaining
12% of FGD systems are Spray Dryer Absorber (SDA) systems [2].
The SDA systems, or semidry systems, used for FGD come in a
variety of configurations. The process used in SDA systems consists
of four operations: sorbent preparation, the spray dryer absorber,
particulate collection, and byproduct handling systems [2,3].
Depending on the collection and process flow, different types of
solids are collected. The SDA Material (SDAM) is generally a mix
of fly ash and calcium-sulfur compounds. SDAM can range from
materials essentially devoid of fly ash to one that is a mix of pre-
dominantly fly ash. SDAM differs from more traditional wet forced
oxidation FGD gypsum, in that it contains primarily calcium sulfite
instead of calcium sulfate, with calcium hydroxide and minor
amounts of calcium carbonate.

An alkaline sorbent (primarily calcium oxide, CaO pre-calcined)
is mixed with water. The aqueous slurry is sprayed into the hot flue
gas in the spray dryer absorber through an atomizer that produces
a dense cloud of small droplets. When the atomized lime slurry is
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Fig. 1. Particle size analysis of the aggregate.
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introduced to the hot flue gas, SO2, SO3, and Cl quickly react with
the sorbent while the water evaporates. A fly ash pre-collection
system, such as an Electrostatic Precipitator (ESP), is often used
prior to the SDA. However, there are many cases where there is
no ESP and the fly ash is captured as part of the SDAM. The effi-
ciency of the fly ash pre-collection system will determine the vol-
ume of fly ash that is captured with the SDAM. The reacted
material from the SDA is a dry powder byproduct, comprised pri-
marily of calcium sulfite (CaSO3), which hydrates to the mineral
hannebachite (CaSO3�H2O). Some of the dry byproduct is collected
from the bottom of the absorber; however, the bulk of the SDA
material is collected in either a fabric filter/baghouse or an ESP.

Most of the SDAM is landfilled. The American Coal Ash Associ-
ation (ACAA) production and use survey reports 21% of the 1.5 mil-
lion tons of dry FGD produced was utilized primarily for mining
applications and waste stabilization/solidification in 2016 [4].
The low SDAM utilization rate emphasizes the need for research
to identify promising high-volume applications for this material.
This need was the driver for studying the influence of SDAM in
OPC concrete.

The morphology and chemistry of SDAM, particularly those
with elevated amounts of fly ash, allow them to contribute to the
performance and durability of portland cement concrete [5]. OPC
is one of the most widely used construction materials in the world
[6]. The production of OPC is a very energy intense process with a
high environmental footprint through CO2 emissions [7]. There-
fore, utilizing SDAM as a partial replacement for OPC could lead
to a lower energy, lower CO2 concrete product [8]. Additionally,
depending on the mineralogy and morphology of the SDAM, this
replacement improves some of the key properties of concrete.
However, there is little publically available information on the
use of SDAM in concrete and other cementitious products. Low
quantities of produced SDAMs, less than 0.5%, are utilized by the
concrete industry [2,4]. The low utilization rate in the concrete
industry is partially related to low early-age compressive strength
and potential for expansion [9,10]. However, research results show
this is not always the case and is highly dependent on the condi-
tions in which the SDAM was produced.

Therefore, the primary objective of this research was to study
the application of SDAM in concrete as a partial replacement for
OPC, and evaluate the issues that prevent utilization of this mate-
rial in the concrete industry. SDAMs were acquired from five sep-
arate coal combustion power plants. The samples were then
characterized by analyzing the chemical, mineralogical, and phys-
ical properties. Five concrete mixes were proportioned, by replac-
ing 20 wt% of OPC with SDAM. A series of laboratory experiments
were conducted to evaluate the hydration effects of an OPC/SDAM
blend on the fresh and hardened concrete properties. MINITAB
software was used to apply the ANOVA and Tukey’s test for pair-
wise comparisons to provide a statistical interpretation of the
experimental results.
2. Materials and methods

2.1. Materials

2.1.1. Cement, aggregates, and additives
A Type I Ordinary Portland Cement (OPC) with specific gravity of 3.15 g/cm3 and

meeting ASTM C150 requirements was used in each concrete batch. Aggregates
were received in bulk, and consisted of a 20 mm coarse crushed limestone aggre-
gate, a 10 mm intermediate crushed limestone aggregate, and a river sand. Aggre-
gate specific gravities were 2.68, 2.71, and 2.62 g/cm3, respectively. Results for
the particle size analysis of the aggregates are shown in Fig. 1. In addition, compar-
isons between the passing percentages of each sieve and the ASTM C33 require-
ments are presented in Table 1.

An air entrainer was used to attain the desired 6% entrained air in the concrete
mixes. The air entrainer incorporates tiny bubbles which relieve internal pressure
on the concrete by allowing small pockets of space for water to expand when it
freezes. Additionally, a water reducer, Glenium 3030, was added to the mix to help
reduce the amount of required mixing water, while maintaining a constant consis-
tency, i.e. slump.

2.1.2. Spray Dryer Absorber Material (SDAM)
In this study, five different SDAMs were acquired from coal-fired power compa-

nies. The chemical composition of the SDAMs, designated M1 to M5, is presented in
Table 2. The SDAMs can be divided into two groups: Group 1 – M1, M3, and M4
with high percentages of CaO and SO3 and low percentages of SiO2 and Al2O3; Group
2 – M2, and M5 with low CaO and SO3 and high SiO2 and Al2O3. The higher SiO2 and
Al2O3 contents imply that M2 and M5 contain higher amounts of fly ash. The chem-
ical composition of a fly ash-rich SDAM evaluated in a previous EPRI funded study
revealed that the weight percentage of SiO2 was in the range of 38% to 46%, and the
weight percentage of Al2O3 was in the range of 17% to 21%; which matches the mea-
sured chemical composition of M2 and M5 [11,12].

2.1.2.1. Particle size distribution. The particle size distribution of all materials were
measured using a Malvern Mastersizer 2000 laser particle-size analyzer. The mea-
surements were conducted in isopropanol to avoid hydration of the samples. The
particle size distribution of SDAM is important as it affects many engineering
parameters, such as chemical reactivity [2]. The results of the particle size distribu-
tion are presented in Table 3, and Fig. 2. The results show that among all the SDAMs,
M2 and M5 are comprised of larger particles. This is attributed to the higher fly ash
content in these SDAMs.

2.1.2.2. Normal consistency. Normal consistency of the SDAMs was measured using a
Vicat apparatus based on the ASTM C187 standard. This test measures the quantity
of water required to form a uniform paste. The results for the normal consistency of
OPC and the SDAMs are presented in Table 3. Among all SDAMs, M2 and M5 exhib-
ited relatively lower normal constituency. This means that compared to M1, M3,
and M4, the M2 and M5 SDAMs require a lower water content to reach a similar
flow-ability. This is attributed to the relatively larger particle sizes of M2 and M5.
Similar to the previous set of results, this may be attributed to higher fly ash content
in these SDAMs.

2.1.2.3. X-ray diffraction. X-ray diffraction (XRD) analyses were performed on the
SDAMs with a Philips X’Pert diffractometer (model PW3040-PRO) operating at
45 kV and 40 mA and utilizing Cu K-alpha radiation. The samples were ground by
hand in a ceramic mortar and pestle, and dry mounted in aluminum holders. The
step size for the analysis was 0.017 degrees at 0.035 degrees/second over 8–
60 degrees 2-tehta. The crystalline phases were identified with an International
Centre for Diffraction DATA (ICDD) powder diffraction (PDF) database. The XRD
results for OPC and each SDAM are summarized in Table 4. The results show that
portlandite and hannebachite are the only two mineral phases that are present in
all the SDAMs. Based on a study on fifty-nine SDAM products, portlandite and han-
nebachite were the phases that all the combustion products contained [13]. It was
reported that portlandite resulted from using an excess amount of sorbent. Han-
nebachite was the primary product of sorbent reaction with SO2 in the flue gas
[13]. The abundance of quartz in M2 and M5 is the result of high fly ash content
in these two SDAMs.

2.1.2.4. Scanning electron microscopy. A scanning electron microscope (SEM) was
used to analyze the morphology of the particles of each material, as well as the con-
crete samples after 15 months of curing. Samples for SEM analyses were analyzed
on as-received SDAM samples, and on broken fragments from the inside of the con-
crete samples. The concrete fragments had to be immersed in isopropanol for a cou-
ple of days to halt the hydration process and remove the water. Following this step,
the fragments were dried in an oven at 45 �C until dry. The as-received samples
were placed directly on a carbon tape, while the dried concrete fragments were
placed on a carbon tape with additional carbon paint for better adhesion and con-
ductivity of the surface of the samples. After placing the samples on a carbon tab,
the specimens were coated with gold, and the SEM analyses were performed on a
Hitachi S-4800 operating at a voltage of 5 kV and a current of 10 micro-amperes.



Table 1
Comparison between the particle size analysis of the aggregates and the ASTM C33 requirements.

Coarse Aggregate Fine Aggregate

Sieve Size % Passing % Passing Requirement Result Sieve Size % Passing % Passing Requirement Result

1.500 100.00 100 Pass 0.375 100.00 100 Pass
100 100.00 95–100 Pass # 4 99.90 95–100 Pass
0.7500 91.55 – – # 8 88.05 80–100 Pass
0.500 43.77 25–60 Pass # 16 69.88 50–85 Pass
0.375 16.58 — — # 30 50.10 25–60 Pass
#4 2.70 0–10 Pass # 50 11.76 5–30 Pass
#8 1.48 0–5 Pass # 100 2.91 0–10 Pass
Pan 0.00 – – Pan 0.00 – –

Table 2
Chemical compositions of OPC and the SDAMs in weight percentages.

Material CaO SO3 SiO2 Al2O3 Fe2O3 MgO Na2O K2O P2O5 SrO BaO TiO2

OPC 61.95 2.96 21.89 6.23 2.53 2.85 0.11 0.71 0.1 NA* NA* 0.26
M1 51.12 32.08 7.35 4.35 1.29 2.08 0.66 0.20 0.27 0.12 0.19 0.28
M2 28.07 7.18 34.8 17.41 5.12 3.34 1.07 0.45 0.67 0.25 0.44 1.16
M3 48.41 45.32 2.19 1.47 0.44 1.62 0.19 0.06 0.13 0.05 0.06 0.03
M4 52.33 43.71 1.49 0.78 0.34 1.02 0.08 0.07 0.08 0.03 0.03 0.00
M5 26.6 11.35 29.75 17.03 5.16 3.81 2.79 0.58 0.88 0.29 0.50 1.21

*Not available.

Table 3
Physical properties of OPC and the SDAMs.

Material Particle size analysis in lm Normal Consistency (%) Density (kg/m3)

d (10) d (50) d (90)

OPC 2.55 16.85 47.89 25.4 3150
M1 1.0 4.0 62.3 30.8 2427
M2 1.7 30.7 164.0 23.9 2523
M3 0.9 3.0 20.0 29.3 2439
M4 1.0 3.9 125.7 29.2 2479
M5 2.0 17.5 51.6 25.3 2599

Fig. 2. Particle size distribution of OPC the SDAMs. a) Volume percentage of the
particle sizes. b) Cumulative volume percentage of the particle sizes.
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The results of the SEM analysis for the SDAM samples are presented in Fig. 3, and for
the hardened concrete mixtures containing the SDAMs are presented in Fig. 4. Some
of the hydration products are specified in the images. SEM images presented in ref-
erences [14–17] were used to identify the specified phases. The formation of C-S-H
and Portlandite is consistent with the present of 80 wt% OPC in the mixture. In addi-
tion, the ettringite formation is consistent with the presence of tricalcium alumi-
nate from OPC, which hydrates to ettringite with the presence of calcium sulfate
(Fig. 4).

The results of chemical composition, normal consistency, XRD, and SEM exper-
iments show that among all the SDAMs, the M2 and M5 sources contain a higher
amount of fly ash. Later in this study, it will be explained how this property and
other characteristics of the SDAMs, will affect different chemical, physical, and
mechanical properties of the concrete that they are used in.

2.2. Methods

2.2.1. Mix design and maximum SDAM percentage
Six different mixes were prepared. In Mix S0, the control mix, no SDAM was

incorporated. In mixes S1, S2, S3, S4, and S5, 20 wt% of OPC was replaced with
M1, M2, M3, M4, and M5, respectively. Based on previous research, 20 wt% replace-
ment of OPC with SDAM was sufficient to achieve a performance threshold similar
to that of concrete with no SDAM, without greatly affecting the setting time [5].
Additionally, in similar studies that evaluated the effect of SDAM incorporation in
concrete’s performance, 20 wt% of cement was replaced by SDAM [18,19]. The con-
crete mixes targeted a 0.49 water to cement ratio with a 28-day compressive
strength of 28 MPa. Details of the mix proportioning of all the mixes are provided
in Table 5.

2.2.2. Fresh concrete properties
2.2.2.1. Slump. ASTM C143 procedures were followed to determine the slump, or
workability, of each prepared concrete mix. Generally, slump is targeted between
9.0 cm and 12.0 cm. In this study, the slump was allowed to be outside of the nor-
mal parameters due to the additional, uncharacteristic materials used in the formu-
lations. The results for the slump test of all mixes are presented in Table 6.

2.2.2.2. Air content. Air content was measured using a pressure Type B meter,
according to ASTM C231. The air content target for each mix was 4.5%, which would
provide acceptable protection from freeze-thaw. The results for the air content of all
mixes are presented in Table 6.



Table 4
Detection of mineral phases in OPC and SDAMs. (Tr. = Traces, X = Mineral phase present, XXX = Mineral phase abundant).

Minerals Material

Name Cement Notation OPC M1 M2 M3 M4 M5

Anhydrite CŚ Tr. – – – X –
Bassanite or Hemihydrate CŚH1/2 – – – – – X
Belite C2S X – – – – –
Brownmillerite C4AF X – – – – –
Calcite CĊ – X – Tr. XXX XXX
Calcium Aluminum Oxide Hydrate C2AH8 – – Tr. – – –
Ettringite C6AS3H32 – – Tr. – – X
Gehlenite C2AS – – Tr. – – –
Gypsum CŚH2 – – – – XXX XXX
Hannebachite CaSO30�.5H2O – X X XXX XXX X
Hatrurite (or Alite) C3S XXX – – – – –
Periclase M X – Tr. – – X
Portlandite CH – XXX XXX XXX X Tr.
Quartz S – Tr. XXX – – XXX
Tricalcium Aluminate C3A X – Tr. – – –

Fig. 3. SEM images of the five SDAMs. The magnification of the pictures in the first row is 100X, and the magnification of the pictures in the second row is 1000X.

Fig. 4. SEM images concrete mixtures containing five SDAMs.

Table 5
Mix proportioning of the six mixes.

Mix OPC
(kg/m3)

SDAM
(kg/m3)

Coarse Agg.*

(kg/m3)
Intermediate Agg.
(kg/m3)

Fine Agg.
(kg/m3)

Water
(kg/m3)

Water Reducer
(ml/m3)

AEA**

(ml/ m3)

S0 307.0 00.0 630.9 374.7 834.0 149.9 0.69 0.31
S1 245.6 61.4 625.6 371.5 827.0 149.6 0.69 0.31
S2 245.6 61.4 626.6 372.1 828.3 150.1 0.00 0.31
S3 254.6 61.4 625.4 371.4 826.7 149.6 0.69 0.31
S4 254.6 61.4 626.2 371.9 827.7 149.8 0.37 0.31
S5 254.6 61.4 627.0 372.4 828.8 149.8 0.37 0.31

* Aggregate.
** Air Entraining Admixture.
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Table 6
Fresh concrete properties.

Mix w/c* Slump (cm) Air Content (%)

S0 0.49 7.6 3.2
S1 0.49 9.4 7.0
S2 0.49 15.0 7.0
S3 0.47 15.1 6.8
S4 0.47 10.1 6.5
S5 0.47 14.5 7.5

* Water:cement ratio.
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2.2.3. Hardened concrete properties
2.2.3.1. Compressive strength. ASTM C39 procedures were followed for the compres-
sive strength test. After mixing, the concrete mixture was placed in
7.62 cm � 15.24 cm plastic cylindrical molds. The molds then were capped for
24 h, and after demolding, the specimens were kept in a curing room with constant
temperature and humidity. For each mix formulation, 18 specimens were prepared,
with three specimens tested at 1, 7, 14, 28, 56, and 112 days. Before the test, each
specimen was capped with sulfur compound in accordance with ASTM C617 to
ensure that the test cylinder had smooth, parallel, and uniform bearing surfaces
that were perpendicular to the applied axial load during the test. The loading rate
was 15 MPa/min for all compressive strength specimens.

2.2.3.2. Flexural strength. ASTM C78 procedures were followed for the flexural
strength test. After mixing, the concrete mixture was placed in
7.62 cm � 7.62 cm � 30.48 cm stainless steel prism molds. The molds were covered
for 24 h. After demolding, the specimens were kept in a curing chamber. For each
mix formulation, 12 specimens were prepared, with two specimens tested at 1, 7,
14, 28, 56, and 112 days. The loading rate was 1 MPa/min for all beam specimens.

2.2.4. Concrete durability
2.2.4.1. Surface resistivity. Rapid Chloride Permeability (RCP) is a widely used
method to assess concrete durability. However, this test is labor intensive. Alterna-
tively, a Surface Resistivity (SR) test, a nondestructive test, was conducted on the
cylindrical specimens before testing them for compressive strength. In the SR test,
the ability of the concrete to conduct electrical current is measured using a Wenner
4-probe array. Various studies have shown a good correlation between RCP and SR
data [20–22]. Surface resistivity of each specimen was measured using the Resipod
Proceq device, with a probe spacing of 3.8 cm. For each specimen, the resistivity
was measured at four different locations around the circumference of the cylinder,
and the average was recorded as the surface resistivity of the specimen.

2.2.4.2. Autoclave expansion. Autoclave expansion test was conducted on OPC and
SDAM cement paste samples following ASTM C151. The first paste sample, AE0,
only contained portland cement. However, in the other five paste samples, distin-
guished as AE1 to AE5, 20 wt% of OPC was replaced with M1 to M5 SDAMs, respec-
tively. This test provides information on potential delayed expansion that may be
caused by the hydration of calcium oxide (CaO), or periclase (MgO), or both, when
present in cement or SDAMs. Beforehand, the consistency for each composition was
determined by following ASTM C187. When the normal consistency was identified,
two autoclave bars for each composition were prepared in molds and cured in a
moist closet for 24 h before removing them from the molds. The samples were then
placed in an autoclave maintained at a pressure of 2 MPa for 3 h. The change in
length of the cement specimens was calculated by subtracting the length of the
samples before from that after the experiment, and reported as percent of the effec-
tive gage length. As indicated in the ASTM C151, a minus sign prefixed to the per-
cent value indicates a decrease in length, while a positive sign indicates an increase
in length.

3. Results and discussion

3.1. Concrete performance testing

3.1.1. Compressive strength
Results of the compressive strength test are presented in Fig. 5.

MINITAB software was used to conduct Analysis of Variance
(ANOVA) as well as Tukey’s test for pairwise comparisons in order
to statistically study the compressive strength data. At the signifi-
cance level of alpha = 0.05 (or confidence level of 95%), there is evi-
dence to conclude that at all ages the mean compressive strength
of all the mixes that contained SDAMs differed significantly from
the control mix. This drop in the compressive strength was
between 10% and 20% for the SDAM samples. Also, based on the
statistical analysis for the samples at the age of 28 days, mixes
S1 to S4 fall in the same category, and they all reach the desired
compressive strength. However, the compressive strength of S5 is
significantly less than the other mixes, and it does not reach to
the required 28-day compressive strength. After 112 days of cur-
ing, the S5 also reached to the desired compressive strength.

At the age of 7 days, the results of the statistical analysis
showed that the compressive strengths of S1, S2, and S3 were sig-
nificantly different from S4 and S5. As the results of the XRD show
in Table 4, M1, M2, and M3 have higher amounts of portlandite
compared to M4 and M5. Crystallization of portlandite increases
the content of cement hydration products, and leads to increase
in the compressive strength of concrete [23]. Therefore, higher
compressive strengths of S1, S2, and S3 at 7-days may be attributed
to the higher portlandite content in M1, M2, and M3.

These results suggest that the sufficiency of compressive
strength at the age of 7 days depends on the specific construction
requirement; however, all the mixes that contain SDAM, except
M5, pass the compressive strength requirement for pavement
application (AASHTO T 97).

The results also show that there is an increase in the compres-
sive strength for all the mixes after the age of 28 days. The differ-
ence between the compressive strength of the mixes that
contained SDAM and the control mix decreased as the age of curing
increased. This increase in the compressive strength at higher ages
may be attributed to the pozzolanic reaction of fly ash. As it has
been reported in previous studies, the compressive strength of a
concrete containing fly ash could continuously increase for up to
720 days [24].
3.1.2. Flexural strength
The results of the flexural strength test are presented in Fig. 6.

The statistical analysis showed that at the age of 1-day, the flexural
strength of all the mixes that contained SDAMs was significantly
lower than the flexural strength of the control mix. However, at
the age of 7-days, the flexural strength of all the mixes that con-
tained SDAM, except S4, was statistically equal to the control
mix. At the age of 28-days, the flexural strength of S1, S4, and S5
fall in the same category as S0, but the flexural strength of S2
and S3 were significantly higher that the control mix. Also, at the
ages of 56-days and 112-days, the flexural strength of all the SDAM
samples was significantly higher that the control mix. The particu-
lar trend of compressive and flexural strengths not increasing in
the same direction appears to be an anomaly and counterintuitive.
More research is needed to address this issue.
3.2. Concrete durability

3.2.1. Surface resistivity
The results of the surface resistivity test are presented in Fig. 7.

Based on the statistical analysis, at a significance level of 0.05,
there is evidence to conclude that for day 1, the mean surface resis-
tivity of all the mixes that contained SDAM was significantly less
than the control mix. However, at day-7, there was not significant
difference between Mixes S2, S5, and Mix S0. At 28 days of curing,
S1, S3, and S4 had similar surface resistivity as the control mix.
Based on the categorization presented by Chini et al., because the
28-day surface resistivity of all the mixes fall between 12 kO and
21 kO, they all have moderate chloride ion permeability [21]. How-
ever, at 56 and 112 days of curing, the surface resistivity of S2 and
S5 were higher by 38% and 57% as compared to the control mix
(S0). The increased resistivity is attributed to the higher fly ash
content in M2 and M5. Researchers have shown that the incorpo-
ration of fly ash significantly increases the resistance to chloride
ion permeability of concrete [19,25].



Fig. 5. Compressive strength of the six mixes at different ages.

Fig. 6. Flexural strength of the six mixes at different ages.

Fig. 7. Surface resistivity of the SDAM concrete.
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An increase in surface resistivity translates to an increase in
resistance against chloride attack. Therefore, compared to OPC
concrete, a concrete that contains M2 and M5 SDAMs would have
a more reliable performance in locations with harsh chloride con-
ditions. This is consistent with the results presented in [12],
where it was reported that incorporation of SDAMs in concrete
yields durability performance comparable to or superior to the
reference concrete. For applications such as bridge decks, piles,
seawalls, shoreline stabilization, where the concrete structure is
exposed to chloride attack, it is expected that the utilization of
M2 and M5 SDAMs increases the service life of the concrete
structure.
3.2.2. Autoclave expansion
As described in ASTM C618, the maximum autoclave expansion

or contraction limit is set at 0.8%. The results of the autoclave test
are presented in Fig. 8. The autoclave expansion of all the paste
samples were less than 0.05%, which is well below the maximum
limit set by ASTM C618.

Considering all paste samples, AE2 and AE5, which contained
M2 and M5 SDAMs, had the lowest autoclave expansion. The
higher fly ash content in M2 and M5 leads to elevated levels of
Al2O3 content. Based on a previous research, the incorporation of
a relatively high volume of fly ash in concrete mix controlled the
expansion of concrete, even for the cases that highly reactive



Fig. 8. Autoclave expansion percentage of the six mixes.
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aggregates were used in the concrete [12], which are consistent
with the results presented in [25]. These results suggest that the
incorporation of SDAMs with elevated fly ash content in concrete
could protect the concrete against the expansion caused by differ-
ent chemical reactions at higher ages of concrete.

4. Conclusion and future work

This study investigated the potential use of SDAMs as partial
replacements for OPC in concrete. Utilizing SDAMs for beneficial
use, such as OPC replacement, contributes to reducing the impact
on increasing volumes of these useful scrubber materials being
landfilled. Partial replacement (20 wt% of cement) of OPC with
SDAM in concrete provides benefit by decreasing cost and improv-
ing chloride penetration resistance, and resistance to autoclave
expansion, while exhibiting compressive strength performance
similar to that of a concrete with 100% Type-I Portland cement.
Despite slow strength-gain at early ages, a 20 wt% replacement of
OPC yielded a concrete that met performance criteria by 28 days
of curing. Research is currently underway to enhance the early-
age strength gain of concrete containing spray dryer ash material.
In addition, conducting ASR and Drying Shrinkage tests to better
understand the effects of incorporation of SDAMs on the durability
of concrete is suggested as future work.
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