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(is study investigated the use of concrete sludge, a by-product of the ready-mix concrete industry, in combination with high-
calcium fly ash in binary cementless binders. Concrete sludge was used in substitution rates ranging from 0% to 60% in test fly ash-
based mortars to determine potential synergy. (e mortars were tested for fresh and hardened properties; workability, viscosity,
strength development, open porosity, early-age shrinkage, and analytical tests were carried out. A mortar with 50% fly ash and
50% limestone filler as binders was used for comparison purposes. Furthermore, a series of mortars with fly ash and concrete
sludge were alkali-activated in order to determine potential strength gain. In the activated mortars, two fractions of concrete
sludge were used, under 75 μm and 200 μm, due to different silicon oxide contents, while one mortar was cured at 40°C to
investigate the effect of heating on alkali activation. Results show that sludge contributes to the formation of C-S-H and strength
development when used in combination with high-calcium fly ash even at high replacement rates. (e alkali activation of fly ash-
concrete sludge system contributed to early-age strength development and to early-age shrinkage reduction.

1. Introduction

Today, in Europe, it is estimated that fresh concrete waste, at
the production stage or the cleaning/washing stage of
concrete trucks, is approximately 1–4% by weight of the total
concrete produced [1]. After the washing of the barrels with
huge amounts of water, up to 1300 liters per truck, the
material is left to settle in large sedimentation tanks. From
these tanks, the water can be reused to wash the vehicles or as
mixing water for new concrete, while the sediment is
concentrated at the bottom in the form of sludge [2]. (is
wet concrete sludge is difficult to handle and also has an
alkaline pH value which makes the deposit of the material a
burden for the environment and human health. In some
countries, like UK, Spain, and USA, sludge is classified as a
corrosive hazardous material due to its high alkalinity
(pH> 11.5) [3–5].

Audo et al. [2] investigated the use of sludge from ready-
mixed concrete plants as a substitute for limestone fillers. It
has been noted that the rheology of the fresh state mortar is

altered with the addition of sludge, leading to the mixture
becoming less plastic. Compressive strength varied from a
reduction of 30% to an increase of 17%, which is attributed
to the different fractions of the sludge (finer than 100 μm and
coarser than 100 μm) and the substitution rate of the sand
fraction of the mortars [2]. Xi et al. [6] have studied the use
of marble and concrete sludge as supplementary cementi-
tious material by replacing cement in mortars. (e re-
searchers have found that both materials could be used as
fillers, while the use of concrete sludge showed higher
compressive strength thanmarble sludge, probably due to its
higher alkalinity.

On the other hand, fly ash is a by-product, deriving
from the combustion of coal or lignite, which has been
studied extensively over the last years and is already used
as supplementary cementitious material [7–9]. Its
chemical composition depends on the type of raw material
and the methods of the combustion. Fly ashes from the
burning of coal typically have low calcium oxides content
and classify as siliceous fly ashes with pozzolanic
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properties. On the contrary, fly ashes from the burning of
lignite are rich in calcium oxides and classify as high-
calcium fly ashes with both pozzolanic and self-cementing
properties. European Standard EN 450-1 classifies fly ash
into two categories: siliceous fly ash, which contains
calcium oxides in less than 10%, and calcareous fly ash,
which has a content of calcium oxides over 10% [10].
Regardless of the type, the use of fly ash in cement and
concrete has both economic and environmental benefits
as it enhances the service life of concrete—for example,
addition of up to 30% of fly ash in concrete reduces
chloride penetration [11]—and reduces the energy con-
sumption and carbon dioxide emissions from the pro-
duction of cement [12]. Calcareous fly ash is known to
exhibit considerable self-cementing properties due to its
reactive lime and silica contents [13]. EN 197-1 [14] re-
quires that it must show at least 10MPa compressive
strength at 28 days when mixed with water according to
EN 196-1 [15] to be used in blended cements. Researchers
have shown that the hydration of calcareous fly ash can be
enhanced when used in combination with other supple-
mentary cementitious materials or when alkali-activated
[16]. (e process of alkali-activation is a field of study that
focuses on the use of by-products like fly ash and slag. It
includes a chemical reaction by polymerization of alu-
minosilicate oxides under the influence of silicon solu-
tions in highly alkaline conditions by heating [17]. Over
the years, many researchers have focused on the activation
of binders such as several types of slag and fly ash [18],
metakaolin [19], natural pozzolans [20], and red mud [21].
Extensive research has been conducted in the case of fly
ash, studying the properties of siliceous and high-calcium
types of fly ash [22–28].

Since cement clinker is accountable for considerable car-
bon dioxide emission, focus is needed to improve reduced
clinker or even clinker-free binders. Although fly ash and
concrete sludge have been studied separately as additives in
concrete [29–31], no focus has been given so far in the
combination of the two binders, in order to develop cement-
free binders. Along these lines, the paper attempts to explore
the potential improvement of calcareous fly ash hydration by
combining it with concrete sludge. Binary mortars based on fly
ash and concrete sludge were tested for strength development
for an increasing rate of fly ash replacement with concrete
sludge. Fresh properties such as plastic viscosity and work-
ability of the mortars were measured and flexural and com-
pressive strength were tested at the ages of 7, 28, and 90 days.
Open porosity and volume stability were also determined. X-
Ray Diffraction (XRD) analysis, simultaneous system of Dif-
ferential (ermal-(ermogravimetric Analysis (DTA-TG),
and Fourier Transform Infrared Spectroscopy (FT-IR), with the
technique of Attenuated Total Reflectance (ATR), were used to
characterize changes and behavior of the structure. In an effort
to explore the effect of concrete sludge on fly ash hydration, a
fly ash-limestone filler binary mortar was prepared for com-
parison purposes. Furthermore, selected fly ash-concrete
sludge binary mortars were prepared with a combination of
sodium hydroxide and waterglass solutions as activator and
tested for strength development.

2. Materials and Methods

2.1. Raw Materials. Concrete sludge was received in wet
condition and was subsequently dried, ground in a labo-
ratory ball mill, and sieved. Initially the sieving was carried
out through the 75 μm sieve, but it was concluded from the
chemical analyses that a lot of the silica present in the sludge
(possibly in the form of hardened C-S-H) was retained in the
sieve, so the sludge was also sieved through the 200 μmmesh,
resulting in testing the material in two levels of fineness (S75
and S200). Calcareous fly ash (FA) originated from a power
plant in Greece and was used unprocessed, while limestone
filler (LF) was received from a local quarry, already ground
to adequate fineness. (e particle size distribution (PSD)
analyses, of the fly ash, the two concrete sludge types, and the
limestone filler were measured byMalvern P.S.AMastersizer
2000-laser scattering technique and are presented in
Figures 1–4, while the mean particle diameters d10, d50, and
d90 (denoting that 10%, 50%, and 90%, resp., of each sample
are below the reported values) are presented in Table 1.

(e total oxides of the binders were determined by
Atomic Absorption Spectroscopy analysis–AAS (AAnalyst
400 Perkin Elmer) and are shown in Table 2.(e gravimetric
determination of total sulphates content (as SO3) was per-
formed by precipitation under the influence of barium
chloride (BaCl2) solution. (e loss of ignition (LOI) was
determined by combustion of the binders at 1000°C. Ad-
ditionally, the pore solution pH values of fresh pastes were
measured by a pH-Meter 766 Calimatic-Knick.

Natural river sand (0–4)mmwas used in all test mortars.
A solution of sodium hydroxide (NaOH 6M) and waterglass
in a (1 :1) ratio in combination with water was used as an
activator in the alkali-activated mortars. A polycarboxylic-
based superplasticizer was added when required to achieve
adequate workability.

2.2. Mix Design. Initially six mortar mixtures (Table 3) were
produced with increasing rate of fly ash replacement with
concrete sludge, from 0% to 60% wt.%. (e finer fraction of
concrete sludge (S75) had a chemical composition very close
to that of LF and could be considered as filler, while the
particle size distribution showed that concrete sludge was
considerably finer than LF and also considerably finer than
fly ash. From the literature, it is known that the increased
fineness of supplementary cementitious materials can pro-
mote binder hydration and strength development by im-
proving particle packing and also through the filler effect
[32]. (us, it was decided to use the finer fraction of sludge
(S75) in the first batch of mortars, while a binarymortar with
50% fly ash and 50% limestone filler was prepared to
compare the reactivity of the sludge with the limestone filler.

Alkali activation was considered at a second mortar
batch as a means to enhance the reactivity of the fly ash-
concrete sludge system.(e fly ash used was calcareous, with
free calcium oxide (CaOfree) equal to 5.61%, determined
according to EN 451-1 [33], and with considerable amounts
of silicon dioxide and aluminum oxide. Based on previous
research [34], it is possible to use alkali activation to promote
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the hydration of such fly ashes, and, therefore, it was decided
to repeat three of the initial mortars (the ones with 0%, 20%,
and 50% replacement with S75) using a combination of
sodium hydroxide: waterglass solutions as activator. (e
three selected mixtures were decided based on the early
strength results of the nonactivated mixtures. Regarding the
concrete sludge, it is obvious that sieving of the material has
an impact on the content of the silicon dioxide, which in the
sludge under 75 μm is 2.28%, whereas in sludge under
200 μm it is 15.01% (Table 2). Since silicon dioxide content is
important for the alkali activation process [17], it was de-
cided to test a mortar using 30% replacement with the
coarser, richer in silicon dioxide (SiO2), S200 (AN30). (e
last mortar was repeated using heating at 40°C for 24 h after
casting (AT30) in order to determine possible enhancement
of the alkali activation through heating, reaching a second
batch of five mortars (Table 4).

Mixing procedure followed 2min in slow speed and
7min in fast speed in the mixer, which was selected as
appropriate for achieving adequate consistency. Workability
was measured with the flow table test according to EN1015-3
[35] and plastic viscosity of the mixtures was also deter-
mined with an ICAR rheometer. (en the fresh mortars
were cast in prismatic specimens (40× 40×160)mm3 and
were cured for 24 hours in metallic molds at 25°C. Mixture
AT30 was cured in an oven at 40°C to investigate the effect of
early-age heating on alkali activation. After 24 hours all
specimens were demolded and kept at a chamber with 90%
RH and 21°C until testing.

2.3. Testing of HardenedMortars. Compressive strength was
measured at the ages of 7, 28, and 90 days according to EN
1015-11 [36]. Open porosity values at 28 days were measured
following the RILEM CPC 11.3 Methodology [37] and early-
age volume deformation was recorded up to 28 days, while
the specimens were kept in a chamber with 50%RH and
21°C. XRD analysis, via a Bruker D2 Phaser diffractometer
(CuKa1 radiation, 30KV/10A, measurement range 5–70° 2θ,
step 0,02°) was used for mineralogical characterization of
phases. (e content of the hydration products and the
remaining compounds of calcium hydroxide and calcium
carbonate were determined by DTA-TG (SDT 2960, TA
Instruments) using N2 atmosphere from 10°C to 1000°C.

(e mid-IR spectrums (frequency range 4000–400 cm−1 at a
resolution of 4 cm−1) of samples were collected using a
spectrometer (Cary 630 FTIR-Agilent Technologies) with an
ATR mode, in order to record significant structural changes
of the hydration products.

3. Results and Discussion

3.1.NonactivatedMortars. Rheology of mortar is affected by
multiple factors such the processing energy, the solid con-
centration, the paste/aggregate and mortar to aggregate/
ratio, air content, and the paste composition [38]. More
specifically, in terms of the paste rheology, the fineness of the
binder, mineral additions, and chemical admixtures are of
vital importance [39]. (e chemical composition of the
binder is another significant factor and, especially, its
content in calcium and aluminum oxides and sulfates.
Environmental conditions, such as temperature and hu-
midity levels during mixing, also affect the measured results.

Previous work of the authors has showed that the
composition of the fly ash, which is rich in calcium oxides,
aluminum oxides, and sulfates, requires a different mixing
procedure in order to decrease the viscosity of the mortar
and achieve an appropriate workability [34]. (e results of
the average viscosity of all mixtures are presented in Table 5,
along with the measured environmental temperature during
the test and the workability of the mortars at the flow table.
Viscosity was measured right after nine minutes of mixing.

Mixtures F, FS20, and FS30 did not give any results,
because of their high viscosity. Due to the many factors
involved in the test, more investigation is required in order
to have more definite results. However, it could be said that
higher percentages of concrete sludge reduce the viscosity of
the mixtures. FA substitution with concrete sludge affects
also the workability of the mixtures, by reducing water
demand (Tables 3 and 4). High-calcium fly ash is known to
have high water demand, mostly due to free calcium oxide
content, and the use of concrete sludge seems to mitigate this
effect, making it easier to achieve workable mortars.

Regarding strength development, Figure 5 shows the
compressive strength test results for the mixtures without
alkaline activation at 7, 28, and 90 days. In particular, the use
of fly ash as binder showed relatively good strength results
(16MPa at 28 days) despite the high water to binder ratio.
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Figure 1: Particle size distribution of calcareous fly ash (FA).
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(is could be attributed to the high contents of free calcium
oxide and reactive silicon dioxide which are present in high-
calcium fly ash. (e reasonably low 7-day compressive
strength of fly ash and the continued strength increase at 90
days indicate a slow rate of hydration mostly through the
pozzolanic reaction. (e replacement of up to 40% wt. of fly
ash with concrete sludge inferred a slight 28-day com-
pressive strength decrease (13–18%). Further increasing fly
ash substitution rates to 50% and 60% resulted in consid-
erably greater strength loss (29–43%). At earlier ages (7-day
compressive strength), the differences from the various
replacement rates were not very pronounced, while 90-day
results showed improved results for lower replacement rates.
A 22% strength increase was recorded for 20% substitution

with concrete sludge, indicating an improvement in the
hydration of fly ash. A smaller strength increase was ob-
served for the 30% replacement rate, but overall increasing
concrete sludge rate reduced strength proportionally.

Since the chemical composition of the concrete sludge
used in these mortars (S75) was very similar to that of
limestone filler (see Table 2), the improvement in the hy-
dration of fly ash could be attributed to the filler effect. (is
effect is also observed when using limestone filler as cement
substitution, which diminishes at higher substitution rates.
However, mortar FF50 with 50% of fly ash substituted with
limestone filler reached compressive strengths of 0.81MPa at
7 days, 5.07MPa at 28 days, and 7.92 at 90 days, a decrease of
85%, 56%, and 48% compared to mortar FS50 (50%
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Figure 2: Particle size distribution of concrete sludge sieved under 75 μm (S75).
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Figure 3: Particle size distribution of concrete sludge sieved under 200 μm (S200).
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substitution of fly ash with concrete sludge), respectively.
(ese results indicate that concrete sludge has a different
behavior than limestone filler and seems to contribute to the
reaction mechanism. Another possible explanation for the
higher reactivity of the mortars with concrete sludge is its
high alkalinity (13.22 as opposed to 10.52 of limestone filler),
which promotes hydration in the pore solution. (e hy-
dration products of the mortars with 50% fly ash replace-
ment with either concrete sludge (FS50) or limestone filler
(FF50) at 90 days were confirmed by the XRD diagrams and
are presented in Figure 6.

(e presence of inherent crystalline systems of calcite
and quartz in all samples examined must be attributed
mainly to the nature of the raw materials used (mixtures of
fly ash with concrete sludge or limestone, at a ratio of 50 :
50). (e phase of calcite is enhanced by the carbonation
reaction of mixtures FS50 and FF50 during their exposure to
atmospheric conditions for 90 days. (e presence of gypsum
and its anhydride is also observed in all mixtures, mainly due
to the nature of the calcareous fly ash containing sulfates.
(e presence of crystalline phases of ettringite is due to the

gradual hydration of sulfate phases of gypsum and anhydrite
especially in the high alkaline environment (pH> 13) of the
fly ash-concrete sludge mixture. In addition, the charac-
teristic reflections of portlandite are identified and appear
only in the diagram of FS50, as a product of long-term
hydration possibly due to the nature of the concrete sludge
[6]. Finally, secondary crystalline phases such as orthoclase
and albite are detected, apparently due to the addition of
siliceous sand.

In order to investigate further the hydration products of
FS50 and FF50 mixtures at 90 days, DTA-TG analysis was
applied and the thermographs presented in Figure 7 were
obtained.

(e peaks observed between 50°C and 200°C could be
attributed to the presence of free water, as well as the bound
water from the hydrated phases of calcium silicate hydrates,
calcium aluminate hydrates, and sulphoaluminate hydrates
[40–42]. (us, the increase in the amount of nonevaporated
water in FS50 mixture compared to FF50 mixture is
probably due to an increase in the chemically bound water in
C-S-H compounds in FS50 mixture [42]. (e weight loss in

Table 1: Particle size distribution.

Sample d10 d50 d90
F 3.51 29.68 191.09
S75 1.59 6.05 25.44
S200 1.82 8.35 143.82
LF 4.36 19.12 177.34

Table 2: Chemical composition (% wt) and pH values of raw materials.

Sample Na2O K2O CaO MgO Fe2O3 Al2O3 SiO2 SO3 LOI pH
F 0.92 1.14 22.58 1.87 5.08 17.85 46.83 3.68 2.92 13.75
S75 0.18 0.28 53.40 2.58 1.96 3.20 2.28 0.46 35.42 13.22
S200 0.18 0.09 39.95 1.56 1.18 3.55 15.01 0.50 38.17 11.87
LF 0.02 0.05 53.10 1.15 0.20 0.42 0.54 0.10 43.53 10.52

Table 3: Proportioning of test mortars.

Mixture F (parts by
mass)

CS75 (parts by
mass)

LF (parts by
mass)

Water/binder (parts
by mass)

Natural river sand
(parts by mass)

Superplasticizer (% by mass of
the binder)

F 1.0 — — 0.67 3.0 3.0
FS20 0.8 0.2 — 0.60 3.0 3.0
FS30 0.7 0.3 — 0.60 3.0 3.0
FS40 0.6 0.4 — 0.60 3.0 1.5
FS50 0.5 0.5 — 0.60 3.0 1.5
FS60 0.4 0.6 — 0.60 3.0 1.5
FF50 0.5 — 0.5 0.60 3.0 —

Table 4: Proportioning of alkali-activated mortars.

Mixture F (parts by
mass)

CS75 (parts by
mass)

CS200 (parts by
mass)

Liquid/binder
(parts by mass)

Natural river sand
(parts by mass)

Superplasticizer (% by mass of
the binder)

AF 1.0 — — 0.73 3.0 3.0
AFS20 0.8 0.2 — 0.67 3.0 3.0
AFS50 0.5 0.5 — 0.67 3.0 2.0
AN30/
AT30 0.7 — 0.3 0.67 3.0 3.0
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the range of 400–450°C occurred mainly due to the dehy-
droxylation of calcium hydroxide, while the loss at
650–800°C was due to the decomposition of carbonates. (e
main difference between the two mortars is the loss of
hydroxyls at 409–428°C for FS50 compared to FF50,
interpreted as the presence of the hydration product
Ca(OH)2 of concrete sludge, probably increasing over time
[2, 40–42].

(e study of phase transformations of hydrated products
at 90 days through the characteristic vibration bands and
assignments (wavenumber in cm−1) was conducted by
taking spectra in the mid infrared by ATR technique and is
presented in Figure 8 and Table 6.

(e broad bands in the range of 3800–1600 cm−1 are
generally assigned to vibration modes of bound water
molecule and hydroxyls (HOH and −OH). (e band at
3647 cm−1 observed in the hydrated product of the FS50
mixture is attributed to the hydroxyl anions of Ca(OH)2.
(e band does not appear to the spectra of the FF50
mixture due to the nature of limestone. (is agrees with
the diagrams of XRD and TGA-DTA analyses, thus in-
dicating the ability of FS50 components to give the hy-
dration reaction possibly due to the cementitious nature
of the sludge [2, 6]. (e broad band at 3401 cm−1 in FS50
mixture was more intense compared to the FF50 mixture
and this can be explained by the increased presence of

hydrated products. (e weak bands at 1626 cm−1 and at
1612 cm−1 in FS50 and FF50 mortars, respectively, are
attributed to the bending deformation of HOH molecules.
(e bands at 1410 cm−1 and 874/711 cm−1 of the FS50
mortar and at 1407 cm−1 and 872/711 cm−1 of the FF50
mixture are attributed to CaCO3 carbonates, which were
mainly obtained from the carbonation process of the
materials. (e bands at 1103 cm−1 and 1144/1092 cm−1 in
FS50 and FF50 mortars are attributed to the vibration of
the sulphates group. Specifically, in the FS50 mortar, the
band at 1103 cm−1 almost disappeared and was overlapped
by the stretching vibration band of Si-O. (e vibration
strong band at 965 cm−1 of the FS50 mixture is worth
noting, which increases in intensity and shifts to lower
frequencies relative to the absorption of FF50 at 971 cm−1,
indicating the formation of amorphous C-S-H phase
during the hydration process. Additionally, the changes
observed in the region 670–450 cm−1 correspond to the
bending vibrations from amorphous and crystalline
aluminosilicates [43–47].

Porosity measurements at the age of 28 days, shown in
Figure 9, confirm the compressive strength results of the
mortars. When the amount of concrete sludge substitution
was increased, compressive strength declined, and porosity
increased accordingly. However, the measured values had a
small variation overall, from 6.5% to 9.9%, and the use of

Table 5: Rheological properties of the mortars.

Mixture Viscosity (Pa∗ s) Flow table workability (cm) Laboratory temperature (°C) Water/binder (parts by mass)
F — 12.9 20.0 0.67
FS20 — 12.9 20.0 0.60
FS30 — 13.7 21.0 0.60
FS40 154.3 13.5 19.0 0.60
FS50 242.7 14.0 18.5 0.60
FS60 135.5 12.5 18.5 0.60
FF50 343.3 11.1 16.0 0.60
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concrete sludge did not alter mortar porosity considerably.
Also, substitution of fly ash with limestone filler compared to
concrete sludge did not change mortar porosity considerably
either. Regarding early-age shrinkage measurements (Fig-
ure 10), the rate of volume shrinkage and percentile volume
change was similar for all mortars and seems to stabilize at
25–30 days. (is indicates that there were no significant
early-age deformations arising from the combination of fly
ash and concrete sludge; however, long-term shrinkage
measurements should be made to establish adequate du-
rability regarding deformation.

3.2. Alkali-Activated Mortars. (e fresh properties of the
selected mortar mixtures which were repeated with the
addition of the alkaline activator are shown in Table 7.
Compared to the nonactivated mortars (Table 5), the use of
the activator seems to increase water demand regardless of
the use of concrete sludge. However, the substitution of fly
ash with concrete sludge still seems to improve the work-
ability and viscosity of the mixtures, taking also into account
the lower liquid/binder ratio. (e coarser concrete sludge
(S200) used in activated mortars AN30 and AT30 seemed to
improve mostly viscosity rather than flow table workability,
which could be attributed to its particle size distribution.

Figure 11 shows the values from the compressive
strength tests of the alkali-activated mortars. Regarding

the 100% high-calcium fly ash mortar, the addition of the
alkaline activator enhanced compressive strength at early
ages (15.29MPa at 7 d) compared to the mixture with
plain water (6.51MPa at 7 d, Figure 5). (is increase
continued at the age of 28 days, where strength level of AF
and F mixtures was around 19.99MPa and 16.40MPa,
respectively. Again, the replacement of fly ash with
concrete sludge (S75) at rates of 20% (AFS20) and 50%
(AFS50) reduced the compressive strength up to 50%.
However, the use of S200 concrete sludge had a great
impact on the development of strength, since for mortar
AN30, a 28-day compressive strength increase of 30% was
observed. (is is attributed to the chemical composition
of S200 (Table 1), since S200 (<200 μm) had 15.01%
content of silicon oxides, while S75 (<75 μm) had only
2.28% and the extra silicon oxide present is considered to
contribute to this strength increase. When curing at 40°C
for 24 hours was used to further enhance the alkali ac-
tivation process (AT30), it was clear that it did not im-
prove the mechanical characteristics of the mortar, as it
appeared to reduce strength over 15% in all ages compared
to AN30 (cured at 25°C). (is has also been reported
before by the authors, as it is proven that binders with a
high lime content, such as fly ash and ladle furnace slag, do
not require heating in order to develop high strength
levels [34, 48]. However, the relative 28-day compressive
strength increase for the alkali-activated mortars with

10 20 30 40
2 theta (coupled two theta/theta) WL = 1.54060

50 60

COD 1010962 CaCO3 calcite
COD 1011172 O2Si quartz low
COD 1001768 CaH2o2 portlandite
COD 9012922 Al2Ca6H60.602O49.496S3 ettringite
COD 9012207 Cao4S anhydrite
COD 5000039 CaH2o6S gypsum
COD 1011205 AIKO8Si3 orthoclase
COD 9000526 AINaO8Si3 albite

Figure 6: Diagrams of XRD analysis of mixtures FS50 (up) and FF50 (down) at 90 days.
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S200 was followed by a marked decrease at 90 days for
both AN30 and AT30 mixtures, which shows limited gains
by the activation process.

Porosity values of the alkali-activated mortars are pre-
sented in Figure 12 and the mortars with fly ash and S75
concrete sludge showed a reduction of around 30%

compared to the same mixtures without alkali activation
(Figure 9), which complies with the elevated compressive
strength results. Alkali-activated mortars AN30 and AT30,
however, showed considerably higher porosity values, de-
spite the higher compressive strength results. (is occur-
rence confirms the diverse performance of S75 and S200,
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Figure 7: (ermographs of DTA-TG analysis of mixtures (a) FS50 and (b) FF at 90 days.
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owing to either different granulometry or different activity.
(e same pattern was observed regarding the early-age
volume shrinkage test results (Figure 13). While the acti-
vated mortars with S75 showed a 28-day volume reduction
of 5%–7%, higher than the nonactivated mortars (3.5–5%),

the mortars with S200 had 28-day volume reduction limited
to 2.5%. (e volume reduction of all mortars gradually
stabilized, while curing at 40°C (AT30) for 24 hours seem to
affect the results neither of early-age shrinkage nor of
porosity.
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Figure 8: ATR-FTIR spectra analysis of mixtures (a) FS50 and (b) FF50 at 90 days.

Table 6: FTIR assignments (wavenumber in cm−1) for the FS50 and FF50 mixtures at 90 days.

Assignments FS50 FF50
Hydrogen bonds O-H (Ca(OH)2) (stretching vibration) 3647 —
Hydrogen bonds O-H (H2O) (stretching vibration) 3401 3427
HOH (bending vibration) 1626 1612
Carbonates, O-C-O (stretching vibration) 1410 1407
Sulphates, SO4 � (anhydrite) 1103 1144/1092
Si-O (C-S-H) (stretching vibration) 965 971
Carbonates, O-C-O (stretching vibration) 874/711 872/711
Si-O-Si, Si-O-Si/Si-O-Al (bending vibration) 663, 602 661, 600
Si-O (SiO4) (bending vibration) 464 471
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Figure 10: Volume stability of the nonactivated mortars.

Table 7: Rheological properties of alkali-activated mortars.

Mixture Viscosity (Pa∗ s) Flow table workability (cm) Laboratory temperature (°C) Liquid/binder (parts by mass)
AF 385.2 11.8 16 0.73
AFS20 91.6 15.1 16 0.67
AFS50 63.1 16.1 16 0.67
AN30/AT30 29.5 12 15.5 0.67
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4. Conclusions

(e present research investigated the potential combination
of concrete sludge and high-calcium fly ash for mortar
production.

(i) (e high-calcium fly ash tested showed a slow but
considerable strength development rate, reaching
16MPa compressive strength at 28 days.

(ii) Fly ash substitution with concrete sludge had a
positive effect on the rheology of mortars, since it
reduced viscosity, improved workability, and re-
duced water demand.

(iii) Fly ash substitution rates of 20% and 30% showed
the best results regarding strength development,
starting with a slight reduction at 28 days and
eventually improving strength at 90 days. Higher
replacement rates, however, showed a decrease in
strength development, proportional to the con-
crete sludge used.

(iv) Analytical tests in comparison with fly ash-lime-
stone filler mortars confirmed that concrete sludge
promotes the hydration of fly ash and the for-
mation of C-S-H. XRD analysis confirmed the
presence of crystalline phases of ettringite and the
characteristic reflections of portlandite in the
mortar with 50% concrete sludge. According to the
DTA-TG analysis, the main difference between the
fly ash-concrete sludge and the fly ash-limestone
filler mortars was the loss of hydroxyls at
409–428°C, as a presence of hydration product
Ca(OH)2 of concrete sludge which probably in-
creases with time. (e cementitious nature of the
sludge is also certified through the ATR-FTIR
spectra analysis. Porosity and early-age shrinkage
did not alter significantly when concrete sludge
was used in the mortars.

(v) (e alkali-activation mechanism increases water
demand of the mortars, but the inclusion of
concrete sludge still improves its rheological
properties and decreases plastic viscosity of high-
calcium fly ash-based mortars.

(vi) Regarding the mechanical properties, an im-
provement of earlier-age (7 and 28 days) com-
pressive strength was observed with the addition of
the alkaline activator in all cases. (e same as in
nonactivated mortars, increasing rates of concrete
sludge replacement resulted in proportionally
lower compressive strengths.

(vii) (ermal curing of the alkali-activated mortar at
40°C did not seem to promote compressive
strength development, but rather decreased
strength.

(viii) (e chemical composition of the concrete sludge
played an important role to the mechanism. (is
difference in chemical composition was obtained
through sieving of the material under 75 μm or

under 200 μm and thus obtaining a finer fraction of
concrete sludge with low silicon oxide content
(S75) and a coarser fraction with higher silicon
oxide content (S200).

(ix) (e mortars with 30% fly ash replacement with
S200 sludge developed higher 28-day compressive
strength, but strength decreased at 90-days.

(x) Overall, the alkali-activated mortars using the
coarser concrete sludge with higher silicon oxide
content had higher porosity and reduced early-age
shrinkage S200, but further investigation is re-
quired regarding the alkali activation of concrete
sludge.

(xi) After further research, especially regarding long-
term properties and durability, these mortars could
be used as masonry mortars and in low strength
applications such as renders, paving slabs, and
blocks. Studies regarding the environmental
footprint of the mortars with fly ash and concrete
sludge, such as comparative life cycle assessment,
would highlight their environmental benefits.
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