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This study investigates the influence of fluidized bed combustion (FBC) ash on alkali—silica reaction (ASR). In particular,
the effects of CaO content and ash fineness on the mitigation efficiency of ASR expansion in mortar specimens were evaluated.
Four types of FBC ash with different CaO contents were used as partial ordinary Portland cement (OPC) replacement
(30 wt. %). Furthermore, one selected ash was ground for different time durations in order to assess the effect of fineness.
The accelerated mortar specimen test was performed according to ASTM C1260. After the expansion measurements had been
completed, mechanical properties were determined and microstructural analysis was carried out using scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX). The results showed that all tested FBC ashes
reduced ASR expansion compared to the reference mixture containing 100 % OPC. Increasing CaO content in FBC ash
led to a decrease in ASR mitigation efficiency. Grinding of the ash improved its mitigating effect due to increased fineness
and enhanced pozzolanic reactivity. The presence of ASR gel was confirmed by SEM/EDX analysis. No significant negative

influence of ASR on mechanical properties was observed.

INTRODUCTION

The aging and degradation of concrete structures
caused by the alkali-silica reaction (ASR) constitute
a long-term durability issue and are a major cause
of structural damage. This slowly progressing chemical
reaction between alkalis and reactive aggregate leads
to the formation of an expansive ASR gel, which, under
the influence of moisture, causes expansion and cracking
[1]. ASR is a chemical process initiated by the reaction
of OH ions present in the pore solution of the cement
matrix with reactive silica components in the aggregate.
In the initial phase, dissolution of silanol (Si—OH)
and siloxane (Si—O-Si) bonds occurs due to the pene-
tration of OH ions into the aggregate structure. The dis-
solution and depolymerization of silica bonds lead
to the formation of a highly hygroscopic ASR gel,
which expands in the presence of water and results
in the deterioration of the concrete structure. Alkali
cations, especially Na“ and K*, play a crucial role
in maintaining a high concentration of OH ions, with
their primary sources being Portland cement, sup-
plementary cementitious materials (SCM), aggregates,
or external contaminants such as road deicing salts
or secawater [2-3]. As the ASR gel diffuses toward
the cement matrix, ion exchange gradually occurs.

The originally monovalent alkali ions Na“ and K'
are replaced in the gel by divalent Ca?" ions, leading
to the formation of alkali—calcium silicate hydrates [4-5].

Numerous studies [6-9] have demonstrated that
materials such as coal fly ash (FA), ground granulated
blast furnace slag (GGBS), calcined kaolinitic clays, steel
slags, among others, when used as cement replacement
(SCM) in mixtures with aggregate, suppress ASR.
In general, their positive effect on ASR mitigation
is related to particle size [6] and their pozzolanic
properties [10]. During cement hydration, an amorphous
C—S—H phase and portlandite are formed, which increase
the alkalinity of the environment. Due to pozzolanic
reactions, additional C—S—H is formed from portlandite,
resulting in the following processes that inhibit ASR
development: reduction of pore solution alkalinity,
reduction of water permeability, reduction of alkali
ion mobility, and reduction of calcium ion availability
[10-12]. The chemical composition of SCM plays
an important role in the efficiency of ASR miti-
gation. It has been reported in [13-14] that the higher
the Ca/Si ratio, i.e., the greater the amount of calcium
ions relative to silicate ions in the SCM, the lower
the ASR suppression efficiency. Particle size is another
significant factor influencing ASR mitigation. A finer
material results in higher compactness of the cement
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paste, thereby reducing the mobility of alkali metal ions.
It has also been demonstrated that grinding of pozzolans
increases their pozzolanic activity, which consequently
enhances their ability to suppress ASR [15].

Fluidized bed combustion (FBC) ash is a by-
-product of combustion of finely pulverized coal
in fluidized bed boilers at temperatures around 850 °C
[16]. During combustion, finely ground limestone
is simultaneously added to the fluidized bed boilers
to enable in-situ desulfurization. Oxidation of coal
and the chemical reaction of flue gases with lime-
stone produce a fly ash with a characteristic
composition. From a morphological perspective,
FBC ash consists of very fine particles with highly
irregular surfaces. Its chemical and phase composition
often varies depending on the type of coal burned,
the amount of limestone added for desulfurization,
and the operating conditions in the fluidized bed boiler.
In the Czech Republic, FBC ash typically consists
of 35 — 42 % SiO,, 30 — 35 % ALO;, 3 — 7 % Fe,0,,
5 -8 % SO,;, and 5 — 10 % CaO [17]. Mineralogically,
FBC ash is 50 — 70 % amorphous. The crystalline phase
includes anhydrite AIl, free lime, quartz, and trace
amounts of calcite, hematite, magnetite, and magnesium
or titanium minerals [16-19]. The use of FBC ash
as an SCM in Portland cement systems is problematic due
to the risk of expansive formation of secondary ettringite
[17], which is inconsistent with the requirements
of EN 450-1 that does not allow its use in concrete
[20]. Nevertheless, there are studies investigating
the corrosion behaviour of binders prepared from FBC
ash and demonstrating their good stability in specific
environments [21-23]. Although significant quantities
of this material are landfilled, interest in its potential
utilization in construction is increasing for both economic
and environmental reasons [24-25].

Although FBC ash has been previously studied
in cementitious systems, its systematic evaluation with
respect to ASR mitigation, composition, and fineness
remains limited. The aim of this study was therefore
to prepare mortar specimens with FBC ash in order
to study its influence on ASR. The efficiency of ASR
mitigation was evaluated in mortars containing four
different FBC ashes with CaO contents ranging from
18.2 to 30.6 wt. %. Furthermore, the influence of FBC
ash particle size was investigated in mortar mixtures
containing selected FBC ash with different fineness
levels. The test was performed under the conditions
of the standardized ASTM C1260 procedure. Although
ASTM C1260 provides rapid assessment, it remains
an accelerated comparative method whose extreme test
environment does not necessarily reflect the actual service
life behaviour of the material. In addition, mechanical
strength tests were carried out after completion
of the dilatometric test.

EXPERIMENTAL

Materials

For this study, FBC ash samples with a CaO content
ranging from 18.2 to 30.6 wt. % (designated as FBC
18 — FBC 30) were selected for testing. The samples
were ground in an OM-2 ball mill (BRIO Hranice
spol. s r.0., Czech Republic) for 45 minutes to achieve
a median particle size of ds; = 9 — 16.7 um. The FBC
ash originated from the Ledvice coal-fired power plant
(CEZ a.s., Czech Republic). The mortar mixtures also
contained Portland cement CEM 42.5 R (OPC) supplied
by the Mokra cement plant (Heidelberg Materials, Czech
Republic), sand with a particle size of 0—4 mm (S) from
the Dobfin sand quarry (Cemex s.r.0., Czech Republic),
and glass cullet (GL) with a particle size of 2 — 4 mm
obtained from a glassworks facility (TGK s.r.0., Czech

Table 1. Chemical and physical properties of raw materials (oxide composition — XRF analysis (wt. %), density, specific surface,

mean particle size ds, quantile), *not measured.

OPC FBC 18 FBC 21 FBC 23 FBC 30 GL
Ca0 65.0 18.2 21.6 23.6 30.6 9.5
Si0, 18.6 37.1 33.8 32.8 30.2 69.1
ALO, 48 28.8 26.6 25.1 217 1.1
SO, 47 6.7 9.0 9.4 9.6 0.2
Fe,0; \ 3.5 4.8 4.6 5.1 4.1 0.1
TiO, (wt. %) 0.3 25 25 1.8 1.9 0.0
Na,0 0.4 0.2 0.1 0.2 0.2 15.6
MgO 13 0.7 0.7 0.7 0.7 4.0
K,0 0.9 0.6 0.6 0.7 0.6 0.4
Others 0.6 0.4 0.5 0.5 0.4 0.1
Density  (g-em®) 3.039 2675 2.640 2.630 2.992 *
Specifi
PECTIC 12 kg™ 326.8 882.0 1010.6 996.5 1117.0 *
surface
Mean particle ) 14.1 26.3 12.1 14.6 9.0 *
size ds,
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Table 2. Phase analysis of raw materials (XRD).

lzdvjte‘rylil Amorph. Quartz Anhydrite Lime Portlandite ~ Magnetite Anatase Others
. /0
FBC 18 50 13 14 5 15 3 0 0
FBC 21 58 8 15 6 6 1 2 4
FBC 23 57 8 18 7 8 2 0 0
FBC 30 49 9 21 19 1 1 0 0

GL 100 0 0 0 0 0 0 0
lz/lv:tteg/la;l Amorph.  Hatrurite Larnite Brownmillerite  Tricalcium aluminate Gypsum

. /0
OPC 10 56 19 11 2 2

Table 3. Physical properties of FBC 30 at different degrees of grinding (0, 15, and 45 min).

Material Density (g-cm™) Specific surface (m*kg") Median particle size ds, (um)
FBC300 2.824 175.6 178.6

FBC301 2.839 1037.0 15.9

FBC 30 2.992 1117.0 9.0

Figure 1. FBC 30 0, FBC 30 I and FBC 30.

Republic). The characterization of the raw materials
used including chemical composition, density, specific
surface area, and particle size distribution is presented
in Table 1.

The phase composition of the input materials
is shown in Table 2, while the phase composition of OPC
is presented in Table 3. FBC ash 30 was additionally
used in mortar mixtures in three different conditions:
unground (designated FBC 30 0), ground for 15 minutes
(designated FBC 30 I), and ground for 45 minutes
(FBC 30). The physical properties are summarized
in Table 3. Figure 1 shows FBC 30 ash at different
grinding stages — 0, 15, and 45 minutes.

Preparation of specimens and ASR measurement

A total of seven mortar mixtures were prepared.
The reference mixture, designated as REF, contained
500 g of OPC, 1013 g of sand, 113 g of glass,
and 235 g of water. The other mixtures, designated M 18,
M21, M23, M30, M30 0, and M30 I, contained 350 g

of OPC, 150 g of the respective FBC ash type (according
to Table 1), 1013 g of sand, 113 g of glass, and 235 g
of water. Specimens were prepared and tested according
to the standard ASTM C1260 [26]. For each mixture, four
prism specimens with dimensions of 25 x 25 x 285 mm
were cast. After 24 hours, the specimens were demoulded
and stored in a water container in an oven at 80 = 2 °C
for 24 £ 0.5 h. On the following day, the initial specimen
lengths were measured. Subsequently, the specimens
were immersed in a 1 M NaOH solution and stored
in an oven at 80 = 2 °C throughout the experiment.
The length changes of the mortar specimens were
monitored over a period of 28 days at intervals
of 2 — 3 days. The relative expansion at time “x”
was calculated using the following equation:

Ly — Lo

= 1
G,x100 o

where L, is the average specimen length at time x after
subtraction of the reference gauge length, L, is the ini-
tial specimen length after subtraction of the reference
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gauge length, G, = 250 mm is the effective gauge length,
and the resulting value L represents the relative expan-
sion of an individual specimen at time x.

Flexural strength at ambient temperature was
determined using a WPN 2143 testing machine (VEB
Thiiringer  Industriewerk  Rauenstein, Germany).
Specimens with dimensions 25 x 25 x 285 mm were
placed on two support rollers spaced 100 mm apart
and loaded uniformly by a central loading roller
at a rate of 20 N-s™ until failure. The loaded surface
of the specimen was always oriented perpendicular
to the pressing direction of the moulded plate. Based
on the specimen dimensions, the test configuration,
and the maximum load F,, achieved at failure,
the flexural strength o, was calculated according
to the following equation:

3 FnaxLs

% =3 Th.RT

2
where L, is the dimension between the support rollers,
b is the width of the test specimen, and # is the height
of the test specimen.

Compressive strength at ambient temperature
was determined using a ZD 10/90 testing machine
(VEB Thiiringer Industriewerk Rauenstein, Germany).
After the flexural strength test, the fractured halves
of the specimens were placed between steel plates
measuring 25 x 25 mm and inserted into the testing
machine. The loading rate was 200 N-s'. The load
was applied continuously until specimen failure. Based
on the specimen dimensions and the maximum load

F,. reached at failure, the compressive strength o,
was calculated according to the following equation:
Fmax
o, = 2% 3)
¢ s

where s is the loaded area defined by the steel plates
measuring 25 x 25 mm.

Other methods

XRF analysis was performed using a sequential
wavelength-dispersive X-ray spectrometer ARL 9400
XP (Thermo Fisher Scientific, USA) equipped with
a Rh anode, and the data were evaluated using WinXRF
and UNIQUANT 4 software.

XRD phase analysis was carried out at room
temperature using a 0—0 powder diffractometer X'Pert’
Powder (Malvern Panalytical, Netherlands) with CuKa
radiation (A = 1.5418 A, U = 40 kV, I = 30 mA). Data
were collected using an ultrafast linear 1D detector
(PIXCEL) over an angular range of 15 — 78°, with
a step size of 0.013° and a counting time of 180 s
per step. Quantitative phase analysis was performed
using HighScore Plus 4.0 software with the addition
of 10 wt. % ZnO as an internal standard.

The density of all raw materials was measured
using a helium pycnometer Pycnomatic ATC EVO with
temperature control in the range of 14 — 40 °C (Thermo
Scientific, USA). The specific surface area of the raw
materials was determined using an electronic Blaine
apparatus, model 1.0210 (Testing Bluhm & Feuerherdt
GmbH, Germany). Particle size distribution of the input
materials was measured using a laser diffraction analyzer
(Dandong Bettersize Instruments Ltd., China).

SEM micrographs were obtained using a field
emission gun scanning electron microscope (FEG-
-SEM, LYRAZ3, Tescan, Czech Republic) equipped with
energy-dispersive spectroscopy (EDX). SEM analysis
was performed on two selected mortar specimens, REF
and M30, on polished cross-sections perpendicular
to the longitudinal axis of the specimens.

RESULTS AND DISCUSSION

Alkali—silica reaction — effect of CaO content

Figure 2 presents the effect of relative expansion
of the specimens over time. The highest values were
recorded for the specimens containing only OPC
(REF), reaching a relative expansion of 0.15 % after
14 days and 0.30 % after 28 days. All tested specimens
containing 30% FBC ash mitigated the increase
in relative expansion compared to the reference REF
mixture. The values of relative expansions for all speci-
mens after 14 days of testing were below the limit
of 0.1 %, below which — according to the evaluation
in TP 137 [27] —the aggregate is considered non-reactive.
After 28 days, the relative expansion ranged from
0.07 to 0.19 %. This observation is consistent with
previous studies and reflects the influence of CaO
on ASR kinetics [7-8], which attribute the behaviour
to the pozzolanic properties of the materials and their
fine particle size. As shown in Figure 2, the relative
expansion of the specimens increased with increasing
CaO content in the FBC ash. These findings are con-
sistent with results reported in [9], [28]. The ASR-
-induced expansion after 14 days increased in the order
M18, M21, M23, and M30, and this trend remained
unchanged after 28 days. The dependence of expansion
on the CaO content in the FBC ash is illustrated
in Figure 3a. The expansion values after 14 and 28 days
were fitted with linear regression curves, yielding
coefficients of determination R* = 0.9272 (14 days)
and R* = 0.8731 (28 days). The results indicate that
the CaO content of the FBC ash significantly affects
ASR development. In comparison, specimens con-
taining FBC ash with 18 % CaO exhibited approxima-
tely three times lower expansion than those containing
30 % CaO. This is in agreement with the findings
of Thomas et al. [13] and Kawabata et al. [14], who in-
vestigated the effect of CaO in fly ash (FA) systems.
Figures 3b and 3c show the relationships between
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the decrease in the relative expansion of the specimens
and the increase in the SiO, and ALO; contents
in the FBC ashes, respectively. These results are con-
sistent with the findings reported by Thomas et al. [13]
and Théodore et al. [29].

035

—4+—REF ——M30 M23 —M2l ——MI8

030

e e S
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(7 S S

Expansion [%]

e
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0.05

0.00

0 7 14 21 28
Time [days]

Figure 2. Expansion of mortar specimens over time according
to ASTM C1260; risk classification limits for day 14:
0-0.1% Low, 0.1 —0.2 % Medium, > 0.2 % High.

In interpreting the dilatometric measurements,
the potential influence of ettringite on the expansion
behaviour must be considered. A previous study
by Sidlova et al. [21] concerning the thermal stability
of hydrated Czech FBC ashes demonstrated that
ettringite decomposes at 80 °C. This phenomenon may
significantly affect the interpretation of the results,
as the decomposition of ettringite during the present
study could be accompanied by dilatometric shrinkage.
Since the test was conducted at 80 °C, the phase
composition of the hydrated specimens was examined
after completion of the experiment. Figure 4 presents
the phase composition of M30, indicating that this
sample did not contain ettringite. If the decomposition
of ettringite and the associated potential dilatometric
shrinkage had significantly influenced the experimental
results, the greatest shrinkage would be expected
in the specimen with the highest ettringite content,
i.e., the specimen with the highest SO; and CaO content
(M30), while the lowest shrinkage would be expected
for M18. However, Figure 2 shows the opposite trend:
Specimen M30 exhibited the lowest shrinkage relative
to the reference REF, i.e., the highest expansion.
It can therefore be concluded that although the test
conditions significantly affect hydrated products
and lead to ettringite decomposition, the method remains
suitable for comparative assessment of ASR expansion.

Figure 5 shows the mechanical strength results
obtained after completion of the 28-day ASTM C1260
test. The blue columns represent flexural strength, while
the orange columns represent compressive strength.
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Figure 3. Dependence of mortar expansion on CaO, SiO,,
andAl,O;contentin FBC ash; risk classification limits for day 14:
0-0.1% Low, 0.1 — 0.2 % Medium, > 0.2 % High.

Flexural strength values ranged from 7.8 to 9.3 MPa,
and compressive strength ranged from 64.4 to 72.0 MPa.
Although the previous section demonstrated a clear
effect of CaO content in FBC ash on ASR expansion,
no clear relationship between ASR expansion and mecha-
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Figure 4. Phase composition of M30.
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Figure 5. Flexural and compressive strengths of mortar speci-
mens after 28 days of testing according ASTM C1260.

nical strength was observed. On the contrary, a slight
decrease in compressive strength was observed with
decreasing CaO content in the FBC ash. Therefore,
this test did not conclusively confirm the hypothesis
of strength reduction in mortars exhibiting higher ASR-
-induced expansion [22, 23].

Effect of FBC ash particle size on ASR expansion

The results of ASR measurements in specimens
containing 30 wt. % FBC ash with different particle
sizes, determined using the accelerated dilatometric
test according to ASTM Cl1260, are presented
in Figure 6a. An increase in expansion over time due
to ASR was observed for all tested mortar specimens.
The highest expansion values were recorded
for the mortar con-taining 100 % OPC (REF), reaching
0.15 % after 14 days, and 0.30 % after 28 days.
All tested mortars containing 30 % FBC ash mitigated
ASR expansion; after 14 days, expansion values ranged
between 0.06 — 0.09 %, which were below the limit
of 0.1 %, below which — according to the evaluation
in TP 137 [27] — the aggregate is considered non-reactive.
After 14 days of testing, the most effective mixture in
terms of ASR suppression was M30, containing FBC
ash ground for 45 minutes. The mortar with FBC ash
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Mortar specimens

b) Strengths of mortar specimens

Figure 6. Expansion, and strengths of mortar specimens with
differently ground FBC 30 after testing according to ASTM
C1260; risk classification limits for day 14: 0 — 0.1 % Low,
0.1 -0.2 % Medium, > 0.2 % High.

ground for 15 minutes exhibited higher ASR-induced
expansion throughout the entire testing period. An a-
typical expansion trend was observed for the mortar
containing unground FBC ash (0 min), designated
M30 0. Interestingly, the specimen containing unground
FBC ash (M30 0) exhibited the lowest expansion after
28 days. This behaviour is most likely attributable
to the heterogeneous nature of FBC ash, as reported
by Skvara et al. [24]. The unground ash contains larger
particles, which were identified as CaO particles en-
capsulated in CaSO, [24]. In this form, CaO in the un-
ground ash is less accessible, and its effective availability
for the ASR reaction is lower than after grinding, despite
the total CaO content remaining unchanged.
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Figure 7. SEM of mortar specimen cross section: a) REF, 100x, and b) M30, 100x.

After completion of the 28-day dilatometric test,
flexural strength values ranged from 7.1 to 8.5 MPa,
and compressive strength ranged from 57.7 to 67.8 MPa
in Figure 6b. It is evident that compressive strength
increased with increasing fineness of FBC ash grinding.
This trend is not necessarily attributable to structural
densification due to ASR, but rather to the overall
densification of the mortar matrix caused by the finer
particle size of the material. Additionally, higher
pozzolanic activity may also contribute to this effect
[15].

Scanning electron microscopy (SEM)

Figure 7a shows SEM micrographs of the specimen
without FBC ash addition (REF) and the specimen
containing FBC 30 (M30) — 7b, respectively. The dark,
smooth regions correspond to the glassy phase, while
the rougher regions with occasional pores represent
the cement matrix. In Figure 7a, a crack propagating
across a glassy phase was identified. Energy-dispersive
X-ray (EDX) analysis of the crack region revealed
a higher Ca®" content compared to the original glass
composition, indicating the presence of ASR gel
in the form of calcium silicate hydrate. As reported
in previous studies [4], [5], transformation of ASR gel
occurs due to diffusion of Na”and K" ions into the cement
matrix, with Ca?" ions progressively replacing alkali ions
within the gel structure. In contrast, no crack crossing
the glassy phase or other visible manifestation of ASR
was observed in specimen M30, as shown in Figure 7b.

CONCLUSIONS

The aim of this study was to evaluate the effect
of CaO content and the degree of grinding of FBC ash
on the development of the alkali-silica reaction (ASR)
according to ASTM C1260, and to discuss the mechanical

properties of mortar specimens after completion
of the test.
The results showed that the incorporation

of 30 wt. % FBC ash into the cement matrix signifi-
cantly reduced ASR-induced expansion compared
to the reference mortar containing 100 % OPC.
The extent of ASR suppression was influenced
by both the CaO content in the FBC ash and its degree
of grinding. A direct correlation was observed between
higher CaO content and increased expansion. Regarding
particle fineness, the finest ground FBC ash showed
the greatest ASR mitigation effect, which can be attributed
to the increased pozzolanic activity of the particles.
The atypical behaviour observed for the unground ash
(0 min) was most likely caused by the reduced availability
of CaO.

From the perspective of mechanical properties,
no clear effect of ASR on compressive or flexural
strength was observed. In mortars containing FBC ash
with different degrees of grinding, a slight increase
in strength with increasing fineness was detected,
which may be attributed to higher matrix densification
and enhanced reactivity of the FBC ash.
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