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ARTICLE INFO ABSTRACT

One-part alkali-activated binders, also known as the “just-add-water” concept, have received great attention due
to their advantages over two-part alkali-activated binders. By avoiding the use of dangerous alkali solutions, these
binders are easier to both handle and transport. Ground granulated blast furnace slag is one of the side streams,
which can be used in one-part alkali-activated binders to reach high compressive strength at an early age. How-
ever, using slag alone has some disadvantages, including a fast setting time and a large drying shrinkage, narrow-
ing the application of these mix compositions and causing crack formation, respectively, thus shortening service
life. Fly ash can be used in one-part alkali-activated materials to partially substitute for slag in order to both min-
imize drying shrinkage and prolong the setting time. Moreover, ceramic waste can be used as a replacement for
normal sand, which is great achievement in terms of developing environmentally friendly alkali-activated mate-
rials exclusively from side steam. This paper presents new research on the effects on the fresh and hardened-state
properties of one-part alkali-activated mortars of replacing up to 80% of slag with fly ash. These properties were
characterized by the initial and final setting time, the strength development (compressive and flexural), and the
drying shrinkage. Microstructural analyses (SEM/EDS, XRF, TGA/DTG) justified the results. Moreover, different
fiber contents and combinations were used to reinforce the developed one-part alkali-activated slag/fly ash mor-
tars to increase the strength, further reduce the drying shrinkage, and improve the freeze/thaw resistance.The
results showed that fly ash and fibers can reduce the drying shrinkage and prolong the setting time. The weak-
ened mechanical properties caused by decreasing the amount of slag are still adequate to let the composite slag/
fly ash material be considered in construction applications.
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1. Introduction

Concrete is a common construction material that has traditionally
relied on ordinary Portland cement (OPC) as a binder, along with ag-
gregate and water. The production of OPC releases significant CO5
emissions, however, composing approximately 8% of total global, hu-
man-caused CO, emissions [1]. In the OPC manufacturing process,
the de-carbonation reaction of limestone at extreme temperatures
(1400-1500 °C) is the major cause (50-60%) of the CO, emissions [2].
Alkali-activated binders as alternative materials with lower CO5 emis-
sions have been proposed to maximize the use of waste/recyclable ma-
terial to produce construction products [3-5]. Alkali-activated binders
react differently than OPC to the incorporation of various raw materi-
als. In general, there are two main kinds of alkali-activated binders: 1)
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more common, two-part alkali-activated binders, which are comprised
of liquid alkali solutions and have harsh properties, like corrosiveness,
high viscosity, and difficulty of on-site use [2]; and 2) one-part al-
kali-activated binders, which only require water to be added to the
binder-alkali activator mixture in its solid shape. One-part alkali-ac-
tivated binders have various advantages over traditional, two-part al-
kali-activated binders, such as being safe and easy to use. This makes
one-part alkali-activated binders a good option for both on-site casting
and commercial use in construction applications [6].

In alkali-activated binders, different precursors are used, such as
ground-granulated blast-furnace slag (GGBFS), fly ash, metakaolin, etc.
Each precursor has some advantages and disadvantages. For instance,
GGBFS shortens setting time and reaches a high strength at an early
age, but it also increases the possibility of forming cracks due to a large
drying shrinkage [7]. Therefore, some approaches have been proposed
to minimize its drawbacks, including using a combination of blended
cements [8-12] and using fibers [13,14]. These efforts have been
made mainly with two-part alkali-activated binders, however, leaving
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a gap in the literature for assessing the efficiency of one-part alkali-acti-
vated binders.

As aforementioned, the main aim of alkali-activated binders is to
maximize the use of recyclable materials in production of construc-
tion materials. To this end, some studies have indicated the poten-
tial of using recycled aggregate as a replacement for natural aggre-
gates in alkali-activated binders [15-19]. One of these successful ef-
forts used ceramic aggregates instead of natural aggregates in one-part
alkali-activated binders [8], which had a low impact on the strength
loss. In 2015, Ariffin et al. reported that using ceramic waste aggregate
in a geopolymer concrete (with conventional, two-part alkali-activated
binders) improved the compressive strength, flexural strength, and split-
ting tensile strength [20]. These results evince that ceramic waste ag-
gregate is a useful component that should be considered in the design of
high-strength geopolymer concrete. Waste ceramic could be a suitable
aggregate in alkali-activated binders because it provides reactive silica,
which is an essential component in the alkali-activation reaction to facil-
itate gel formation. In addition, using ceramic waste as the silica source
has some ecological advantages, like conserving energy and natural re-
sources, as well as reducing both the cost and the carbon footprint of the
product [21].

Moreover, various studies have been conducted on using the ben-
efits of fiber reinforcement of different alkali activated materials. The
main focus in these studies was on alkali activated materials, which
used lonely one precursor such as GGBFS or fly ash or metakaolin,
and limited numbers of studies worked on the reinforcement of the
blended alkaline binders. In the meantime, alkali activated fly ash/
slag materials (as two-part) reinforced with different fibers such as
steel [49,50,53-57], polypropylene (PP) [49,50], basalt [50,57], car-
bon [51,57], glass [57], and Polyvinyl alcohol (PVA) [52]. There is
only one work regarding the tensile characterizations of fiber reinforced
one-part alkali activated fly ash/GGBFS materials with hybrid combina-
tions of steel and polyethylene fibers [58]. They reported that the pre-
cursor type, fiber type, and fiber content significantly affect the rela-
tive slump, density, fracture properties, and mechanical strengths. Ad-
ditionally, it was found that the addition of fine natural aggregates
(< 0.2 mm) improve the fracture properties, while degraded the tensile
strain capacity and multiple-cracking status [58].

So far, there is no study on the use of blended fly ash and GGBEFS as
precursors to balance the advantages and disadvantages of one-part al-
kali-activated binders with recycled ceramic aggregates. Moreover, the
developed one-part alkali-activated slag/fly ash binders with ceramic
aggregates (OAASFs) in this study were reinforced with PVA, PP, and
basalt in single and hybrid combinations to enhance their mechanical
and durability properties and reduce their drying shrinkage. Only one
work has studied the influences of using ceramic aggregates; however, it
was in one-part alkali-activated ceramic/slag binders [8].

The main aim was to develop fiber reinforced OAASFs with accept-
able mechanical properties, low drying shrinkage, and acceptable freeze
and thaw resistance. In order to achieve this point, it was initially re-
quired to develop the plain OAASFs with acceptable fresh and hard-
ened state properties and comparable to those ones made with natural
(or normal aggregates). Therefore, this paper was divided into two dif-
ferent stages, including the first stage of this paper was assigned to
develop one-part alkali activated slag/fly ash binders containing ce-

Table 1
The chemical compositions of GGBFS, FA, and PCW measured with XRF [%].

ramic aggregates with acceptable fresh and hardened state properties;
then, the plain OAASF with the best performances in terms of fresh and
hardened state properties was used to be reinforced with different fiber
types (PVA, PP, basalt) and combinations (single and hybrid). Finally,
the mechanical strength, drying shrinkage, and freeze and thaw resis-
tance of OAASFs reinforced with different fibers were assessed.

2. Materials and mix designs
2.1. Raw materials

The raw materials in this study were GGBFS, a calcium-rich alumi-
nosilicate precursor, and fly ash (FA), a binder rich in both silicon diox-
ide and aluminum oxide.

The GGBFS was provided by Finnsemetti (Finland), the dsq value of
which was 10.8 um with a density of 2.93 g/cm?>. The dissolution of GG-
BFS is based on particle sizes; when larger than 20 mm, the particles re-
act slowly, while smaller ones can react completely after 24 h in blended
cements and alkali-activated binders [22,23]. Coal fly ash was obtained
from Luja (Finnish Company). The dgo value for the used fly ash was
21 pm.

The ceramic used in this work was porcelain ceramic waste (PCW),
which totally replaced with natural sand. IDO (Finnish sanitary com-
pany) supplied the ceramic as a part of their waste. The detected crys-
talline phases were quartz 47.7%, mullite 48.9%, rutile 2.59%, and
hematite 0.77%. The ceramic was crushed by using a jaw-mill, and the
crushed material was sieved to reach a particle size between 0.5 and
4 mm. As mentioned earlier, natural aggregates (normal sand) were also
used to compare the influence of ceramic waste as a recycled aggregate
in alkali-activated binders. Standard sand was used as a natural aggre-
gate in the first phase of the experimental plan using a sand-grain di-
ameter distribution based on the ASTM D6913 recommendation [24] of
between 0.08 and 2 mm. The sand-to-binder ratio was maintained at 2
based on the finding presented by Ghafoori et al. that the high strength
in green concrete was achieved with this ratio [25].

Anhydrous sodium metasilicate (NayO3Si, which provided from Alfa
Aesar Company) with a silica modulus (SiO5/Nay0) of 0.9 and tap wa-
ter with low hardness were used. It is worth mentioning that the parti-
cle size of solid sodium metasilicate was around 1 mm. In order to in-
crease the chemical reactivity, the particles of solid sodium metasilicates
were more grounded by using a miller for 10 min. Additionally, sodium
metasilicates with other silica moduli of 0.9, 2.1, and 3.4 were used and
let to obtaining the compressive strength of 103, 80, and 2 MPa, respec-
tively [44]. Therefore, solid sodium metasilicate with silica modulus of
0.9 was chosen and used in this study.

The chemical compositions of GGBFS, FA, and PCW were determined
by X-ray fluorescence (XRF) and are listed in Table 1. The XRF analy-
sis was performed by a 4-Kv wavelength-dispersive XRF spectrometer
(PANalytical AxiosmAX). The analyses were performed on the fused
samples: 1.5 g of samples melted at 1150 °C with 7.5 g of X-ray Flux
Type 66:34 (66% LisB407 and 34% LiBO,) to obtain melt-fused tablets.

Element/oxide, %, w/w SiO, AL,03 CaO MgO Fe,03 Na,O K,0 TiO4 P,05 LOI
GGBFS 32.33 9.58 38.51 10.24 1.23 0.00 0.53 0.00 0.01 1.20
FA 56.80 23.80 4.80 1.50 7.20 0.80 1.60 1.20 0.51 1.20
PCW 67.06 21.01 1.45 0.13 0.52 2.20 2.32 0.35 0.07 n.a.




Z. Abdollahnejad et al. / Construction and Building Materials xxx (xxxx) 118129 3

2.2. Mix design

Different GGBFS/FA ratios were used, namely, 80:10, 60:30, 40:50,
and 10:80 wt% in alkali-activated binders with natural or recycled ag-
gregates. In total, ten different mix compositions were prepared and
tested, including the reference samples. The mixtures designed are listed
in Table 2. The individual system was used as a reference with GGBFS
at 90 wt%. The reference mix composition (REFSN) was selected based
on the developed mixture in [26].

2.3. Specimens synthesis and aging

The sample preparation and test procedure are as follows:

In the batching process, slag, fly ash, anhydrous sodium silicate and
sand (standard sand or crushed ceramic waste) were initially combined
and mixed for 3 min in a Kenwood industrial mixer at minimum speed.
The tap water was added and stirred again for a further 3 min to en-
sure homogeneity. The molds were filled in two steps. First, they were
half-filled and the shaker was used 60 times at a frequency of 1 impact
per second. Then the molds were filled to the top and the shaker process
was repeated. The fresh mortar was then poured and cast in prismatic
beams (40 X 40 x 40 mm) to assess hardened-state properties.

The samples were labelled and put into an environment with con-
trolled humidity and temperature for 24 h (the relative humidity [RH]
at 60% and the temperature at 23 °C). The molds were stored in this con-
trolled environment until the test date. In total, 30 prismatic beams were
casted to assess the flexural strength. The portions of prisms broken
during the flexural tests were used to assess the compressive strength,
based on the ASTM C116-90 recommendation [27]. The specimens
were tested after 7 and 28 days for flexural and compressive strength.
The initial and final setting times were two of the main parameters to
select a composition for use in real applications; these parameters were
assessed and the results used to design the second phase of the experi-
mental plan.

In the second phase of the experimental plan, the best receipt in
terms of mechanical properties and setting time were selected.

The mix composition F3CW was used as the reference composition
in the second phase of the experimental plan. In the second phase, the
effects of different fiber types and combinations on the hardened-state
properties were evaluated. As listed in Table 3, in total, 12 reinforced
mix compositions were designed with three types of fibers (PP, PVA, and
basalt) and two combinations (single and hybrid). The total amounts of
fibers were kept constant (1.5% in volume) in all fiber-reinforced mix-
tures.

Table 2
The designed mixtures for the plain OAASF.

The main aim of this work was to develop construction materials,
which stand against harsh conditions such as high temperature varia-
tions. Abdollahnejad et al. investigated the impacts of using different
fibers (steel, PVA, cellulose, basalt) on the durability of one-part alkali
activated slag based binders [45]. They reported that the reinforced
one-part alkali activated slag based binders with steel fibers had the
maximum strength loss (both flexural and compressive strength) and
synthetic fibers had the minimum strength loss under cyclic freeze and
thaw loadings. Moreover, PP fibers had great impacts on the reduction
of the drying shrinkage of alkali activated materials. Therefore, these
three fibers (PVA, PP, and basalt) were used to reinforce one-part alkali
activated slag/fly ash binders.

The fiber-reinforced samples were prepared by the same casting pro-
cedure as the first phase of casting. The fibers were weighed and added
gradually to prevent the formation of clumps after the water had been
poured and mixed for one more minute. The fibers used in this thesis
are listed in Table 4 along their relevant technical specifications. The
values were provided by the manufacturers of the fibers.

2.4. Test procedure

2.4.1. Setting time

In accordance with the ASTM C807 — 18 recommendation, the initial
and final setting time of the designed one-part alkali-activated mortars
were measure using a Vicat apparatus [28]. The setting-time measure-
ments were conducted at 20 °C and 60% RH. All mortars were cast in
the standard cone using the mix design presented in Table 2 and used
the same casting procedure. Based on the mentioned standard, the initial
setting time is related to the time elapsed between the “zero time” and
when the distance between the needle and the baseplate is 6 = 3 mm.
The final setting time is defined as the elapsed time, between the “zero
time” and when the needle first penetrates 0.5 mm into the mortar. Fig.
la shows the device used for measuring the initial and final setting
times.

2.4.2. Drying shrinkage

According to the ASTM C157 recommendation, the drying shrink-
age was determined by measuring the length change of the prismatic
beams (40 X 40 x 160 mm) using a digital gauge with an accuracy
within 0.001 mm [29]. Fig. 1b depicts the apparatus used for measur-
ing the dry shrinkage. The specimens were exposed to the controlled
environmental conditions (23 °C and 60% RH) one day after demold-
ing. The drying shrinkage of each mixture was obtained by averag-
ing the length changes of three replicate prismatic beams. Since the
rate of length change immediately after demolding was relatively high,

Recycled
Fly ash/ ceramic Normal

Mixture Slag/binder* binder Sodium silicate/binder Water/binder waste/binder aggregates/binder
ID (%) (%) (%) (%) (%) (%)
REFSN 90 0 10 35 0 200
REFCW 90 200 0

F1SN 80 10 0 200
F2SN 60 30 0 200
F3SN 40 50 0 200
F4SN 10 80 0 200
F1CW 80 10 200 0
F2CwW 60 30 200 0
F3CW 40 50 200 0
F4CW 10 80 200 0

Binder*: slag + fly ash + sodium silicate.
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Table 3
The developed fiber reinforced mixtures.

Mixture ID Fiber type Dosage of fiber (in Vol.)
1.5PVA PVA 1.5%
1.5PP PP
1.5Ba Basalt
0.5PVA1PP PP + PVA
0.75PVA0.75PP PP + PVA
1PVAO.5PP PP + PVA
0.5PVA1Ba Basalt + PVA
0.75PVA0.75Ba Basalt + PVA
1PVAO.5Ba Basalt + PVA
0.5PP1Ba Basalt + PP
0.75PP0.75Ba Basalt + PP
1PP0.5Ba Basalt + PP

Table 4

The mechanical and physical properties of the used fibers.

Diameter Cut length Tensile strength Density (kg/
Fibre (um) (mm) (MPa) m %)
PVA 40-200 8-18 1000-1600 1.30
PP 22.3 12 220-340 0.91
Basalt 18 25 4100-4840 2.80

the length variation was measured every two days and afterward,
recording was measured every 3 to 7 days.

2.4.3. Mechanical properties

To investigate the effects of different ratios of GGBFS to FA and two
types of sand on the development of the mechanical properties of the
designed mortars, flexural and compressive strength were tested.

The prismatic beams (40 x 40 X 160 mm) were tested under
three-point bending (TPB) in accordance with the ASTM C293 recom-
mendation [30]. As shown in Fig. 1c, the flexural load was applied to
the beams with a displacement rate of 0.6 mm/min.

The results were obtained from the average of three tested replicates.

Based on the ASTM C116-90 recommendation, the compressive
strength was evaluated using the portions of prismatic beams broken in
the flexural test [27]. All the broken prismatic beams were assessed un-
der a compressive load with a constant displacement rate of 1.80 mm/
min. The compressive load was measured with a Zwick Z100 Roell test-
ing machine with a maximum load capacity of 200 kN. The results were
obtained from the average of six tested replicates. It should be noted
that multiple cracks did not form in the reinforced specimens under the
flexural loading, therefore, the broken fiber reinforced specimens could
be used for measuring the compressive strength.

2.4.4. Freeze-thaw assessment

Based on the ASTM C666 recommendation [31], three prismatic
beams (40 x 40 x 160 mm) for each mix composition were prepared
and tested. The test was performed with samples 28 days old. The speci-
mens (samples) were immersed in water, ensuring that just half (20 mm)
of each was in the water and the other half in the air, and then they
were subjected to 120 freeze-thaw (F-T) cycles in a humidity chamber
with temperatures ranging from —20 to + 15 °C. Cycles involved lower-
ing the temperature of the samples from + 15 °C to —20 °C in 2 h and
maintaining the temperature for another 2 h before increasing it back
from —20 °C to + 15 °C for another 2 h and allowed to thaw for a final
2 h at 15 °C. After 120 cycles, the strength loss and weight of each sam-
ple was measured.

2.5. Microstructural analysis

2.5.1. Scanning electron microscopy and X-ray spectroscopy

The chemical compounds and energy dispersion were identified us-
ing scanning electron microscopy (SEM) and X-ray spectroscopy (EDS),
respectively.

For taking SEM images, small hardened parts of the selected mix-
tures were submerged in acetone to stop hydration before being car-
bon-coated. In this study, the SEM images (SEM-EDS, Zeiss Ultra Plus)
were made with an acceleration voltage of 15 kV; the distance varied
from 6 to 8 mm.

2.5.2. X-ray diffraction

The mineralogical analysis was done using X-ray diffraction (XRD).
The results were obtained from a Philips PW 1830 powder X-ray dif-
fractometer, with Cu Ka (1.789 ;\) radiation, a tube setting of 40 Kv and
40 Ma, a step size of 0.030°, a rate of 2.0 s per step and a 26 range of
10-70°. The phase identification was performed by Jade 7 software, ver-
sion 5.1.2600, from Materials Data Inc.

2.5.3. Thermogravimetric analysis and differential thermogravimetry

To study the conversion processes and reaction products at elevated
temperatures, differential thermogravimetry (DTG) and a thermogravi-
metric analysis (TGA) were carried out on the 28-day samples using the
Precisa Gravimetrics AG “prepASH automatic drying and washing sys-
tem” The samples were crushed and heated to 1000 °C at 10 °C/min in
a nitrogen atmosphere.

3. Development of the plain OAASF
3.1. Setting time

The initial (T;) and final setting (T¢) times were assessed for each
OAASF and the measurements were conducted according to the proce-
dure proposed in the ASTM C807-18 recommendation. The results are
presented in Fig. 2.

Based on the results, the replacement of slag by fly ash, regardless
of sand type, increased the differences between the final and initial set-
ting times. Retardation of the setting time can result from decreasing the
total calcium content of the binder. The low rate of hydration caused
by increasing the fly ash content, in contrast, prolongs the setting time.
Moreover, increasing the fly-ash content of the total binder up to 60%
continues to increase the difference between the final and initial set-
ting times. Interestingly, replacement of fly ash more than 60% signifi-
cantly increased both initial (more than 135 min.) and final (more than
180 min.) setting times, regardless of aggregate type.

Initial and final setting times of 20 and 28 min were recorded for the
reference mixture with 90% slag, respectively, which is a short time for
real applications based on the ASTM C807 - 18 recommendation. Thus,
it was presumed that the replacement of up to 80% of the slag by fly ash
could maximally prolong the setting time for fly ash and natural aggre-
gates (F4SN).

Replacing fly ash up to 80% increased both initial and final setting
times by a factor of 5 and 7, respectively, regardless of aggregate type.
Moreover, when ceramic waste replaced with natural sand, it partici-
pated in the chemical reactions and thus shortened the setting time by
up to 10%. Since ceramic wastes as recycled aggregates have higher
porosity and absorb more water, this absorption increases the pH value
of the alkali activator, which affects the setting time.

3.2. Flexural strength

Fig. 3a presents the flexural strengths of different OAASFs. For
both natural and ceramic aggregates, decreasing the slag content consis-
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Fig. 2. The setting time of the designed mix compositions at room temperature.

tently reduces the flexural strength, although this trend is more pro-
nounced in mixes with ceramic waste. Fig. 1c also shows the observed
failure mode of prismatic beams made with the plain OAASF.

At both 7 and 28 days, regardless of aggregate type, the maximum
reductions were around 50% for the mix in which 80% of slag was re-
placed with fly ash, as fly ash reduces the bonding properties of the
matrix, both postponing the formation of chemical products and chang-

ing the chemical product types (the aluminium calcium silicate hydrate
(C-A-S-H) gel to sodium- and aluminium-substituted calcium silicate hy-
drate (C/N-A-S-H) gel). The binding phases of alkali-activated materi-
als depend on calcium content, including low, intermediate, and high
[2]. The most important difference between the high calcium and low
calcium alkali activated systems is that a substantial amount of Ca?*
is dissolved from the solid source material [49,]. For the low content
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of calcium, sodium aluminate silicate hydrate (N-A-S-H) gel is mainly
formed. In high calcium alkali activated systems, both N-A-S-H and
C-A-S-H gels are formed, which the hardening state properties depend
on what gel-type becomes dominate [48]. The formation of C-A-S-H gel
commonly shortens the setting time, improve mechanical strengths, and
increase the drying shrinkage. Since the formation of N-A-S-H gel has an
inverse trend.

The maximum and minimum increments due to the replacement of
natural aggregate with ceramic waste were registered for F3CW (~45%
at 28 days) and FACW (~25% at 28 days), respectively. Ceramic aggre-
gates are rich in aluminum and silica and participate in alkali activation,
increasing the flexural strength in all mixes where it replaces natural ag-
gregate.

Moreover, replacement of natural aggregates by ceramic aggregates
has two more beneficial effects: 1) since ceramic has higher porosity
than natural aggregates, it absorbs more free water, thus increasing the
pH value and decreasing the liquid-to-binder ratio more than mixtures
incorporating natural aggregates; 2) using recycled aggregates with a di-
ameter less than 2 mm provides the best internal curing conditions and
best water reservoir in alkali-activated slag binder because it reduces the
water supply distance from the agent to the matrix [32,33].

The maximum flexural strength at both early (7 days) and final
(28 days) ages were obtained around 11 MPa and 12 MPa, respectively,
in a mix composition of 10% fly ash and ceramic waste (F1CW), while
the minimum strengths were registered about 5 MPa and 6 MPa at the
early and final ages, respectively, for the mix composition with 80% fly
ash and natural aggregates (F4SN).

3.3. Compressive strength

Fig. 3b indicates the influences of replacing slag with fly ash and
using ceramic wastes instead of natural aggregates on the compres-
sive strength. Similar trends as those for flexural strength were noticed.
Moreover, Fig. 1c indicates the failure mode of specimens under com-
pression, which made with the plain OAASF.

The maximum strength loss was registered around 55% at both early
and final ages in the mixes, in which 80% of slag was replaced by fly
ash. Replacing slag with fly ash can reduce compressive strength by re-
ducing the calcium content of the mix composition.

Compressive strength increased in all mixes, however, due to the re-
placement of natural aggregates by ceramic waste at both early and final
ages, except the early age results for F3CW and FACW.

As aforementioned, ceramic aggregates are rich in aluminum and sil-
ica, participate in alkali activation, increase the compressive strength,
and absorb the available water in the mixture, which, in turn, increases
the pH value, decreases the liquid-to-binder ratio, and beneficially influ-
ences internal curing due to their smaller grain size.

The benefits of replacing natural aggregates with ceramic wastes out-
weigh the strength loss from using fly ash instead of slag.

The highest compressive strength was achieved for the mix composi-
tion in which fly ash replaced 10% of slag and ceramic waste replaced
standard sand, around 100 MPa at 28-day samples, while using 80%
fly ash and natural aggregates only reached a compressive strength of
around 40 MPa at 28 days.
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Despite the strength loss from replacing slag with fly ash due to
decreased calcium content, replacing natural aggregates with ceramic
wastes compensates for this calcium reduction and increases the
strength.

The obtained mechanical strengths from replacing natural aggregates
with ceramic wastes are promising results in terms of mechanical, eco-
nomical, and environmental benefits. Moreover, using fly ash instead of
GGBFS efficiently prolonged the setting times and recognized mechani-
cal strength in an appropriate range for being used as the construction
applications.

3.4. Drying shrinkage

Limiting the negative effects of the drying shrinkage is an impor-
tant aspect in cementitious systems; the most widely studied system is
OPC. Generally, there are four types of shrinkage in concrete, mostly as-
sociated with OPC, but which are also relevant in alkali-activated sys-
tems. Drying shrinkage occurs as the volume changes due to the loss
of moisture from the surface of the gel pores [34]. Because a high rate
of shrinkage forms cracks and could consequently affect the durabil-
ity properties and long-term performance of compositions, various stud-
ies have been conducted to avoid this phenomenon. Since alkali-acti-
vated binders are involved in many chemical processes, understanding
the shrinkage behavior in these binders is more complicated than OPC
compositions and is not yet understood properly [7]. Various investiga-
tions have been made to determine the effective parameters of the dry-

ing shrinkage in alkali-activated binders; however, information on the
shrinkage behavior of these binder systems is scattered and fragmented.

Fig. 4 illustrates the impacts on the drying shrinkage of using either
natural or ceramic aggregates and replacing GGBFS with fly ash. Using
aggregates, regardless of type, reduced the drying shrinkage of the ref-
erence mixture matrix (90% GGBFS) without aggregate by more than a
factor of four. It was also detected that the addition of aggregates (re-
gardless of type) reached the drying shrinkage to stabilization at the ear-
lier time than the reference matrix. As indicated in Fig. 4, some cracks
formed on the surfaces of the prismatic beams made with the reference
matrix, while no sign of cracks was observed in the OAASFs. In the mix-
tures with natural aggregates, replacing GGBFS with fly ash consistently
increased the drying shrinkage by up to 50%, while the minimum drying
shrinkage was recorded in the reference mixture (0.04 pe) with the max-
imum amount of GGBFS. These results are in the line of strength devel-
opment. Using ceramic aggregates instead of natural aggregates, how-
ever, reverses this trend. Replacing GGBFS with fly ash by up to 30%
increased the drying shrinkage, but increasing the percentage beyond
this point actually reduced the drying shrinkage. The minimum drying
shrinkage in the mixture containing fly ash and ceramic aggregates was
recorded 0.017 pe in F3CW.

In general, it could be concluded that ceramic aggregates reduce the
drying shrinkage more than natural aggregates. This finding could be
due to: 1) the participation of the chemical components of ceramic ag-
gregates in the chemical reactions; 2) the higher porosity and water de-
mand of ceramic than natural aggregates, the available free water be-
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Fig. 4. The drying shrinkage of OAASFs with a) natural aggregates, and b) ceramic aggregates.
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ing absorbed by ceramic aggregates, thus increasing the pH of alkali ac-
tivators, reducing the liquid-to-binder ratio, and increasing the strength;
and 3) the effect of their smaller grain size on the internal curing mech-
anisms.

3.5. SEM/EDS analysis

Since one of the main aims of this investigation was maximizing the
use of recycled materials in alkali-activated materials, the microscopic
analysis investigated the influences of ceramic waste as aggregates in
OAASF. The morphologies of the designed mix compositions with dif-
ferent ratios of GGBFS/fly ash and ceramics aggregates are presented in
Fig. 5. Moreover, molar ratios for these mixtures have been presented
in Fig. 6 based on EDS analysis. EDS analysis was carried out based on
the data obtained from the matrix.

According to the EDS analysis in Fig. 6, using fly ash as replace-
ment for slag decreased the calcium and silicon oxides, which directly
affected the strength of the designed mix compositions. A higher level
of Cao/SiO,, justifies the higher compressive strength of the mix compo-
sitions with a higher content of slag in the binder system. The forma-

tion of some micro-cracks in the interfacial transition zone (ITZ) be-
tween the ceramic aggregate and the matrix, detected in Fig. 5a, could
be due to the high level of shrinkage in the formed gels. The morphol-
ogy of the mixtures changed by replacing slag with fly ash so that the
porosity of the matrix and the number of unreacted fly-ash particles both
increased (see Fig. 5e). This can be justified by the lower mechanical
strength of the mixes with higher contents of fly ash.

3.6. XRD analysis

The mineral patterns of the mixtures containing natural aggregate
and ceramic waste are shown in Fig. 7. A comparative XRD analysis was
performed in this phase to evaluate the effects of ceramic waste and fly
ash on the formation of different crystals in developed OAASFs.

The results showed that similar XRD patterns formed in the mixtures,
although different precursor contents can affect the intensity character-
istics of the formed diffraction peaks. Changing the aggregate type from
natural aggregates to ceramic waste significantly increased the crystal-
lization and some new crystals formed (quartz and dolomite to quartz,
calcite, and mullite), which could affect the mechanical strength of the
mix compositions with ceramic waste.

Fig. 5. The SEM images taken from five different mix compositions with 300X magnification: a) REFCW; b) F1CW; c¢) F2CW; d) F3CW; and e) FACW.
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Huseien et al. showed that semi-crystalline aluminosilicates gel and
quartz are observed in alkali activated mortars containing ceramic
wastes, GGBFS, and FA [46]. Different contents of ceramic wastes, GG-
BFS, and FA effect on the formation of new crystals in alkali activated
materials. Under high temperature (700 °C), the main identified peaks
were concerned with quartz, mullite, and nepheline, which both mullite
and quartz were recognized as stable crystalline phases [46].

As aforementioned, ceramic aggregates participate in the chemical
reactions and increase the crystallinity. This observation is in line with
findings in [8,47]. Ceramics affect the characteristic diffraction peaks
and the formed crystallinity phases in alkali activated binders [8,47].

Increasing crystallinity can either increase or decrease certain me-
chanical properties, depending on the availability of space in the mix-
ture to be filled with crystals. Moreover, the transition of amorphous
gels to ordered structures can cause internal stress due to changing the
microstructure [35]. The improvement in mechanical strength made by
replacing natural aggregates with ceramic wastes could have caused the
irregular shape of the crushed ceramic wastes, increasing the porosity
and thus providing enough space for the crystal formation.
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3.7. TGA/DTg

One of the main aim of this work is to replace natural aggregates
with ceramic aggregates. To this end, the impacts of ceramic wastes on
the morphology and mineralogy were studied, the results of which are
presented in this section. Fig. 8 depicts the mass loss and the derivative
mass of mix compositions with different fly-ash contents.

Both TGA and DTG were used to identify the reaction products at
high temperatures (see Fig. 8). Mass losses in TGA were observed from
100 to 800 °C [36]. Mass loss below 100 °C is mostly attributed to the
evaporation of capillary pore water and phases with bounded water
[37]. Mass loss from 100 to 800 °C is attributed to the structural water
[371.

The results in Fig. 8a show that mass loss was higher in the mix com-
positions with lower amounts of slag, which agrees with the strength re-
duction of slag being replaced by fly ash [9].

Based on the DTG results in Fig. 8b, one main endothermic peak was
detected between 180 and 200 °C that could be attributed to the pres-
ence of the aluminium calcium silicate hydrate (C-A-S-H) gel. The mass
loss rate slowed down after 250 °C owing to the chemically bonded wa-
ter and OH groups [37]. The second destruction phase (at 600 °C) could
be attributed to the decomposition of calcium hydroxide (Ca(OH),)
[38,39]. The differences in the major endothermic peaks indicate that
some additional gel formation may have occurred owing to different
fly-ash contents.

4. Development of fiber-reinforced OAASF

In the second stage of this paper, the impacts of using different fiber
types and combinations on the mechanical performances, drying shrink-
age, and freeze/thaw resistance were investigated. These assessments
were performed on the 28-day-old specimens.

According the results presented in the first phase of this paper,
the mixture F3CW was selected to be reinforced with different fibers
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Fig. 7. The XRD patterns and phase proportions of mixtures with a) & b) natural aggregates (Quartz; D: Dolomite) and c) & d) ceramic waste (Quartz; C: Calcite; M: Mullite).
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Fig. 8. a) The TGA of one-part slag/fly ash alkali-activated mortars containing ceramic
waste and b) The DTG analysis of OAASF containing ceramic waste.

and fiber combinations. This mixture was selected based on high
strength, low drying shrinkage, and long setting time.

Since the addition of fly ash to the mixture hinders the formation of
chemical products, the strength development of the reinforced mixtures
was evaluated after 28 and 90 days.

4.1. Flexural strength

Fig. 9b displays the impact of reinforcing the prismatic beams on the
flexural strength. The flexural strength results showed that it can be in-
fluenced by different types and combination of fibers. As mentioned ear-
lier, the addition of fibers can increase the number of cracks because of
fiber-bridging action [40]. The flexural strength after 28 days increased
in all mixtures by adding fibers, except in mixes that were reinforced
(1.5PP and 0.5PVA1PP). In the reinforced OAASF with single-PP fibers,
the reduction of flexural strength was mainly due to a weak bond at the
fiber/matrix ITZ during deboning [41]. Moreover, the strength reduc-
tion in the reinforced OAASF with hybrid PP and PVA fibers could be
due to the synergistic impacts of PP and PVA fibers. After 28 days, the
gain of the flexural strength in the reinforced OAASF with single fibers
was limited to ~30%, while this increase for the hybrid combination re-
inforcement is ~25%.

The maximum flexural strength (~35%) for the single fibers was ob-
served in a mix reinforced with 1.5%BA after 90 days. The maximum
flexural strength (~30%) for hybrid combinations was observed in the
mix composition with 0.5%PVA and 1%BA.

After long-term curing (90 days), the flexural strength rose above
the strength at 28 days, showing that the formation of chemical prod-
ucts filled the gaps at the fiber/matrix ITZ and improved the bond
properties. The time of curing has significant impacts on strength de-
velopment. Nevertheless, in general, it can be concluded that the flex-

ural strength mainly depends on the fiber combination and fiber content
rather than the period of curing.

4.2. Compressive strength

The influences on the compressive strength of reinforcing OAASF
with different fiber types and combinations is depicted in Fig. 9a. The
effect of adding fibers on the compressive strength can be either posi-
tive or negative. The compressive strength rises when fibers arrest crack
propagation, but it falls when fibers create more air voids [6].

Based on the results, a greater decline was registered for all the rein-
forced mix compositions after 28 days than for the reference mix com-
position. This strength loss could be due to the increased porosity caused
by more fibers [42]. The maximum decrease (~70%) was observed
in the mixed compositions (1PVAQ.5PP, 1PVA0.5BA, 0.75PP0.75BA).
Comparing the 28-day and 90-day results showed that adding fibers re-
sulted in long-term gains in compressive strength, possibly due to grad-
ually filling air voids with chemical products. The reduction of porosity
leads to increase interaction for fibers during debonding. Based on this
phenomenon, the maximum increase of the compressive strength in the
reinforced mixtures with single fibers was observed in 1.5PP (~10%).

Moreover, based on the results, the maximum increase of the com-
pressive strength after 90 days was around 60% in the hybrid fiber-re-
inforced mix compositions (0.75PP0.75PVA, 0.75PVAO0.75BA, and
0.75PP0.75BA) compared to 28-day curing. In general, using hybrid
fibers have higher impacts on increasing the compressive strength than
single fibers after 90 days curing.

Increasing the curing time from 28 to 90 days for the reference mix
composition without fiber led to obtaining the minimum increase in the
compressive strength (~1%). This small increase is related to the reac-
tion of the unreacted particles (mainly related to fly ash).

4.3. Drying shrinkage

One of the easiest and most effective ways to mitigate the negative
impacts of a large drying shrinkage is to reinforce the mixtures with
fibers, although the efficiency of this technique is significantly governed
by fiber type, content, and their physical and mechanical properties [7].
Fig. 10 displays the influences of different fiber types and combina-
tions on the drying shrinkage. Interestingly, the addition of most fibers
increased the drying shrinkage more than the plain mixture. The only
effective fiber in reducing the drying shrinkage was 1.5BA, which mit-
igated approximately 15% of the ultimate drying shrinkage. Although
the addition of all hybrid combination fibers increased drying shrinkage,
the minimum increase was recorded (~10%) in 0.5BA1PP. Despite the
increase of the drying shrinkage in most reinforced mixtures compared
to the plain reference mixture, the recorded ultimate drying shrinkage
(0.05 pe) is even lower than some of the plain mixtures developed in the
first phase of this paper. Moreover, the recorded drying shrinkages in
the plain and reinforced OAASFs are much lower than the value, which
cracks were observed in the matrix (0.2 pe).

5. Freeze-thaw resistance

Freeze-thaw resistance depends on the tortuosity, pore distribution,
and pore-size volume of OAASFs. A higher level of water suction gener-
ates greater ice-volume formation inside the pores; this expansion sub-
mits to the compressive load on the matrix walls, while melting un-
loads this imposed internal stress and decreases the pore volume. The
final volume change of the pores depends on the elastic/plastic strains
(i.e., the permanent/recovered deformations) of the matrix, although
pore sizes become larger and total porosity increases after performing
this test. This type of loading/unloading due to expansion/contraction
of the volume could be simulated as fatigue loading [40,43,45]. More-
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Fig. 9. The mechanical properties of the reinforced OAASF: a) flexural strength and b) compressive strength.

over, the addition of fibers can engender two scenarios regarding
freeze-thaw resistance: 1) increased porosity and 2) fiber-bridging ac-
tion. Furthermore, it should be noted that the efficiency of fiber-bridging
action is influenced by the pores at the fiber/matrix ITZ. Filling these
pores with water and exposing them to freeze-thaw, loading/unloading
cycles degrades the bonding properties of the fiber/matrix ITZ. More-
over, it should be noticed that pores’ distribution and size inside of the
matrix can be governed by fiber type, fiber distribution, and fiber con-
tent (these parameters affect the fiber dispersion). Therefore, the suction
of water and impacts of loading/unloading due to expansion/contrac-
tion of the volume could be different in the reinforced OAASFs.

The resistance of the reinforced OAASFs in freeze/thaw conditions
was observed by partially submerging specimens in water. This test

was designed for 120 freeze-thaw cycles; the compressive and flexural
strengths were measured after the cycles finished. The weight losses of
the samples were measured and are presented in Fig. 11a.

Based on the results, all the tested samples showed high resistance to
the freeze-thaw cycles, although they all experienced mass loss to some
extent. The results show that around 5% mass loss was registered in a
reference OAASF. The mass loss in the reinforced OAASFs was limited
to 3.5%, so that the minimum mass loss was registered at around 0.4%
for the reinforced mix composition with 1.5% Basalt fiber. The mass loss
shows that using fibers can improve the integrity of the alkali activated
materials under freeze/thaw conditions.

Fig. 11b & c depict the compressive and flexural strengths of the
reinforced mix compositions before and after being exposed to 120
freeze-thaw cycles, respectively. As it was expected, the compres-
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sive and flexural strengths dropped in all the mix compositions. Based
on the results, around 10% and 25% reductions in compressive and flex-
ural strength were registered for the plain mix compositions, respec-
tively.

According to the results presented in Fig. 11b, the minimum and
maximum compressive strength loss with single-fiber reinforcement
were registered at around 10% for 1.5PVA and around 15% for 1.5PP.
Moreover, for hybrid fiber reinforcement, the maximum and minimum
compressive strength reductions were registered at around 50% and
15% in reinforced mix compositions for 0.75 PVA 0.75PP and 0.5 PVA
1BA at 90 days, respectively. Referring to the results presented in Fig.
11c, the minimum and maximum flexural strength reductions in the sin-
gle-fiber reinforced mix compositions were around 10% for 1.5PVA and
around 30% for 1.5PP. In addition, for hybrid fiber reinforcement, the
maximum and minimum flexural strength reductions were registered at
around 50% and 10% in the two reinforced mix compositions (0.75PVA
0.75BA & 0.75PP 0.75BA; 0.5PP1BA & 0.5PVA1BA) at 90 days, respec-
tively.

In general, it can be concluded that single-fiber reinforcement has
better performance in limiting the strength loss than hybrid combina-
tion reinforcement under freeze/thaw conditions. This conclusion comes
from differences in the pores’ distribution and size inside of the matrix,
which provided by different fiber combinations and types. These para-
meters generate some differences in water suction and impacts of load-
ing/unloading due to expansion/contraction of the volume of fiber-rein-
forced OAASFs.

Fig. 12 illustrates the embedded fibers in the matrix and fiber fail-
ure modes. These images were taken from the fracture surface of spec-
imens. According to these images, PVA and basalt fibers provided ex-
cellent bond at ITZ between fiber and matrix, and the matrix has been
attached to the surfaces of the fibers. In this case, as expected, fibers
were ruptured. Due to smooth surfaces of PP fibers, these fibers pro-
vided weak bond properties at fiber/matrix and consequently, PP fibers
were debonded from their surrounded matrix and paths were created, as
shown in Fig. 12b.

6. Conclusion

This experimental study investigated the influences of replacing nat-
ural aggregates with ceramic aggregates and replacing GGBFS with fly
ash on both the fresh and hardened-state properties of OAASFs. After-
ward, one mixture was chosen from a reference OAASF, and then dif-

ferent fiber types and combinations were used to reinforce its mechani-
cal properties, reduce its drying shrinkage, and improve its freeze-thaw
resistance. According to the results, the following remarks could be
made:

1. Replacing natural aggregates with ceramic aggregates has no nega-
tive impact on the setting time. Moreover, using a composition of
above 60% fly ash instead of GGBFS significantly increases the set-
ting times (more than 135 min. for the initial and 180 min. for the
final setting time).

2. Replacing GGBFS with fly ash consistently reduces mechanical
strength (35-40% reduction in the flexural strength and 45% loss
for the compressive strength), although using ceramic aggregates in-
stead of natural aggregates can compensate for these strength losses
(25-45% increase of the flexural strength and 15-40% increase for
the compressive strength). However, OAASF with maximum fly ash
content (80%) and fully replacement of natural aggregates with ce-
ramic aggregates (F4CW) provided acceptable mechanical strength
(<7 MPa flexural strength and <50 MPa compressive strength) and
setting time (<135 min. for the initial and < 180 min. for the final
setting time) for being used in the construction applications.

3. Regardless of aggregate type (natural or ceramic), the use of aggre-
gates reduces the drying shrinkage of the reference matrix without
aggregates by more than a factor of four. Moreover, in general, larger
drying shrinkage was observed in alkali-activated binders with nat-
ural aggregates than ones with ceramic aggregates.

4. The minimum drying shrinkage in the plain OAASF was recorded
at 0.017 pe in the F3CW. Except for 1.5BA, all the fiber types and
combinations increased the drying shrinkage; the minimum drying
shrinkage in the reinforced OAASF with 1.5BA was registered at
around 0.015 pe, which was approximately 15% lower than the ulti-
mate drying shrinkage of the plain F3CW.

5. Four mechanisms contributed to the better performances of the hard-
ened-state properties of OAASFs containing ceramic aggregates in-
stead of natural aggregates: 1) the participation of the chemical
components of the ceramic aggregates in the chemical reactions; 2)
the higher porosity and water demand of ceramic than natural ag-
gregates and the available water absorbed by the ceramic aggre-
gates, which increases the pH of the alkali activator, reduces the
liquid-to-binder ratio, and increases its strength; and 3) the effect
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Fig. 11. The effects of freeze-thaw cycles on the a) mass loss, b) compressive strength, and c) flexural strength.

of the smaller particle size of the ceramic aggregates on the internal
curing mechanisms.

the flexural strength) than hybrid combination reinforcement
(15-50% compressive strength loss and 10-50% reduction for the

. In general, after 90 days of curing, hybrid fibers (<50% increase) in-
crease the compressive strength more than single fibers (~10% in-
crease). Since single-fiber reinforcement had higher flexural strength
gain (~35%) than hybrid combination reinforcement (~30%).

7. A low mass loss (0.4-3.5%) indicates that using fibers improves the

integrity of the mixtures after 120 freeze-thaw cycles. Single-fiber
reinforcement has better performance in limiting the strength loss
(10-15% for compressive strength loss and 10-30% reduction in

flexural strength) under freeze/thaw conditions. The best perfor-
mance in terms of the minimum observed mechanical strength loss
was for 1.5PVA with a 10% mechanical strength loss (for both com-
pressive and flexural strengths).
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Fig. 12. SEM images from the mixture reinforced with: a) basalt fiber, b) PP fiber, and c¢) PVA fiber.
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