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ABSTRACT

Geopolymer materials have garnered significant attention as sustainable alternatives to traditional
Portland cement-based materials. This study explores the effect of various curing regimes on the
compressive strength (at 7 and 28 days) and flexural strength (at 28 days) of geopolymer mortars
composed of fly ash (FA) and metakaolin (MK) in varying proportions. Four mixes were used:
100% FA; 60% FA+ 40% MK; 50% FA+10% OPC+ 40% MK; and 100% OPC. The binders were
activated using 15% sodium silicate (solid content) with an alkali modulus (Ms = SiO2/Naz0)
equal to 1. The curing conditions included ambient curing and elevated temperature curing at 80 °C
under different setups. The results demonstrate that the curing regime significantly influences the
mechanical properties of alkali-activated mortars (AAMs). Where, the results showed that heat
curing regime enhanced the flexural, early-age compressive strength and the microstructure, in
comparison with other regimes. The findings provide valuable insights into optimizing curing
practices for geopolymer mortars to achieve desired mechanical properties. Replacing 40% of fly
ash with metakaolin improved the microstructure of the matrix and decreased micro-cracks.
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INTRODUCTION

Cement is one of the most extensively used building materials in the world, since the infrastructure
and economic growth are directly related to cement uses. Moreover, concrete is coming in the
second place of consumed materials, just after water (Qizi & Barotaliyevna, 2023). However,
cement industry is one of the main sources of CO2 emissions as a result of emission sources due
to calcination and the emissions of fuels in cement kiln (Gale et al., 2003; Worrell et al., 2001).
Where, it contributes with 5-8 % of all anthropogenic CO2 emissions worldwide (Hendriks et al.,
2003). However, in recent years, the demand has increased for sustainable construction materials
that led to the exploration of alternatives to ordinary Portland cement (OPC). Alkali-activated
materials (AAMSs), particularly those based on fly ash (FA) and metakaolin (MK), are among the
most promising options due to their low carbon footprint and ability to exploit industrial by-
products, as well as improving durability and chemical resistance if it produced in appropriate way
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(Amer et al., 2021; Bashar et al., 2016; Humad, Kothari, et al., 2019; J.Davidovits, 1991; Provis
& Deventer, 2009). AAMs are produced through the activation of aluminosilicate precursors with
alkaline solutions (activators), resulting in a three-dimensional aluminosilicate network that
imparts high mechanical strength and durability (Davidovits, 1994; Juenger et al., 2011; Provis &
Jannie S.J. van Deventer, 2014; Rattanasak & Chindaprasirt, 2009; Shi et al., 2011).

The effects of curing temperature, curing duration, activator/ fly ash ratio and the type of
activator, of AAMs mechanical characteristics were explored by other researchers (El-Wafa &
Fukuzawa, 2018),(Abd Razak et al., 2022), where, steam curing gave the best early-age strengths.
Moreover, (Palomo et al., 1999) found that, increasing curing time enhanced the mechanical
strength, and temperature is an important factor especially for the first 2 and 5 hr. of curing.
Furthermore, the type and the dose of the activator effected essentially the development of
reactions.

In general, curing procedure and heat treatment influenced significantly the microstructure
and mechanical properties of alkali-activated materials system through accelerating the dissolution
and precipitation reactions, (Jaarsveld et al., 2002),(Hardjito et al., 2008). Moreover, humid curing
recorded decreasing in drying shrinkage, (Yuxin Cai 1 et al., 2019) while dry curing caused a
severe micro-cracking in the binder matrix, which reduced the overall strength.

(Humad, Provis, et al., 2019) demonstrate that, heat curing increased the compressive
strengths of alkali-activated slag concrete activated with 10% sodium silicate (Ms1) and sodium
carbonate. All heat-treated samples reduced drying shrinkage by 50% after one month of sealed
curing and the samples showed the lowest micro cracking and most consistent microstructure in
comparison with lab-cured samples. However, (Yaprak et al., 2019) reported that alkali-activated
mortars based on slag, fly ash, and glass powder treated under steam-cured recorded higher early
strength values in comparison with samples cured with water. While, (Masi et al., 2021) found that
alkali-activated mortars based on pre-treated fly ash and cured at ambient temperature had
equivalent mechanical performance to specimens cured at 70 °C.

On the other hand, low curing temperatures and slow hydration, allowed unfavorable pores
to form and caused a reduction in compressive strength (Wei et al., 2021). Since, producing of
geopolymer materials affected strongly by curing temperature, therefore, increasing temperature
caused developing alkaline activation and lowered ion mobility by providing reactant particle
energy (Alonso & Palomo, 2001). Moreover, curing conditions influence the kinetic reaction,
microstructure development, and the performance of the final matrix products. However, due to
the varies type and chemical composition of precursors, more researches are needed to study the
effect of curing procedures on the properties and microstructure of AAMs.

Since geopolymer material still a new construction alternative material to cement and it affected
strongly by many factors such as binder and alkali-activator type, curing regimes and activator dosage,
therefore, more researches are needed. This study aims to add more investigations about the effect of
different curing procedures on strength development and microstructures of alkali-activated
mortars based on FA and MK.

The aim of this study is to investigate the impact of different curing regimes on the mechanical
strength development of geopolymer mortars synthesized from fly ash and metakaolin.
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MATERIALS

The materials used in this study were Iraqi Portland Cement brand Karasta that used for the
reference mix. Fly ash (FA) Class F obtained from China (Hebei Weiran Building Materials
Technology Co., Ltd) and metakaolin (MK) sourced from calcined kaolinite clay obtained from
Dewekhla, Al-Ramadi desert /lIraq. The liquid sodium silicate (SS) produced in the United Arab
Emirates, had an alkali modulus (Ms = SiO2/Na20) of 2.44, with a silicon dioxide (SiO2) content
of 32-33 wt.%, a sodium oxide (Na20) content of 13.1-13.7 wt.%, and a solids content of 54.1
wt.%. To achieve an alkali modulus equal to (1), sodium hydroxide (SH) flakes, with a purity of
97%, were added to sodium silicate to adjust the alkali modules (Ms). Figure 1 shows the FA, MK,
OPC materials and activator. The proportion of alkaline activator was 10 % as weight percent of
binder. The specific gravity and chemical composition of the cement, FA and MK are shown in
Table 1, Cement was tested according to Iragi specifications (1QS No.5, 1984), while FA and MK
were tested following ASTM C618 (C618, 2015). The water to binder ratios (w/b) that used in this
study were (0.4), plasticizer (lignosulphonate/ Zhejiang Nader lot Technology Co Ltd) obtained
from China was used in dosage of 1% as weight percent of binder, moreover, the binder to sand
ratio was 1:2.

MIX PROPORTIONS

Mix proportions and curing procedures of Alkali-activated mortars are illustrated in Table 2.

SPECIMEN PREPARATION AND CURING PROCEDURE

The solution of alkali activator sodium silicate (SS) with alkali modulus (Ms) equal to (1) and
mixing water were prepared and mixed one day before casting. To produce the alkali-activated
mortars, the dry ingredients were mixed for 2 minutes at low speed in an 8-liter capacity mixer
according to the mix proportion that is presented in Table 2. Plasticizer (lignosulphonate) (PL) in
powder form was used in 1% of binder weight, was added at the initial stage with the dry
ingredients. Then the alkali activator solution and mixing water were added. Then all ingredients
were mixed for 3 minutes to have homogenous mix. After that, fresh properties were tested. For
hardened properties, the molds were cleaned and lubricated with oil, then mortars were cast into
molds and manual compacting was used following the ASTM C109 (C109/109M-16a, 2016) for
compressive tests, C348 (C348, 1998) for flexural tests.

Then, five different curing regimes were employed in this study as shown below, see Figure
2 & Figure 3 and Table 2.

e Room then Water Curing (RW): Specimens were cast at lab. then demolded after 24 hr.
and cured in water up to 28 days.

e Heat (Oven) then Water Curing (OW): Specimens were cast at lab. then cured in oven
(80°C) for the first 24 hours, then demolded and immersed in water up to 28 days at room
temperature (25+3) °C and (50+10) % relative humidity.
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e Heat or Oven Curing (OC): Specimens were cast at lab. then cured in oven (80°C) for
the first 24 hours, then demolded and kept in plastic films at room temperature (25£3) °C
and (50£10) % relative humidity up to 28 days.

e Room Curing (RC): Specimens were cast at lab. then demolded after 24 hr. then kept in
plastic films at room temperature (25+3) °C and (50+10) % relative humidity up to 28 days.

e Room then Oven curing (ROC): Specimens were cast at lab. then demolded after 24 hr.
then kept in plastic films and cured in oven (80°C) for 24 hr. After that, they kept in plastic
films at room temperature (25£3) °C and (50£10) % relative humidity up to 28 days.

TESTS

Fresh properties

The flow test was used to measure workability and uniformity of alkali-activated mortars. This test
determines mortar spread and adhesion following the ASTM C1437 standards (C1437, 2013). The
diameter of the spread mortar was measured in two perpendicular directions as shown in Figure 4,
and the average diameter was calculated.

The Vicat Apparatus was used to determine the initial and final setting times of alkali-activated
paste, as shown in Figure 5, following the ASTM C191 standard (C191-13, 2005).

Hardened Properties

The determined mechanical properties of the alkali-activated mortars were compressive and
flexural strengths. The compressive strength was measured on cube specimens having dimensions
of 50x50x50 mm. Three mortar cubes were tested for each mix after 7- and 28-days age following
the ASTM C109 standard (C109/109M-16a, 2016), as shown in Figure 6. The loading rate was
kept constant at 900 N/sec.

The flexural strength was determined on mortar specimen beams having dimensions of
40x40x160 mm at 28-day age. The three point-bending method was used following ASTM C348
(C348, 1998) standard, as shown in Figure 7.

Microstructural characteristics

The microstructural features of alkali-activated mortars were analyzed using Scanning Electron
Microscopy (SEM) on 28-day specimens to assess morphology, matrix compactness, and the
presence of microcracks or unreacted materials.

RESULTS AND DISCUSSION

Flow test results

The flow test results are presented in Figure 8. No bleeding was detected in any mix of the alkali-
activated mortars, but the mixes exhibited a relatively fast slump loss.

The results of slump flow test presented different values for each mix based on the
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proportions of the binder components, where the mix with 100% fly ash showed the highest slump
flow value and decreasing the fly ash proportion % led to decrease the flow test value, as shown
in fig. 8. The conventional cement mortar (Ref) demonstrated lower flow values compared to the
F100 geopolymer mixture, that related to the spherical glassy particles shape of fly ash, where this
spherical shaped of particles act as mini-ball bearings within the mortar mix, which provide a
lubricant influence and also reduce the frictional losses and give flat work finish ability in mixture
(Babor et al., 2009; Duggal, 2019; Jiao et al., 2018; Ulusoy, 2023), (Chen & Tang, 2024; de Hita
& Criado, 2022; Fang et al., 2018; Hameed et al., 2022; UPADHYAY et al., 2007; Vyas et al.,
2021). Moreover, MK particles have high specific surface area and high electrostatic charge
density which increased the water demand and caused a reduction in flow test results (Alonso &
Palomo, 2001).

Setting time test results

The results of initial and final setting time of geopolymer paste mixes are presented in Figure 9.
The results demonstrated that the binder components proportion significantly affect the setting
time of geopolymer mortars, where the geopolymer mortars mix displayed longer initial and final
setting time in comparison with Ref. mix. Moreover, replacing fly ash with 40% metakaolin
(Mixes F6M4 and F5P1M4) caused decreasing in initial and final setting time in comparison with
mix containing 100% fly ash (Mix F100). That related to the lower initial reactivity of fly ash at
room temperature, moreover, fly ash needs for a pH >13 to react at an expressive rate (Bernal et
al., 2013; Nath & Sarker, 2014; Sakai et al., 2005). Similar results gained by others (Humad,
Kothari, et al., 2019; Lee & Lee, 2013).

Compressive strength test results

The compressive strength test results of experimental mortars are presented in Figure 10. The data
indicated that the curing regimes significantly affected the strength development of geopolymer
mortars based on fly ash and metakaolin. Utilization of heat curing led to a rapid gain in strength,
mainly at early ages, where heat curing showed the highest strength values at 28 days.
The compressive strength test results of reference mortars and geopolymer that cured in different
regimes revealed different behavior depending on the binder components. In general, the
compressive strength results of geopolymer mortars recorded lower values in comparison with
reference mixes for all curing regimes, as shown in Figure 10. Where, the compressive strength
values of Geopolymer mortars ranged between 13 to 22 MPa at 7-day age and between 20 to 32
MPa at 28-day age. While the compressive strength test results of reference mixes cured in
different regimes ranged between 26 to 35 MPa at age 7-day and 41 to 51 MPa at age 28-day. The
reference mixes specimens that cured in oven for 24hr. then in water (Ref-OW) exhibited the
highest compressive strengths at 7 and 28 days, as shown in Figure 10-A.

For Geopolymer mortars specimens that are based on 100% fly ash, the best curing regime
was the oven curing for 24 hr. then kept in plastic film (Mix F100-OC) as shown in figure 10-B.
In general, in other studies using fly ash as binder in producing alkali-activated material, caused
delaying in setting times, reduced the Poisson’s ratio, modulus of elasticity and compressive
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strength, conversely increasing ductility and toughness, (Ali Nagi et al., 2022; Criado et al., 2016;
Kaya & Koksal, 2021; Lee & Lee, 2013; Matsuda et al., 2019; Mohamed, 2023). That could be
related to the experiential further coarser pore size distribution in comparison with alkali-activated
mortars based on blast furnace slag, (Al-Majidi et al., 2016; Azimi & Toufigh, 2023; Ebrahim et
al., 2024; Ferna’ndez-Jime'nez et al., 2003). Moreover, using the heat curing (Mix F100-OC)
enhances the initial rate of hydration by accelerating the dissolution of aluminosilicate precursors
and promoting fast formation of C-A-S-H and N-A-S-H (Bhina et al., 2023; Kong et al., 2021;
Nongnuang et al., 2022; Rabie et al., 2022).

Replacing the fly ash with 40% metakaolin (Mix F6M4) or with 10% Ordinary Portland
cement + 40% metakaolin (Mix F5P1M4) displayed higher compressive strength values in
comparison with 100% fly ash (mix F100). However, both mixes (F6M4) and (F5P1M4)
presented approximately similar compressive strength values and comparable for all curing
regimes, as shown in figure 10-C and figure 10-D. Moreover, the oven curing (OC) was the best
curing regime for all Geopolymer mortars, agreed with others (Al-shathr & Al-attar, 2016; Jaarsveld
et al., 2002; OMUR et al., 2023; Rangan & Hardjito, 2005).

Flexural strength test results

The flexural strength test results that are shown in Figure 11, presented a similar pattern to the
compressive strength test results. The flexural strength values of geopolymer mortars recorded
lower values in comparison with reference mixes for all curing regimes. The flexural strength
values of geopolymer mortars ranged between 4 to 8 MPa at 28-day age. While the flexural
strength test results of reference mixes cured in different regimes ranged between 8 to 11 MPa at
28-day age. The reference mixes specimens that are cured in oven 24hr. Then in water (Ref-OW)
exhibited the highest flexural strengths, as shown in Figure 11-A.

For Geopolymer mortars specimens that are based on 100% fly ash, the best curing regime
was the oven curing (Mix F100-OC) as shown in Figure 11-B. Replacing the fly ash with 40%
metakaolin (Mix F6EM4) or with 10% Ordinary Portland cement + 40% metakaolin (Mix F5P1M4)
displayed little higher flexural strength values in comparison with 100% fly ash (mix F100).
However, both mixes (F6M4) and (F5P1M4) presented comparable flexural strength values for all
curing regimes, as shown in Figure 11-C and Figure 11-D. Moreover, the oven curing for 24 hr.
and kept the specimens in plastic film (OC) was the best curing regime for all geopolymer mortars
because oven curing enhances the dissolution of Si and Al from fly ash, speeding up
polycondensation into C-A-S-H and N-A-S-H gels.

Microstructural characteristics

The Scanning Electron Microscope (SEM) analysis of the oven curing for 24 hr. and kept in plastic
film (OC) specimens at 28 days revealed a microstructure with fewer unreacted fly ash particles.
The results revealed that the oven cured specimen contains 60% fly ash and 40% metakaolin (Mix
F6M4) exhibits denser and more homogeneous matrix with no micro-cracks in comparison with
mix that contains 100% fly ash (mix F100) as shown in Figure 12-a and Figure 12-b. That could
be related to the formation of crystalline phases such as zeolite and hydrosodalite, which are
indicative of a higher degree of geopolymerization in thermally cured samples that contain
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metakaolin (Marsh, 2019; Mishra et al., 2022; Nguyen et al., 2017; Randers et al., 2024; Yilmaz
etal., 2023; Yu & Jia, 2022).

The heat curing accelerated the strength gaining in samples and that could be related to
enhancing the kinetics reaction and more full dissolution of the FA and MK particles, which led
to more extensive and interconnected geopolymer network, (Muhammad & Baharom, 2019;
Nongnuang et al., 2022; Rabie et al., 2022; Bilondi et al., 2025).

CONCLUSION

e The curing method significantly influences the strength and microstructural development
of geopolymer mortars made from fly ash and metakaolin.

e Oven curing at elevated temperatures enhances compressive and flexural strengths,
especially at early ages, due to improved reaction kinetics and microstructural
development.

e Water curing and ambient curing result in lower strength compared to oven curing, which
may not be adequate for applications requiring high early strength.

e Optimizing curing conditions is crucial to achieving desired performance in geopolymer
materials, as curing temperature and methods play a key role in hydration and strength
development.

e Replacing 40% of fly ash with metakaolin improves the matrix microstructure under heat-
cured regimes and reduces microcracks.

TABLES
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Table 1. The specific gravity and chemical composition of cement, fly ash
and metakaolin

Chemical composition, % Cement Fly ash Metakaolin
Silica (SiOs) 20.13 83.10 81.84
Alumina (Al,0s) 5.67 6.18 12.01
Iron Oxide (Fe,03) 3.96 2.08 0.68
SiOy+ Al O3+ Fe,03 - 91.36 94.53
Sulfate (SO3) 1.63 0.27 0.20
Lime (Ca0) 59.00 2.67 0.71
Magnesia (MgO) 2.11 0.33 0.19
Loss on ignition (L.O.l) 3.25 3.10 3.75
Specific gravity 3.15 2.40 2.61

Table 2. Mix proportion and curing procedure of Alkali-Activated mortars.

Mix

ID

OPC%

FA%

MK %

SS %

B inder:
Sand

w/ b

Plastci
Z er

Curing
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F 100- RWC 0 100 0 15 1:2 0.4 1% Sealed molds after
casting in lab.,
F 6M4- RWC 0 60 40 15 1:2 0.4 1% Demolding after
F 5PIM4- RWC | 10 | 50 | 40 | 15 1:2 0.4 1% 24hr. at ambient
temperature then
Ref- RWC 100 0 0 15 1:2 0.4 1% water cured (RW)
F 100- OWC 0 100 0 15 1:2 0.4 1% Sealed molds after
casting in lab.,
F 6M4- OWC 0 60 40 15 1:2 0.4 1% Oven cured for 24hr.
F 5P1M4- OWC | 10 50 | 40 | 15 1:2 0.4 1% at 80° C, then
Demolding and water
Ref - OWC 100 0 0 15 1:2 0.4 1% cured (OW)
F 100- RC 0 | 100 | 0 15 1:2 0.4 1% Sealed molds after
casting in lab.,
F 6M4- RC 0 60 40 15 1:2 0.4 1% Demolding after 24hr
then kept samples in
F 5P1M4- RC 10 50 40 15 1:2 0.4 1% plastic film at
bient t t
Ref - RC 100 | 0 0 15 1:2 0.4 1% ambien (Recm)pera e
F 100- OC 0 100 | 0 15 1:2 0.4 1% Sealed molds after
casting in lab.,
F 6M4- 0OC 0 60 40 15 1:2 0.4 1% Oven cured for 24hr.
at 80° C, Demolding
F 5P1M4- OC 10 50 40 15 1:2 0.4 1% then kept samples in
plastic film at
Ref - 0C 100 0 0 15 1:2 0.4 1% ambient temperature
(0C)
F 100- ROC 0 100 | 0 15 1:2 0.4 1% Sealed molds after
casting in lab.,
F 6M4- ROC 0 60 40 15 1:2 0.4 1% Demolding after 24hr
then oven cured for
F 5P1M4' ROC 10 50 40 15 12 04 1% 24hr. at 80° C then
kept samples in
lastic fil t
Ref - ROC 100 | 0 0 15 1:2 0.4 1% plastic TiAN @
ambient temperature
(ROC)
Where symbols denote: F 100: 100% fly ash, RWC: room then water curing, F 6M4: 60% fly
ash +40% metakaolin, OWC: Oven then water curing, Pl: 10% Ordinary Portland cement, OC:
oven curing, RC: room curing, ROC: room then oven curing.
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FIGURS

Fig. 1. The materials that used in this study a) Fly ash, b) Ordinary Portland cement, ¢)
metakaolin, d) SS activator.
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sealed sample after
casting in lab.

1
| 1 1
demolding oven curing at 80 demolding
after 24 hr. °C for 24 hr. after 24 hr.
I I : 1
i
water cured kept in plastic films kept in plastic
(RW) demolding at ambient films and oven
temperature (RC) cured for 24 hr.
.
| | I
kept in plastic kept in plastic
wall:(g;‘:;.)lrecl films at room films at room
temperature (OC) temperature (ROC)

Fig. 2. Curing regimes that were used in this study.

Fig. 3. Curing Regimes, a) Sealed molds at ambient temperature, b) Sealed molds in oven at
80°C, c) Demolded sample, d) Sealed cured sample at ambient temperature after demolding, e)
Cured sample in water after demolding.
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Fig. 5. Setting time test, a) initial, b) final.
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Fig. 6. Compressive Strength test, a) The test sample, b) Compressive strength test machine, c)
Tested sample.

\

Ny

Fig. 7. Flexural strength test. a) The test sample, b) Flexural strength test machine.
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Fig. 9. Initial and final setting time results of alkali-activated mortars.
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Fig. 10. 7- and 28-days compressive strength test results of Geopolymer and reference mortars in
different curing regimes: a) Reference mixes, b) Mix F100, ¢) Mix F6M4, d) Mix F5P1M4.
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Fig. 11. Flexural strength test results of mortars at 28 days in different curing regimes: a)
Reference, b) Mix F100, ¢) Mix F6EM4, d) Mix F5P1M4.
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Fig. 12. SEM analysis test results of oven cured mortars at 28-day age a) Mix F6M4, b) Mix

F100.

56



1%tDoaa F. Al-Dahash, The Iraqgi journal for mechanical and material engineering, Vol. 42, No.1, May, 2025

REFERENCES

Abd Razak, R., Izman, S. N. S. S., Al Bakri Abdullah, M. M., Yahya, Z., Abdullah, A., &
Mohamed, R. (2022). Properties and Morphology of Fly Ash Based Alkali Activated Material
(AAM) Paste Under Steam Curing Condition. Archives of Metallurgy and Materials, 68, 785—
789. https://doi.org/10.24425/amm.2023.142462

Al-Majidi, M. H., Lampropoulos, A., Cundy, A., & Meikle, S. (2016). Development of
geopolymer mortar under ambient temperature for in situ applications. Construction and
Building Materials, 120, 198-211. https://doi.org/10.1016/j.conbuildmat.2016.05.085

Al-shathr, B. S., & Al-attar, T. S. (2016). Effect of Curing System on Metakaolin Based
Geopolymer Concrete. 3.

Ali Nagqi, Delsaute, B., Konigsberger, M., & Staquet, S. (2022). Effect of Solution-to-Binder Ratio
and Alkalinity on Setting and Early-Age Properties of Alkali-Activated Slag-Fly Ash Binders.
1-20.

Alonso, S., & Palomo, A. (2001). Alkaline activation of metakaolin and calcium hydroxide
mixtures: Influence of temperature, activator concentration and solids ratio. Materials
Letters, 47(1-2), 55-62. https://doi.org/10.1016/S0167-577X(00)00212-3

Amer, |., Kohail, M., EI-Feky, M. S., Rashad, A., & Khalaf, M. A. (2021). A review on alkali-
activated slag concrete. Ain Shams Engineering Journal, 12(2), 1475-1499.
https://doi.org/10.1016/j.asej.2020.12.003

Azimi, Z., & Toufigh, V. (2023). Influence of Blast Furnace Slag on Pore Structure and Transport
Characteristics in Low-Calcium Fly-Ash-Based Geopolymer Concrete.

Babor, D., Plian, D., & Judele, L. (2009). ENVIRONMENTAL IMPACT OF CONCRETE. The
Bulletin of the Polytechnic Institute of Jassy, Construction. Architecture Section, 55(4), 27—
35. https://www.academia.edu/3297368/ENVIRONMENTAL_IMPACT_OF_CONCRETE

Bashar, I. 1., Alengaram, U. J., Jumaat, M. Z., & Islam, A. (2016). Development of Sustainable
Geopolymer Mortar using Industrial Waste Materials. Materials Today: Proceedings, 3(2),
125-129. https://doi.org/10.1016/j.matpr.2016.01.038

Bernal, S. A., Provis, J. L., Walkley, B., San Nicolas, R., Gehman, J. D., Brice, D. G., Kilcullen,
A. R., Duxson, P., & Van Deventer, J. S. J. (2013). Gel nanostructure in alkali-activated
binders based on slag and fly ash, and effects of accelerated carbonation. Cement and
Concrete Research, 53, 127-144. https://doi.org/10.1016/j.cemconres.2013.06.007

Bhina, M. R., Liu, K., Hu, J. H., & Tsai, C. (2023). Investigation of the Mechanical Properties of
Quick-Strength Geopolymer Material Considering Preheated-to-Room.

Bilondi, M. P., Ghaffarian, V., & Daluee, M. A. (2025). Experimental studies on mix design and
properties of ceramic- glass geopolymer mortars using response surface methodology. 1-24.

C109/109M-16a, A. (2016). Standard test method for compressive strength of hydraulic cement

57



EFFECT OF CURING REGIMES ON STRENGTH 1t Doaa F. Al-Dahash

OF GEOPOLYMER MORTARS BASED ON FLY 2" Abeer M. Humad
ASH AND METAKAOLIN

mortars (Using 2-in. or cube specimens). Annual Book of ASTM Standards, 1-10.

C1437. (2013). Standard Test Method for Flow of Hydraulic Cement Mortar 1. i, 1-2.
https://doi.org/10.1520/C1437-13.2

C191-13. (2005). Standard Test Methods for Time of Setting of Hydraulic Cement by Vicat
Needle" DOI: 10.1520/C0191-13. ASTM International, 04.01.
https://doi.org/10.1520/C0191-13.2

C348, A. (1998). in: Standard Test Method for Flexural Strength of Hydraulic-Cement Mortars
ASTM C348, Annual Book of ASTM Standards. i, 2—7. https://doi.org/10.1520/C0348-14.2

C618. (2015). Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for
Use as a Mineral Admixture in Concrete (ASTM C618-15). ASTM International, 1-4.
https://doi.org/10.1520/C0618-15.2

Chen, L., & Tang, Y. (2024). Strength characteristics of self-compacting concrete with alkali-
activated fly ash. AIP Advances, 14(4). https://doi.org/10.1063/5.0195515

Criado, M., Aperador, W., & Sobrados, I. (2016). Microstructural and mechanical properties of
alkali activated Colombian raw materials. Materials, 9(3).
https://doi.org/10.3390/ma9030158

Davidovits, J. (1994). Properties of Geopolymer Cements. First International Conference on
Alkaline Cements and Concretes, 131-149.

de Hita, M. J., & Criado, M. (2022). Influence of the Fly Ash Content on the Fresh and Hardened
Properties of Alkali-Activated Slag Pastes with Admixtures. Materials, 15(3).
https://doi.org/10.3390/ma15030992

Duggal, S. K. (2019). MATERIALS BUILDING. In Sustainability (Switzerland) (Vol. 11, Issue
1). http://scioteca.caf.com/bitstream/handle/123456789/1091/RED2017-Eng-
8ene.pdf?sequence=12&isAllowed=y%0Ahttp://dx.doi.org/10.1016/j.regsciurbeco.2008.06.
005%0Ahttps://www.researchgate.net/publication/305320484_SISTEM_PEMBETUNGAN
_TERPUSAT_STRATEGI_MELESTARI

Ebrahim, A. M., Ahmed, D. A., & Abu-elwafa, R. (2024). Development of an eco-friendly
geopolymer mortar using slag and fly ash with high bentonite content for thermal and
environmental applications. 1-22.

El-Wafa, M. A., & Fukuzawa, K. (2018). Early-Age Strength of Alkali-Activated Municipal Slag—
Fly Ash—-Based Geopolymer Mortar. Journal of Materials in Civil Engineering, 30(4), 1-9.
https://doi.org/10.1061/(asce)mt.1943-5533.0002234

Fang, G., Ho, W. K., Tu, W., & Zhang, M. (2018). Workability and mechanical properties of
alkali-activated fly ash-slag concrete cured at ambient temperature. Construction and
Building Materials, 172(April), 476-487. https://doi.org/10.1016/j.conbuildmat.2018.04.008

58



1%tDoaa F. Al-Dahash, The Iraqgi journal for mechanical and material engineering, Vol. 42, No.1, May, 2025

Ferna’ndez-Jime'nez, A., Palomo, A., & Eduardo. (2003). Characterisation of fly ashes . Potential
reactivity as alkaline cements q. 82, 2259-2265. https://doi.org/10.1016/S0016-
2361(03)00194-7

Gale, J., Mahasenan, N., Smith, S., & Humphreys, K. (2003). the CE M E N T Industry and Global
CLIMaTEChange: CURRENT and Potential Future CEMENTINDUSTRY
Co2 Emissions. Greenhouse Gas Control Technologies, 11(1), 995-1000. http://ac.els-
cdn.com/B9780080442761501574/3-s2.0-B9780080442761501574-
main.pdf?_tid=c482d0dc-65ce-11e4-8dec-
00000aach362&acdnat=1415290126 5142dfcbe820c0bee77908111247444d

Hameed, A., Rasool, A. M., Ibrahim, Y. E., Afzal, M. F. U. D., Qazi, A. U., & Hameed, I. (2022).
Utilization of Fly Ash as a Viscosity-Modifying Agent to Produce Cost-Effective, Self-
Compacting Concrete: A Sustainable Solution. Sustainability (Switzerland), 14(18).
https://doi.org/10.3390/su141811559

Hardjito, D., Cheak, C. C., & Ing, C. H. L. (2008). Strength and Setting Times of Low Calcium Fly
Ash-based Geopolymer Mortar.

Hendriks, C. A., Worrell, E., Jager, D. De, Blok, K., & Riemer, P. (2003). Emission Reduction of
Greenhouse Gases from the Cement Industry. Greenhouse Gas Control Technologies
Conference, 1-11.

Humad, A. M., Kothari, A., Provis, J. L., & Andrzej, C. (2019). The effect of blast furnace slag/fly
ash ratio on setting, strength, and shrinkage of alkali-activated pastes and concretes. Frontiers
in Materials, 6(February), 1-10. https://doi.org/10.3389/fmats.2019.00009

Humad, A. M., Provis, J. L., & Cwirzen, A. (2019). Effects of Curing Conditions on Shrinkage of
Alkali-Activated High-MgO Swedish Slag Concrete. Frontiers in Materials, 6(November).
https://doi.org/10.3389/fmats.2019.00287

IQS No.5. (1984). Iraqi Specification, No. 5/1984, “Portland Cement”, Ministry of Planning,
Central Organization for Standardization and Quality Control.

J.Davidovits. (1991). Geopolymers: Inorganic polymeric new materials. Journal of Thermal
Analysis.

Jaarsveld, J. G. S. Van, Deventer, J. S. J. Van, & Lukey, G. C. (2002). The effect of composition
and temperature on the properties offly ash- and kaolinite-based geopolymers. Chemical
Engineering Journal, 89, 63-73.

Jiao, D., Shi, C., Yuan, Q., An, X,, Liu, Y., & Li, H. (2018). Effect of constituents on rheological
properties of fresh concrete-A review. Cement and Concrete Composites, 83, 146-159.
https://doi.org/10.1016/j.cemconcomp.2017.07.016

Juenger, M. C. G., Winnefeld, F., Provis, J. L., & Ideker, J. H. (2011). Cement and Concrete
Research Advances in alternative cementitious binders. Cement and Concrete Research,
41(12), 1232-1243. https://doi.org/10.1016/j.cemconres.2010.11.012

Kaya, M., & Koksal, F. (2021). Influences of high temperature on mechanical properties of fly ash

59



EFFECT OF CURING REGIMES ON STRENGTH 1t Doaa F. Al-Dahash

OF GEOPOLYMER MORTARS BASED ON FLY 2" Abeer M. Humad
ASH AND METAKAOLIN

based geopolymer mortars reinforced with PVA fiber. 66900, 393-406.
https://doi.org/10.7764/RDLC.20.2.393

Kong, L., Fan, Z., Ma, W., Lu, J., & Liu, Y. (2021). Effect of curing conditions on the strength
development of alkali-activated mortar. In Crystals (Vol. 11, Issue 12).
https://doi.org/10.3390/cryst11121455

Lee, N. K., & Lee, H. K. (2013). Setting and mechanical properties of alkali-activated fly ash/slag
concrete manufactured at room temperature. Construction and Building Materials, 47, 1201—
1209. https://doi.org/10.1016/j.conbuildmat.2013.05.107

Marsh, A. (2019). Marsh, 2019
Alkali_activated_earth_construction_materials_A_Marsh_PhD _thesis.pdf.

Masi, G., Filipponi, A., & Bignozzi, M. C. (2021). Fly ash-based one-part alkali activated mortars
cured at room temperature: Effect of precursor pre-treatments. Open Ceramics, 8(November
2020), 100178. https://doi.org/10.1016/j.0ceram.2021.100178

Matsuda, A., Maruyama, |., Meawad, A., Pareek, S., & Araki, Y. (2019). Reaction , Phases , and
Microstructure of Fly Ash-Based Alkali-Activated Materials. 17(March), 93-101.
https://doi.org/10.3151/jact.17.3.93

Mishra, J., Nanda, B., Patro, S. K., & Krishna, R. S. (2022). Sustainable Fly Ash Based
Geopolymer Binders : A Review on Compressive Strength and Microstructure Properties.

Mohamed, O. . (2023). Effects of the Curing Regime, Acid Exposure, Alkaline Activator Dosage,
and Precursor Content on the Strength Development of Mortar with Alkali-Activated Slag
and Fly Ash Binder: A Critical Review.

Muhammad, N., & Baharom, S. Bin. (2019). Effect of Heat Curing Temperatures on Fly Ash-
Based Geopolymer Concrete Effect of Heat Curing Temperatures on Fly Ash-Based
Geopolymer Concrete. January. https://doi.org/10.14419/ijet.v8i1.2.24866

Nath, P., & Sarker, P. K. (2014). Effect of GGBFS on setting, workability and early strength
properties of fly ash geopolymer concrete cured in ambient condition. Construction and
Building Materials, 66, 163-171. https://doi.org/10.1016/j.conbuildmat.2014.05.080

Nguyen, H. T., Kien, P. T., & Promentilla, M. A. B. (2017). Development of Geopolymer-Based
Materials from Coal Bottom Ash and Rice Husk Ash with Sodium Silicate Solutions.
Springer Nature Singapor, August, 1-8. https://doi.org/10.1007/978-981-10-6713-6

Nongnuang, T., Jitsangiam, P., Rattanasak, U., & Chindaprasirt, P. (2022). Novel electromagnetic
induction heat curing process of fly ash geopolymer using waste iron powder as a conductive
material. Scientific Reports, 1-11. https://doi.org/10.1038/s41598-022-13392-x

OMUR, T., BOYLU, S., CAFOLOMA, T. N. R., MIYAN, N., & KABAY, N. (2023). The
influence of curing conditions on physicomechanical properties of alkali-activated slag/fly
ash based mortars.

60



1%tDoaa F. Al-Dahash, The Iraqgi journal for mechanical and material engineering, Vol. 42, No.1, May, 2025

Palomo, A., Grutzeck, M. W., & Blanco, M. T. (1999). Alkali-activated fly ashes: A cement for
the future. Cement and Concrete Research, 29(8), 1323-1329.
https://doi.org/10.1016/S0008-8846(98)00243-9

Provis, J. L., & Deventer, J. S. J. van. (2009). Geopolymers Structure, processing, properties and
industrial applications.

Provis, J. L., & Jannie S.J. van Deventer, Z. P. L. (2014). STAR 224-AAM Alkali Activated
Materials.

Qizi, A. H. S., & Barotaliyevna, C. N. (2023). Cements of Yesterday and Today: Concrete of
Tomorrow Abdulhamidova. Cement and Concrete Research, 30(9), 1349-1359.
https://doi.org/10.1016/S0008-8846(00)00365-3

Rabie, M., Irshidat, M. R., & Al-Nuaimi, N. (2022). Ambient and Heat-Cured Geopolymer
Composites: Mix Design Optimization and Life Cycle Assessment. Sustainability
(Switzerland), 14(9). https://doi.org/10.3390/su14094942

Randers, M., Sedmale, G., Rundans, M., Grase, L., Randers, M., Sedmale, G., Rundans, M., &
Grase, L. (2024). Different Processing Methods of Illie Clay for the Development of Zeolites
Different Processing Methods of |Illie Clay for the Development of Zeolites.
https://doi.org/10.20944/preprints202408.1984.v1

Rangan, B., & Hardjito, D. (2005). Studies on fly ash-based geopolymer concrete. Proc. 4th
World ) November.
http://www.google.com/books?hl=id&amp;Ir=&amp;id=wiFo7L_zO8AC&amp;oi=fnd&a
mp;pg=PA133&amp;dqg=djwantoro&amp;ots=FIZypGbTgV&amp;sig=wTzPfRqrskTY Xr8
KGbO58Fgwij8

Rattanasak, U., & Chindaprasirt, P. (2009). Influence of NaOH solution on the synthesis of fly ash
geopolymer. Minerals Engineering, 22(12), 1073-1078.
https://doi.org/10.1016/j.mineng.2009.03.022

Sakai, E., Miyahara, S., Ohsawa, S., Lee, S. H., & Daimon, M. (2005). Hydration of fly ash cement.
Cement and Concrete Research, 35(6), 1135-1140.
https://doi.org/10.1016/j.cemconres.2004.09.008

Shi, C., Jiménez, A. F., & Palomo, A. (2011). Cement and Concrete Research New cements for
the 21st century : The pursuit of an alternative to Portland cement. Cement and Concrete
Research, 41(7), 750-763. https://doi.org/10.1016/j.cemconres.2011.03.016

Ulusoy, U. (2023). A Review of Particle Shape Effects on Material Properties for Various
Engineering  Applications: From Macro to Nanoscale. Minerals, 13(1).
https://doi.org/10.3390/min13010091

UPADHYAY, A., KAMAL, M., & TRIPATHY, P. B. K. P. & P. D. P. (2007).
CHARACTERIZATION AND UTILIZATION OF FLY ASH. Geotechnical and Geological
Engineering, 10(1), 55-68. https://doi.org/10.1007/s10706-019-01139-x

Vyas, S., Sharma, S. N., Anand, B., & Kumar, R. (2021). Study on Suitability of Fly Ash To Be

61



EFFECT OF CURING REGIMES ON STRENGTH 1t Doaa F. Al-Dahash

OF GEOPOLYMER MORTARS BASED ON FLY 2" Abeer M. Humad
ASH AND METAKAOLIN

Used as pozzolana in Concrete . 8(3), 2635-2643.

Wei, X., Li, D., Ming, F., Yang, C., Chen, L., & Liu, Y. (2021). Influence of low-temperature
curing on the mechanical strength, hydration process, and microstructure of alkali-activated
fly ash and ground granulated blast furnace slag mortar. Construction and Building Materials,
269, 121811. https://doi.org/10.1016/j.conbuildmat.2020.121811

Worrell, E., Price, L., Martin, N., Hendriks, C., & Meida, L. O. (2001). CARBON DIOXIDE
EMISSIONS FROM THE GLOBAL CEMENT INDUSTRY. Carbon, 26, 303-329.
http://www.annualreviews.org/doi/abs/10.1146/annurev.energy.26.1.303

Yaprak, H., Alnkaa, A., Memis, S., & Kaplan, G. (2019). Effects of different curing conditions on
the properties of geopolymeric mortar.

Yilmaz, A., Degirmenci, F. N., & Aygormez, Y. (2023). Effect of initial curing conditions on the
durability performance of low-calcium fly ash-based geopolymer mortars. Boletin de La
Sociedad Espanola de Ceramica y Vidrio, 63(4), 238-254.
https://doi.org/10.1016/j.bsecv.2023.10.006

Yu, G., &lJia, Y. (2022). Microstructure and Mechanical Properties of Fly Ash-Based Geopolymer
Cementitious Composites. Minerals, 12(7). https://doi.org/10.3390/min12070853

Yuxin Cai 1, Yu, L., Yang, Y., 1, Y. G., & Yang, C. (2019). Effect of Early Age-Curing Methods
on Drying Shrinkage of Alkali-Activated Slag Concrete.

62



