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• High performance cementitious com-
posites were fabricated by hot-pressing
technique with rapid strength develop-
ment.

• Hot-pressed composites released less
CO2 (by 18–20 %) than the conventional
oven-cured material.

• Hot-pressed mixtures obtained top 3
best balanced compositions among me-
chanical properties, cost, and environ-
mental impact.

• Some damages on fibers were observed
when pressing at 120 °C due to a syner-
gistic effect of high pressure and
temperature.
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Cementitious composite that has short molding time and high mechanical performance is favorable in pre-cast
concrete industry. In this context, this study reports the use of hot-pressing technique to fabricate PVA fiber re-
inforced composites using alkali-activated stone wool (a waste from building insulation). Eight different mix-
tures were developed by varying the pressing time and temperature in comparison to the conventional oven-
cured alkali-activated material. The mechanical performance of all compositions was evaluated under bending
and compressive loadings. Life cycle assessment was used to investigate the greenhouse gas emission and em-
bodied energy of the developed composites. The results reveal that PVA fibers greatly enhanced the mechanical
performance of all reinforced mixtures with deflection hardening behavior and improvement in compressive
strength. The hot-pressing technique lowered CO2 emission and saved energy. Finally, a multi-criteria ranking
method suggests hot-pressed PVA fiber reinforced cementitious composite, manufactured at 120 °C for 2 h, is
the best composition attaining balance among energy spent, mechanical properties, and CO2 footprint.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
. This is an open access article under
Alkali-activated material (AAM) has been highlighted as an alterna-
tive to partially replace ordinary and blended Portland cement (PC).
AAM was reported to have comparable mechanical properties with
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Table 1
Chemical composition (wt%) of SWmeasured by XRF.

Na2O MgO Al2O3 SiO2 CaO Fe2O3 K2O MnO Others LOI

1.3 11.6 15.4 38.9 18.3 11.1 0.4 0.2 2.8 1.7
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lower CO2 emissions compared to OPC [1,2]. In addition, the develop-
ment of AAM from industrial by-products is highly encouraged due to
both economic and environmental benefits. While fly ashes and slags
seems to be commonly-used precursors for AAM manufacturing [3,4],
stonewool (SW—awaste frombuilding insulationmaterials) is a largely
under-utilized material. Over 2 million tons of this by-product is gener-
ated each year in Europe alone and the amount is expected to increase
[5]. Moreover, as SW is made at high temperatures by melting quartz
sand, basalt, dolomite [6], its composition contains oxides of Si, Ca, Mg
and Al. Therefore, using SW as a precursor to produce AAM is of imme-
diate interest.

Polymeric fibers (e.g., PVA, PP, and PE) are usually employed to rein-
force AAM for better mechanical performance. The fibers are able to im-
prove the mechanical properties of reinforced AAM with pseudo strain
hardening (PSH) behavior and reduce the brittleness of the material
[7–11]. The development of strain hardeningfiber reinforced AAMcom-
posite is well reported in the literature [12,13]. With the presence of fi-
bers, crack propagation is delayed via fiber bridging action. As a result,
the loading of fiber reinforced composite generates multiple cracks
with changes in post-peak behavior. Moreover, the current develop-
ment of cementitious composites has been enabling multiple applica-
tions such as piezoresistive composite using carbon black and rubber
fibers [14], 3D-printed strain hardening cementitious composites [15].

As for manufacturing of pre-cast AAM in construction, conventional
low-calcium AAM is commonly cured at elevated temperature (around
60–80 °C) for 24 h before demolding. To shorten themolding timewhile
still attaining high mechanical properties, Ranjbar et al. [16,17] pro-
posed a combination of high temperature and pressure to fabricate fly
ash based AAM. The hot-pressing technique is favorable to produce a
dense structure and eventually high compressive strength in a very
short time (approximately 20 min) [16,18]. However, with such high
manufacturing temperature (i.e., 350 °C [16]), most polymeric fibers
will be completely decomposed or damaged; hence, the effects of fi-
brous reinforcement are not achieved in reinforced AAM. In addition,
the high temperature is more challenging to handle at large scale
(e.g., mass production), and the energy consumption to operate at
that temperature can be prohibitive. Consequently, using hot-pressing
technique to produce high performance fiber reinforced AAM at
Fig. 1. SEM images of (a) grou
relatively low temperature is beneficial and interesting in terms of
manufacturing process and quick strength development.

The reaction of AAMathigh temperature and pressure are of interest
and not yet well established. It is well-known that AAMs are formed
through the reaction of alkali activator, water, and aluminosilicate pre-
cursors [19]. Themain reaction product is mainly a calcium (alkali) alu-
minosilicate hydrate (C–(N–)A–S–H) gel [20], which is distinguishable
with calcium (alumino)silicate hydrate (C–(A–)S–H) gel in hydrated
PC [21]. Along with this reaction gel, AAM contains also other products
(e.g., Mg–Al layered double hydroxide and AFm phases), which have
different thermodynamic properties and eventually can play important
role in hardenedAAMs [22]. In addition, as reported recently byKuenzel
and Ranjbar [23], temperature (25–145 °C) and exposing time (2–24 h)
dominated the dissolution rates of fly ash in NaOH-based AAM rather
than NaOH molarity. Therefore, the effects of fabricating technique
(i.e., hot-pressing vs. oven-cured procedure) on the phase assemblage
of AAMs need more understanding, especially in the case of the
underutilized SW.

In this context, the present study focuses on the development of a
high-performance fiber reinforced AAM from SW composite
manufactured by hot-pressing technique. It intends to provide detailed
understandings of:

- the effects of pressing time and temperature on the strength devel-
opment, mechanical properties, phase assemblage, and microstruc-
ture at early and final stage of hot-press process, via mechanical
testing under bending and compressive loadings and phase charac-
terization including X-ray diffraction (XRD), scanning electron mi-
croscope (SEM), and differential thermogravimetry (DTG);

- whether the hot-pressing can reduce CO2 footprint and lower the
embodied energy in comparison to oven-cured AAMvia life cycle as-
sessment (LCA);

- the most balanced curing procedure in terms of mechanical proper-
ties, economic and environmental benefits, employing a multi-
criteria ranking method.

In comparison to Refs. [16,17], inwhichfiberswere not considered, a
lower pressing temperature was used in this study to enable the use of
PVA fibers as reinforcement and to produce high performance fiber re-
inforced cementitious composites. To the authors’ knowledge, this is the
first attempt tomanufacture a fiber reinforced alkali-activated SWcom-
posite with hot-pressing technique. By shortening the mold cycle, pro-
duction capacity can be increased compared to the conventional
nd SW and (b) PVA fiber.



Fig. 2. Particle volume distribution (a) diffraction and (b) cumulative of ground SW.

Table 3
Mix weight proportion of the alkali-activated SW.

Mixture SW FS NaOH 5 M M100 (wt%)a PVA fiber (vol%)b

Plain mixture 1 0.3 0.65 0.5 –
Reinforced mixture 2

a Calculated as percentage of weight of binder.
b based on volume of mortar (SW + FS + Activator + M100).
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technique. Consequently, it is possible to save energy permanufactured
product.

2. Materials and manufacturing

2.1. Materials

In this study SW from Paroc GroupOy, Finlandwas used. The chemical composition of
SW was analyzed by X-ray fluorescence spectroscopy (XRF) (PANalytical Omnian
Axiosmax) shown in Table 1. Due to fibrous nature of SW, the rawmaterial wasmilled ac-
cording to the following steps. First, a portion of 200 g of SW was milled for 15 min at a
speed of 6000 rpm in a 10 L chamber with a ball filling ratio of 11%. Afterwards, the
same portion of SW was added into the chamber repeating 5 times and milled in the
same conditions with the previous step. The SEM image of milled SW (Fig. 1a) shows
the needle-like shape of particle, causedby thefibrous nature of the rawmaterial. The par-
ticle size distribution of milled SW was checked periodically by laser diffraction method
with Fraunhofer model [24] to obtain a median particle size d50 of about 10 µm, which
is similar to OPC (Fig. 2). In addition, it is worth noting that the diffractive distribution
(Fig. 2a) of SW shows a bimodal distribution, in which there are 2 peaks at 22 and 116
µm showing two means of the distribution. Possibilities can be due to the needle shape
of the particles and agglomeration of the fibers duringmeasurement. Moreover, it is chal-
lenging tomeasure precisely the d50 of milled SWdue to the fibrous shape of thematerial.

PVAfiberswere used as reinforcement (Fig. 1b) being a good compromise inmechan-
ical properties. Physical and mechanical properties are detailed in Table 2. According to
Ref. [12], the minimum fiber volume fraction was 2%, as adopted in the present study, to
yield PSH behavior in reinforced geopolymer. As for aggregate, fine sand (FS) was used
to obtain good fiber dispersant as discussed in Ref. [25]. Standard sand (DIN EN 196-1)
was milled for 1 h at 6000 rpm with filling ratio of 60% to achieve fine sand (FS) (d50

around 100 µm). Naphthalene sulfonate-based superplasticizer (Mighty 100, provided
byKAO, Japan; and here namedM100)was used as a powdered chemical. It is appropriate
for alkali-activated system according to preliminary experiments.

2.2. Manufacturing of fiber reinforced cementitious composite

Themortar for the specimenswas prepared according to the following steps. Alkaline
solution NaOH was produced by weighting NaOH pellets (product code: 28245.460, sup-
plied by VWR Finland) and dissolving in deionized water using magnetic stirring speed
7000 rpm for 10 min. A 5 M solution was prepared based on preliminary experiment in
which the activator was designed to obtain compressive strength of 35–40 MPa after 28
days. The solution was cooled down to room temperature in a sealed plastic bottle for at
least 24 h prior to the use. The mix recipes of plain and reinforced compositions are
shown in Table 3. SW, superplasticizer M100 and FS were weighted and mixed together
in a Kenwood 5 L mixer at low (100 rpm) and high (200 rpm) speed for 1 min each
Table 2
Mechanical and physical properties of PVA fiber.

Young's modulus (GPa) Elongation at break (%) Tensile strength (M

41 6 1600
level. Alkaline solution is weighted and gradually added to the mix dry powder and
mixed for 1 min at low and for 2 min at high speed. For the mortar with reinforcement,
PVA fibers were added gradually during 15 min mixing period at high speed to prevent
fiber clutching and balling in mortars. The finished mortar was casted in an oiled mold.

As for hot-pressedmixtures, after casting into a mold, mortars were hot pressed with
a Fontijne Presses (LABECON 300, the Netherlands). A mold was made of stainless steel
and assembled to have expected shape as shown in Fig. 3. The mold was cured between
two plates in the machine for 2 or 3 h at 100 or 120 °C by a fixed pressing force of 60 kN
(roughly a pressure of 25 MPa), which was controlled automatically. It is worth noting
that the pressing temperatures were chosen to be quite lower than the onset of PVA deg-
radation (i.e., roughly 180 °C [26]), while the pressing times were adopted after prelimi-
nary measurements to get a good compromise of mechanical properties and short
molding time. In addition, samples cured in oven were considered for comparison with
the hot-pressed compositions. Oven-cured mixtures were vibrated for 3 min at 1 Hz and
cured in an oven at 60 °C for 24 h. After demolding (i.e., 2 and 3 h for hot-pressed samples
and 24 h for oven-cured samples), both hot-pressed and oven-cured samples were stored
in plastic bags. The materials’ ID are shown in Table 4 to distinguish different curing con-
ditions and compositions. Phase characterization and mechanical tests of all mixtures
were conducted 1 h after demolding, and after 40 and 60 days of hydration at room
temperature.
3. Features of material characterization and mechanical tests

XRD analysis was performed on a Rigaku SmartLab 9 kW (Japan) at
40 kV. The analysis used Co Kα radiation (Kα1 = 1.78892 Å; Kα2 =
1.79278 Å; Kα1/Kα2 = 0.5), at a scan rate of 4°/min in the range 5°–
90° (2θ), and 0.02°/step. Phase identification was done using “X'pert
HighScore Plus” (PANalytical software).

DTG was used to obtain some understanding of the phase composi-
tion and reaction product of the developed materials. Prior to the
Pa) Length (mm) Diameter (µm) Density (g/cm3)

8 40 1.3



Fig. 3. Scheme of the 4-point bending test with the area of interest (AOI) for the digital
image correlation (DIC) marked in light blue; dimensions are in mm. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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measurement, samples after 60 days of reaction were dried in oven at
60 °C for 24 h. Approximately 50 mg of dried samples were crushed
into powder, transferred to corundum crucibles and heated from
room temperature (23–24 °C) up to 1000 °C at the rate of 5 °C/min in
nitrogen environment with a flow rate of 20 ml/min.

The microstructure of materials was observed and analyzed by SEM
using backscattered electrons (BSE) and energy dispersive X-ray (EDS)
in a Zeiss Ultra Plus (Germany). The accelerating voltage and working
distance were set to 15 kV and 7–8.5 mm, respectively. Hydration stop-
page was done on mortar samples by solvent exchange with
isopropanol. Samples were impregnated to epoxy resin under vacuum,
and then polished with diamond polishing papers ranging from 220 to
1 µm with a speed of 150 rpm. Ethanol was used during polishing pro-
cess to prevent further hydration.

Regarding mechanical testing for the developed mixtures, quasi-
static 4-point flexural and uniaxial compressive tests were employed.
The bending and compressive tests were conducted by Zwick devices
(load cell from 10 to 100 kN). Fig. 3 shows the scheme of the flexural
test and the geometry of specimen. Four specimens for each combina-
tion were tested to determine the flexural property and performance
of the mixtures. The 4-point bending test was controlled by displace-
ment at a rate of 0.4 mm/min. The flexural strength and modulus of
elasticity were calculated according to ASTM and ISO standards [27,28]:

σ f ¼
FL
bh

2

ð1Þ

E f ¼
0:21L3

bh

3
ΔF
Δs

� �
ð2Þ

where: σf and Ef is flexural strength and flexural modulus of elasticity,
respectively; F is maximum load; L is span; b and h are width and high
of the specimen, respectively; ΔF and Δs are the difference in load and
the corresponding deflection at the two levels of flexural strain as sug-
gested in the adopted standards. The compressive strength was mea-
sured, after bending failure, by loading halves of the prismatic bending
specimens with an area of 20 × 20 mm2. Four compression tests were
done for each material with a displacement rate of 1 mm/min.

Digital image correlation (DIC) technique was used along with flex-
ural tests to monitor the cracks pattern evolution on one longitudinal
lateral surface. Images (with acquisition frequency of 1 Hz) were cap-
tured and analyzed by LaVision StrainMaster [29] on the area of interest
Table 4
ID of different alkali-activated SWmixtures.

Time [h]
Temperature [°C]

60 100 120

2 100/2 120/2
PVA-100/2 PVA-120/2

3 – 100/3 120/3
PVA-100/3 PVA-120/3

24 60/24 – –
PVA-60/24
(AOI) of samples indicated in Fig. 3. The sample's surface was white-
painted with randomly-distributed black acrylic paint dots. The aper-
ture and the shutter speed of camera were set to f/4.0 and 2000 µs, re-
spectively. DIC processing provides full-field displacement
measurement, as well as the cracks opening displacement (COD)
adopted in the following for comparison. The subset and step size of
image processing was 31 and 5, respectively.

After the mechanical testing, the morphology of fibers and matrices
was observed on the fracture surface of specimens by secondary elec-
tron SEM on a Zeiss Sigma (Germany). The voltage was set to 5 kV,
and samples were bagged cured and coated with a 70 nm Pt layer
prior to the observation.

4. Results and discussion

Themechanical properties of the developed cementitious composites via hot-pressing
technique are detailed in comparison to the conventional oven-cured one. The compari-
sons are based on three main aspects: the eft of hot-press and oven curing on the hydra-
tion and mechanical properties, the effect of hot-press timing and temperature on the
mechanical behavior, and the effect of PVA fiber reinforcement on the composites.

4.1. Phase characterization

The main reaction product of all prepared samples is likely amorphous calcium (so-
dium) aluminate silicate hydrate (C–(N–)A–S–H) gel (Fig. 4). A broad reflection near
34° 2θ is visible in the X-ray diffractograms which most likely indicates the presence of
C–(N–)A–S–H gel. The only crystalline phase identified was quartz (PDF: 04-014-7568)
originating from the sand used as aggregate. The SEM-BSE image of the developed mate-
rials (Fig. 5a) clearly indicates the outer and inner reaction gel surrounding the residual
SW particles. The rim was also reported in NaOH activated slag-based binder, which had
a denser hydration gel, and more pores were visible in the matrix at later ages [30]. In ad-
dition, the ternary Na-Si-Al atomic plots based on SEM with EDS point analyses confirm
the presence of an intermixed C–(N–)A–S–H gels in both oven-cured and hot-pressed
mixtures (Fig. 5b –c). It is worth mentioning that the atomic percentage of Ca ranged
from 20 to 80% of the intermixed composition, while there was negligible difference in
the cloud data of the ternary Na-Si-Al atomic among mixtures. However, the intermixed
of gel in hot-pressed composition at 100 °C leaned toward higher atomic percentage of
Na (Fig. 5c). This suggests having further investigations on the effects of temperature
and pressing time on the phase assemblage of hot-pressed mixtures via thermodynamic
perspective.
Fig. 4.XRD characterization of all mixtures compared to the raw SWmaterial after 60 days
of hydration.



Fig. 5. (a) Representative SEM-BSE image of the alkali-activated SW, (b–c) ternary plot of Na-Si-Al atomic percentage, and (d–e)Mg/Ca vs. Al/Ca atomic ratio ofmortar samples from SEM-
EDS analyses.
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Fig. 6 shows the DTG and TG results for the preparedmaterials (see Table 4) and orig-
inal SW. The slight mass loss up to 110 °C indicates evaporation of loosely bound water
and remaining freewater present in the pores of the hardened gel. Themass loss between
150 and 300 °C is associated with the evaporation of the physically absorbed water from
the reaction products (i.e. C–(N–)A–S–H and/or C–S–H-type gels) [31]. The samples pre-
pared at 120 °C show much lower weight loss up to 150 °C than other samples, which is
likely due loosely bound water and pore water evaporation during sample preparation.
On the other hand, the mass loss between 300° and 700 °C (see Fig. 6b for SW) is partly
due to decomposition of the organic phenol formaldehyde-based binder present in SW
[32]. Mg–Al layered double hydroxide (i.e., a hydrotalcite-like phase) might form in the
developed binder in both fabricating techniques, in which the atomic ratio plots from
SEM/EDS (shown in Fig. 5d and e) indicated a good linear correlation with a fixed Mg/Al
ratio of roughly 1 (the slope of the cloud point). However, as reported in literature
[30,33], Mg/Al atomic ratio was approximately 2 in slag-based AAMs for hydrotalcite-
like hydrations. Accordingly, in Fig. 6, the slight mass loss between 200 and 400 °C could
associate with the decomposition of hydrotalcite-like phase [30,34]. However, the pres-
ence of this phase was not clearly identified by XRD in this study (Fig. 4) due to its low
crystallinity. As for PVA fiber, the fiber exhibited a slightly mass loss at 100–120 °C, due
to coated oil in PVA fiber (approx. 1.2 wt% fiber as reported by Li et al. [35]) and absorbed
moisture from hydrophilic nature of PVA. The fiber then started its decomposition at
around 220 °C and up to 700 °C (Fig. 6c).

4.2. Mechanical properties

4.2.1. Flexural performance
The flexural strength of alkali-activated SW attained almost full development after

24 h in oven or 2–3 h of hot pressing (Fig. 8a). As for the unreinforced materials, the
oven-cured 60/24 samples attained flexural strength approximately 3 MPa after 1 day,
and strength remains in the same experimental scatter band after 40 and 60 days
(Fig. 8a). It is worth noting that the plain material cured in oven exhibited some micro
cracks due to high shrinkage (Fig. 7), which can have an additional negative impact on
the flexural strength of the material. In contrast, there was no micro cracks observed on
oven-cured and hot-pressed samples, the effects of fiber reinforcement and the combina-
tion of heat and pressuremight reduce the risk of damages from shrinkage. In addition, the
hot-pressedmixtures at 120 °C (120/2 and 120/3) reached around4MPa after demolding,
and this is also its final-age strength. In contrast, 100/2 and 100/3 increased the flexural
strength by roughly 75% after 40 and 60days compared to that of after demolding. The dif-
ference is attributed to the lower heat provided in a relatively short pressing time, which
leads to a lower degree of reaction at early age. As reported inRef. [17], the increase in both
pressing temperature and time offered a positive effect on dissolving of reactive portion of
the aluminosilicate precursors of geopolymer.

PVA fibers greatly enhanced the flexural strength of reinforced mixtures as shown in
Fig. 8b. The improvement ranged from 64.6% (120/3 vs. PVA-120/3 after 40 days) to
384.0% (60/24 vs. PVA-60/24 after 60 days). Additionally, there was no significant effect
of pressing time in the flexural strength of reinforced samples at both 100° and 120 °C
(Fig. 8b). Furthermore, the PVA fiber reinforced mixtures at 120 °C show a better flexural
strength than that of 100 °C, and are comparable with the oven sample (in the same scat-
ter band after 60 days). The reduction of flexural strength after 40 days of mixtures at 120
°C has not clear explanation. It could be connected to a random occurred residual distribu-
tion of pore water, not released with the higher temperature. As for the lower strength
after heating at 100 °C (Fig. 8b), this could be attributed to a low degree of reaction. As
discussed in Section 4.1, the main reaction product in all mixtures are C–(N–)A–S–H gel,
and there are negligible differences among XRD patterns of oven-cured and hot-pressed
materials. In addition, hot-pressedmaterials prepared at 120 °C seems to have less loosely
bound water and pore water during sample preparation due to the high fabricating tem-
perature. Therefore, further investigation is recommended to get insight into the



Fig. 6. (a) DTG and (b) TG curves of hot-pressed alkali-activated SWat different temperature (100 and 120 °C) and time (2 and 3 h) in comparison to the conventional alkali-activated one
(60/24) and the raw material (SW), and (c) DTG and TG of PVA fiber.

Fig. 7. Sample appearance of plain (left) and PVA fiber reinforcedmaterial (right) cured in oven;white color and black dots on the samples is the acrylic paint prepared for DIC testing. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Flexural strength of plain (a) and fiber reinforced (b) materials under 4-point bending after 1 h, 40 days and 60 days of hydration (error bars show standard deviation).
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hydration and its products under hot-pressed conditions affecting the mechanical perfor-
mance from micro to macro scale.

All PVA fiber reinforced compositions showed deflection hardening behavior under
4-point bending load,while plainmaterials exhibited brittle failure. Fig. 9 shows the bend-
ing response of all mixtures after demolding, 40, and 60 days of hydration. All plain com-
positions dropped loading level after reaching a peak load, which is a typical brittle failure.
This failure was also indicated as a single crack observed at the peak load by DIC shown in
Fig. 10. In contrast, all reinforced materials show deflection hardening behavior (Fig. 9,
right). Eventually, this hardening behavior led to multiple cracks as shown in Fig. 10. As
reported in Ref. [36], PVA fibers offered bridging action that helped transfer the load and
delayed crack propagation. PVA fibers can be either pulled out or ruptured as observed
in Ref. [37].

However, the properties of fiber under hot-pressing and eventually the interfacial
bonding property between fibers and matrix might be affected. This could be reflected
in the number of cracks observed by DIC (Fig. 10). The oven-cured and hot-pressed at
100 °C generated more cracks than that of hot-pressed at 120 °C. As discussed in Refs.
[38,39], crack bridging is one of factors enhance the possibility of strain capacity and mul-
tiple cracking. Therefore, it can be seen that the number of cracks is an indicator to the ef-
ficiency of fiber bridging action. Although the PVA fibers are durable at relatively high pH,
and start decomposition at approximately 220 °C (Fig. 6c for TG and DTG of PVA fiber), the
combination of pressing temperature, pressure, and time seems to impart degradation of
thefibers. Some evidence is shown and discussed inmore detailswith SEMobservation on
the fracture surface of materials in Fig. 11.

Themorphology of fracture surface showedgoodbonding betweenfibers and thema-
trix. Residual hydrated products are attached on the surface of the fiber (see SEM images
in Fig. 11) due to the hydrophilic nature of PVA fibers. The good bonding between fibers
and matrix allowed for an efficient load-carrying capacity and development of multiple
cracks as shown in Figs. 9 and 10. Compared to the plain materials, larger amount of en-
ergy was absorbed in propagating cracks and eventually higher ductility was obtained in
the reinforced composite. In addition, the unreactedneedle-shaped particles can be clearly
distinguished from the amorphous reaction product (Fig. 11b and c).

The 120 °Cmanufacturing process imparted damage in some fibers. Fig. 11d and e
shows some burned out PVA fibers. This becomes particularly clear when comparing
with the raw fibers (Fig. 1). In contrast, there was no obvious damages observed on
PVA fiber at lower temperature (Fig. 11a–c). In literature, Wu and Li [40] reported
that PVA fibers in reinforced cementitious composites have a rapidly decomposition
under thermal exposure over 200 °C. Therefore, likely due to the combination of
pressing temperature and time, the damaging of the fibers was in the very beginning
at 120 °C with a pressure of 25 MPa. In addition, setup factors (e.g., pressure, time,
and temperature) need further investigation to assess their role influencing on the ki-
netics of reaction of the aluminosilicates in the developed binder. Although the 120 °C
process imparted damaged in some PVA fibers, the global mechanical response of the
material was not affected with a good deflection hardening behavior (Fig. 9). How-
ever, the relationship between coupling of temperature and pressure and the level
of damage in the fibers is worth to be investigated.
4.2.2. Flexural modulus of elasticity
Plain hot-pressed mixtures increased the modulus by hydration time in contrast to

the oven-cured one. Fig. 12a distinguishes the flexural modulus of elasticity of all plain
mixtures after 60 days of hydration. There was no significant difference between oven
and hot-pressed curing conditions after demolding in terms of the modulus, all mixtures
attained roughly from 1.5 to 2 GPa. However, after 40 and 60 days of hydration, the mod-
ulus of hot-pressed compositions increased significantly by 100–160% compared to the
oven-cured material. The difference is attributed to further hydration of the hot-pressed
mixtures at later stage. In contrast, the 60/24 mixture was cured in oven for 24 h and con-
sequently its matrix is almost fully developed after that period. After 60 days of hydration,
the flexural modulus retained comparable with samples after demolding at roughly
1.5 GPa.

Regarding reinforced compositions, all PVA fiber reinforced mixtures showed higher
modulus than the plain mixtures (Fig. 12b). The flexural modulus was in a range of
4.5–5 GPa after demolding. In comparison to relevant plain mixtures, the modulus im-
proved by roughly 25–150% with the presence of PVA. Furthermore, there was no signifi-
cant change in terms of themodulus of reinforcedmaterials after 40 and 60 days. The high
modulus of PVA fiber (i.e., 41 GPa) and good bonding between fibers and matrix might
contribute to this enhancement.



A1

Fig. 9. Average flexural stress vs. COD curves of plain (left) and reinforced (right) materials under 4-point bending tests, after 1 h, 40 days, and 60 days of hydration.
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4.2.3. Compressive strength
The PVA fibers improved the compressive strength of developed composites. Fig. 13

shows the compressive strength of plain and reinforced materials after 60 days of hydra-
tion. It can be seen that the fibers offered higher enhancement in hot-pressed mixtures
than that of oven-cured compositions. PVA-60/24 increased by roughly 42% in comparison
to the plain 60/24. In contrast, the increment of hot-press combinations ranged from108%
Fig. 10. Contour map of the maximum principal strain captured by the DIC technique at the pe
crack and (b–f) multiple cracks of the PVA reinforced materials.
(for 3 h at 100 °C) to 137% (for 3 h at 120 °C). In addition, all reinforced mixtures attained
approximately 35–40MPa in compressive strength after 2 months irrespective of the fab-
ricating method. However, the oven-cured plain material obtained slightly higher com-
pressive strength compared to the hot-pressed unreinforced combination (Fig. 13a). As
reported by Ranjbar [16], the compressive strength of hot-pressed fly ash based
geopolymer could reach 134 MPa due to the synergic effects of pressure, temperature,
ak load of all combinations: (a) the plain materials had typical brittle failure with a single



Fig. 11. SEM images of the fracture surface of PVA fiber reinforced alkali-activated SW after 60 days of hydration.
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and alkali activators. A longer pressing time at high temperature might have a drawback
on thematrix (Figs. 13a, 120/3), namely lack ofwater for the hydration due towater evap-
oration. Since alkali activators play a very important role in the reaction of AAM [41,42],
better understanding of the compensation effect of activators on hot-pressed AAM in
fresh and hardened state properties is of interest for future study.
5. Life cycle assessment of the developed composites in laboratory
scale

An estimation of the environmental impact of the considered mate-
rials was performed considering the CO2 footprint and the energy con-
sumption. Other indices are of interest for a complete estimation of
the environmental impact (e.g. aquatic ecotoxicity, terrestrial
ecotoxicity, etc.) here not considered as a scope of the research.

According to the standard ISO 14040 [43], the Life Cycle Assessment
framework was selected in order to evaluate the environmental impact
of the product. The procedure consists of four phases: (I) goal and scope
definition, (II) life cycle inventory analysis, (III) life cycle impact assess-
ment and (IV) results interpretation. The processes was assessed by the
software SimaPro 8.3 [44], considering the method IMPACT 2002
+ V2.13 [45]. The CO2 emission (kgCO2eq.) and the embodied energy
(MJeq.) of the investigated materials and components were considered
for comparison. The Eco Invent database [46] served as the primary
source, for obtaining the life cycle inventory data of all manufacturing
processes (LCA systemboundaries) for 1m3 of producedmaterial (func-
tional unit).

However, some assumptions were made. First of all, the same oven
from the database was chosen. To simulate the conventional oven or
the hot-press, the energy consumption was modified for each scenario,
starting from the selected process in the EcoIvent Database. It was as-
sumed the devices are used at the highest electrical power during the
time the materials were processed (5 kW for conventional oven,
6.4 kW for the hot-pressed). Furthermore, the different temperature
of the devices could not be considered. To better estimate the effect of
the temperature, a detailed knowledge of the time, heating variation
and electric consumption should be available. However, it was not pos-
sible to record time and exact amount of electricity spend on the device.
Thus, no difference between the temperatures could be made.



Fig. 12. Flexuralmodulus of elasticity of plain (a) andfiber reinforced (b)materials under 4-point bending after 1 h, 40 days, and 60days of hydration (error bars show standarddeviation).
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Differences inmolding techniquewas not considered since the pressing
temperature used in this study is relatively low (i.e., 100 and 120 °C)
compared to that of Ref. [16]. The mixing procedure was excluded
from the calculation. Furthermore, the values of CO2 emissions and em-
bodied energy for PVA fibers were adopted from Ohno and Li [47]. It is
worth noting that the energy consumption of milling raw material is
the same for all mixtures and hence not considered in the assessment.

Table 5 shows the amount of raw ingredients for manufacturing of
1m3 of geopolymer inwhich theNaOH pellet andwaterwere separated
for the estimation in LCA. On basis of these data CO2 footprint and em-
bodied energywere calculated for eachmaterial, taking time and device
of curing into consideration.

In general, geopolymer has a lower CO2 emission per m3 than OPC
based engineered cementitious composite (OPC-based ECC). The main
contributor in ECC is Portland cement making up 82% of the total emit-
ted CO2 (Fig. 14a). In Ref. [48], the published data has stated out two
main reasonswhy the production of Portland cement has a high CO2 re-
lease as much as 8% of global CO2 emission. The first reason is the de-
composition of carbonates (mainly CaCO3) into oxides (largely lime,
CaO) for the production of OPC clinker and CO2. Secondly, the
combustion of fossil fuels generates CO2 and add a further 60% on top
of the process emission [48]. Comparing SW based geopolymer and
OPC-based ECC, oven-cured material had 45% less kg CO2/m3 than
OPC-based ECC.

Focusing on the CO2 emission of the geopolymermaterials, themain
contributor of them is the alkali activator NaOH with 46% (hot-pressed
2 h) – 37% (oven-cured 24 h). Moreover, hot-pressedmaterials had less
CO2 emission than oven producedmaterials with 18–20% lower CO2 re-
lease than oven-curedmaterial. Themain reason for that is the duration
of curing. The longer curing time in oven (24 h) emits more CO2 than 2
or 3 h in hot press. However, the difference of global warming intensity
(GWI) between 2 or 3 h in hot-press comparatively is almost 4 kg CO2

per m3.
Depending on the fiber and activator the embodied energy can have

considerable variation among thematerials (Fig. 14b). The contribution
of the fiber is 35–40% of the total embodied energy, and 25–31% of CO2.
A more complicated production process of PVA fiber compared to other
fibers (e.g., PP) can be one reason. This results in higher energy con-
sumption and increases the embodied energy. Furthermore, NaOH ac-
counts for 35–40% of the embodied energy. An attempt to lower the



Fig. 13. Compressive strength of (a) plain material and (b) PVA fiber reinforced materials, after 60 days of hydration (error bars show standard deviation).
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embodied energy can be the use of another activator with lower em-
bodied energy and CO2 emission as suggested in Ref. [49].

6. Multi-criteria ranking method

6.1. Description of the method

The method was adopted in previous work [50] and other works in
the literature [51,52]. In this study, Equations (3)–(5) were used to
rank all mixtures considering mechanical properties (i.e., flexural
strength, flexural modulus, and compressive strength), embodied en-
ergy, and CO2 emissions. The mechanical properties of all mixtures are
reported in Section 4, while the LCA considering embodied energy and
CO2 footprint are detailed in Section 5. In the multi-criteria ranking
method, a desirability function for each parameter is created resulting
in a value between 0 and 1. It is clear that the mechanical properties
of materials are favorable to the highest value (Equation (3)), while
the embodied energy and CO2 footprint are expected to be as low as
possible (Equation (4)). The overall desirability function (Equation
(5)) is then calculated to figure out the best and worst mixtures.

dj ¼ ½Y j−minf j
maxf j−minf j�tj

ð3Þ

dj ¼ ½maxf j−Y j

maxf j−minf j�tj
ð4Þ

D ¼ d1 � d2 � d3 �…� dmð Þ
1
m ð5Þ

where: Yj is the result of the j-th parameter for a considered mixture;
minfj and maxfj are the lowest and the highest results, respectively, of
Table 5
Recipe for 1 m3 of alkali-activated SW (unit: kg).

Mixtures SW FS PVA
fiber

M100 Water NaOH
(pellet)

Total
mass

Plain mixture 1050.05 315.02 0 5.82 568.74 113.76 2053.42
Reinforced mixture 1029.06 308.72 26 5.7 557.4 111.48 2038.37
the j-th parameter over all the mixtures included in the ranking; tj is a
weighting factor of the j-th parameter; all weighting actors tj are set to
1, so no parameter is more important than another; and m is the num-
ber of parameters.

6.2. Ranking and comparison

PVA fiber reinforced hot-pressed alkali-activated SW obtained top 3
highest ranked combinations. Fig. 15 shows the value of each consid-
ered parameter and the overall score of all mixture. It can be seen that
fiber reinforced 120/3, 120/2, and 100/3 obtained the best balance be-
tween mechanical properties, cost, and environmental impact. In con-
trast, the oven-cured compositions obtained the lowest overall score
due to its drawbacks in terms of embodied energy and CO2 emission
as discussed in Section 5 and shown in Fig. 14. Therefore, the hot-
pressed technique has shown its advantages regarding lowering the en-
ergy spent to produce composites and CO2 footprint. On the other hand,
the hot-pressed combinations reached very high scores in compressive
(0.86–0.97), flexural (0.7–0.9) strength, and flexural modulus (0.8–1).
Consequently, manufacturing alkali-activated SW by hot-pressed tech-
nique resulted in advantages concerning CO2 emission and embodied
energy, while still gained high mechanical performance.

Combinations at 120 °C generally have a better ranking than that of
100 °C. The only exception is hot-pressed mixture at 120 °C for 3 h due
to the lowest compressive strength of thismixture (score: 0). It is worth
mentioning that the difference is mainly in mechanical properties,
while other cost and greenhouse gas emission are comparable with
other hot-pressed combinations (Fig. 15a). Therefore, it can be seen
that this multi-criteria ranking method reveals some drawbacks as
discussed in previous work [50]. Because the factors are multiplied for
the overall function, a combination that contains one parameter with
zero will result an overall score of 0 (e.g., 120/3). Therefore, it is sug-
gested to adjust the weight of each factor in the ranking model to
meet requirements with the design and application of materials. In
this study, the focus was on a balanced weighting, meaning all criteria
were considered with the same weight. However, if the mechanical
properties play amajor role in the application ofmaterial, the fiber rein-
forced oven-curedmixture can have the best ranking and is comparable
with other hot-pressed mixtures. In addition, the ranking concerning
mechanical properties shows good results as the weight is set to 0.9
out of 1.



Fig. 14. (a) CO2 footprint and (b) embodied energy of all combinations to produce 1m3 of
materials; (*) data for OPC-based ECC was adopted from Ref. [47].
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7. Conclusions

This present study reports the manufacturing of fiber reinforced
alkali-activated cementitious composites using hot-pressing technique.
The developed compositemixtures can attain almostfinal strength after
2–3 h of pressing at 100–120 °C. In addition, the PVA fiber reinforced
composite exhibited deflection hardening behavior with comparable
mechanical performance to that of conventional oven-cured alkali-
activated SW. Therefore, this technique can shorten the molding time
in production, while still attaining high mechanical performance. This
opens possibility to increase the productivity of pre-castfiber reinforced
alkali-activated materials, although the limitation to specific shapes of
hot press manufacturing.

The results fromXRD andDTG analysis shows that themain reaction
product of all mixtures is probably amorphous C–(N–)A–S–H gel. There
was no significant difference in terms of mineralogy between hot-
pressed and oven curedmixtures. However, some further investigations
are suggested to get insight into the effects of hot-pressed technique on
the reaction products and phase assemblage of alkali-activated
materials.
According to LCA output considering at laboratory scale, the main
contributor of CO2 emission in the developedmixtures is the alkali acti-
vator NaOH. Between the two fabricating techniques, the hot-pressed
released less CO2 emission than the oven-produced materials by
18–20%. The main reason is due to the shorter curing duration. In addi-
tion, the embodied energy of mixtures can vary depending on fiber type
and activator. It is worth noting that the contribution of PVA fiber and
NaOH in amixture can range roughly 35–40% of the total embodied en-
ergy. Therefore, other activators or fiber reinforcement are of interest to
reduce the energy and greenhouse gas emission.

Themulti-criteria rankingmethod suggested hot-pressed fiber rein-
forced 120/2, 120/3, and 100/3 as the top 3 best mixtures obtaining the
balance between mechanical properties, cost, and environmental im-
pact. This confirms the advantages of hot-pressed technique in compar-
ison to the conventional oven-cured for low-CaO alkali-activated
material. In addition, among hot-pressed mixtures, combinations
manufactured at higher temperature seems to be more favorable and
higher ranked. However, at 120 °C, some damages on PVA fibers were
observed by SEM. This leads to a need for future investigations in
terms of the effects of hot-pressed conditions onmicro structure of ma-
terials and the interaction between fiber and matrix.
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