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ABSTRACT

This study examined the influence of long-term curing duration on the properties of geopoly-
mers produced through the geopolymerization reaction between Datça Pozzolan and sodium 
silicate and potassium hydroxide solutions. The specimens were heat cured at 90 °C, 95±5% 
RH for 24 h initially and then kept under ambient conditions until the tests were conducted 
at 7, 90, and 365 days. The results showed that applied initial heat curing was appropriate to 
achieve high early and long-term strength. Geopolymer mortars with 12.5 M and 2.5 activator 
ratios had the lowest porosity (20.90%) and the highest ultrasound pulse velocity (UPV) (3.10 
km/s), compressive strength (10.57 MPa), and flexural strength (5.20 MPa) after seven days. 
While the porosity of the identical specimens decreased by up to 15.77%, the UPV, compres-
sive strength and flexural strength increased by 3.37 km/s, 15.32 MPa, and 6.06 MPa, respec-
tively, after 365 days. The physical and mechanical improvement in the first 90 days exceeded 
90–365 days. A higher rate of improvement was obtained when the activator ratio was low, i.e., 
the improvement decreased inversely as the sodium silicate content of the mortar increased. 
An increasing trend was observed in the plot of compressive strength as a function of UPV, 
and the slope values presented a strongly related linear function relation.
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1. INTRODUCTION

The cement industry is responsible for 5–7% of CO2 
emissions, and the global demand for OPC by 2030 is pro-
jected to increase by 216% [1]. In Türkiye, the housing 
sector consumes 32% of the total energy, and 8.,7% of the 
total CO2 emissions originate from cement production [2]. 
Therefore, the search for low-embodied CO2 materials is es-
sential for Türkiye. Geopolymers can reduce CO2 emissions 
compared with cement production [3]. The geopolymeric 
reactivity of Datça Pozzolan was investigated in the liter-
ature, and the results revealed that it could be used as an 
aluminosilicate source to produce geopolymer mortars [4]. 

However, the possibilities of using this material in the 
building industry should be further investigated toward a 
carbon-neutral building stock commitment.

The evolution of the geopolymer structure into a 
semi-crystalline amorphous material and the consequent 
strength properties of the final product is affected by the 
curing conditions (curing temperature, duration, humid-
ity), mixture components (precursor and activator type), 
and mixture design parameters (water/solid ratio, molar 
ratios of Si/Al, Al/Na, and H2O/Na2O). Proper curing con-
ditions prevent high porosity and permeability and, there-
fore, improve the strength gain of the material. Regardless 
of the type and dosage of alkali activators, curing below or 
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at room temperature (7–20 °C) is not convenient for geo-
polymers because the beginning of the setting is delayed, 
and the chemical reaction rate is prolonged [5–9]. Mineral 
phases in natural pozzolan dissolved in the first three days. 
The dissolved phases remained 7 and 14 days after the reac-
tion, and the geopolymer matrix continued progressing. At 
28 days, the morphology of dense plates, which is related to 
the polycondensation reaction, produced an interconnect-
ed structure, and it was predicted that it would improve over 
time due to the progress of the geopolymerization reaction 
[10]. For example, brick powder-based geopolymer cured 
at 28 and 90 days yielded strengths of 5.3 and 18.7 MPa, 
respectively [11]. The strength of the red mud and rice husk 
ash-based geopolymer became almost constant in 35 days 
(11.7 MPa), and the geopolymer could only gain strength 
after a certain curing period [12]. Haruna et al. [13] cured 
high calcium-fly ash-based one-part alkali-activated bind-
ers at 25 °C for 365 days. The maximum strength was found 
after 90 days, and the strength improvement at 180 and 365 
days was negligible compared with that at 90 days. The in-
crease in strength beyond 28 days was explained by the for-
mation of fly ash reactions at later ages, which resulted in 
more calcium alumina silicate hydrate gel production.

Although curing at elevated temperatures is an ener-
gy-intensive process, it is particularly crucial in low-calcium 
aluminosilicate precursors to initiate geopolymerization re-
actions and enhance the mechanical properties of the final 
cured products [14]. Elevated temperature curing could over-
come the obstacle to further reaction along with improved 
dissolution of reactive species [5]. An increase in the curing 
temperature up to 90 °C favors the dissolution of reactive spe-
cies [15], substantially improves cross-linking in an amor-
phous structure [14], and increases the compressive strength 
of the product [6, 16]. According to Naghizadeh et al. [17], 
the strength development and durability performance of fly 
ash-based geopolymer concrete (Na2O/FA>0.09–0.10) cured 
at 60 °C for 24 h were higher than those of the specimens 
cured under ambient conditions for 28 days. Another study 
determined that heat curing at 60 °C for a more extended 
curing period was beneficial for strength development [18]. 
According to Bing-hui et al. [19], who investigated the ef-
fects of curing temperature (within the range of 20 to 100 
°C) on the properties of metakaolin-based geopolymers, el-
evating the curing temperature increases the activity of hy-
droxide ions and the dissolution rate of amorphous alumi-
nosilicates; increases polycondensation, polymerization, and 
reprecipitation processes due to the dehydration of water in 
the early stage of the geopolymerization reaction; and finally, 
accelerates the hardening process and improves the physical 
properties of the geopolymer. However, a curing tempera-
ture higher than the appropriate one may negatively affect 
the properties. For example, Yılmaz et al. [20] determined 
that curing low-calcium fly ash-based geopolymer mortars 
above 60 °C for 24, 48, and 72 h decreased the strength of the 
material. In another study investigated by Yang et al. [21], 
the mechanical properties of the steel slag-based geopoly-
mer mortar decreased above 60 °C because of the increased 
shrinkage cracks of the material. Curing temperatures above 

the optimum one caused rapid setting and restrained the 
transformation into a compact and tough structure due to 
the following reactions: The viscosity of the slurry increased 
rapidly at the initial polycondensation stage. Dissolved ions 
of aluminate precursors react quickly and increase the set-
ting speed; therefore, the time between the initial and final 
setting is extremely short. With the rapid coagulation of the 
slurry, undissolved aluminosilicate particles are covered with 
this gel, and further dissolution of amorphous phases and 
solid-state transformation into dense structures is restrained 
[19]. Zeolite-like crystalline products are formed at higher 
temperatures (up to 200 °C) [22].

When metakaolin-based geopolymers are cured at tem-
peratures lower than 50 °C, the dissolution and formation 
of hydroxy species are not complete and insufficient to 
form the oligomers, leading to lower compressive strength 
results [23]. However, when pre-cured at 75 °C for three 
hours, it exhibited improved mechanical properties without 
diminishing in the long-term curing up to 28 days. Howev-
er, mixtures of metakaolin and slag cured at the same tem-
perature produced microstructural defects through volume 
expansion [24]. Aygörmez et al. [25] cured colemanite and 
metakaolin-based geopolymer mortar at 60 °C for 72 h and 
allowed it to cure under ambient conditions for 365 days. 
The strength results were lower at day 365 than at day 14, 
and it was explained that curing at 60 °C for 72 h positively 
affected the strength in the early period. However, rapidly 
developing reaction products adversely affect the material's 
long-term microstructure and strength properties.

Numerous studies have been conducted on the humid-
ity conditions during the curing of geopolymers. Both nat-
ural and artificial-based geopolymers, cured in an oven 
(RH≤10%) at 70–90 °C, showed visible cracks on the surface 
of the specimens caused by a substantial loss of moisture and 
drying shrinkage [10–13, 16, 24–27]. Likewise, the compres-
sive strength of Datça pozzolan-based geopolymer binder was 
9.36 MPa after curing at 90 °C under sealed conditions; how-
ever, its strength decreased to 5.60 MPa without sealed condi-
tions at the same curing temperature [4]. Therefore, geopoly-
merization reactions require moisture during the first curing 
stage to produce a stronger crack-free product [16]. Bondar 
et al. [28] achieved higher early strength by curing alkali-ac-
tivated Taftan pozzolan at 60 °C. However, by curing at 40 °C 
under sealed conditions, higher strength could be obtained 
in the long term (365 days). In addition, the tests conducted 
at 28, 90, and 120 days showed a good correlation between 
ultrasound pulse velocity (UPV) and compressive strength, 
suggesting that pulse velocity techniques could be successful-
ly used for the estimation of geopolymer strength made with 
alkali-activated natural pozzolans. Indeed, non-destructive 
ultrasonic wave technology allows continuous monitoring of 
a material’s reaction process. By the propagation speed of the 
ultrasound pulse in a material, early-age reaction processes 
and microstructure development, improvement in rheologi-
cal properties, setting (due to initial gel formation), harden-
ing and strength development (due to the gradual progression 
of polymerization/crystallization), and durability properties 
have been successfully measured [28–32].
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If the results are analyzed critically, the strength of the 
geopolymers cured under ambient conditions continues to 
increase for up to 90 days. On the other hand, in the geopoly-
mers pre-cured at higher temperatures. However, the early 
strength increases because of the effect of the temperature. It 
may decrease in the long term depending on the source pre-
cursor. Strength development largely depends on the alumi-
nosilicate precursor and alkali activator type, alkali concen-
tration, activator ratio, curing type, temperature, and curing 
period. The novelty of this manuscript is that it investigates 
the development of the properties of natural pozzolan-based 
geopolymers over the long term by considering the effects of 
various alkali concentrations and activator ratios. Therefore, 
the effort to achieve the desired target strength must be de-
termined experimentally for each mixture design. Thus, the 
objectives of this study are as follows: 1) to investigate the 
influence of long-term curing on the physical and mechani-
cal properties of heat-cured Datça pozzolan-based geopoly-
mers; 2) to determine the effect of alkali concentration and 
activator ratio on the long-term microstructural evolution of 
the geopolymer by evaluating the relationship between UPV 
and physical and mechanical properties, and 3) to predict 
the geopolymer strength from UPV.

2. MATERIALS AND METHODS

Natural pozzolan [33], extracted from the Datça Pen-
insula in Türkiye, was used as an aluminosilicate source to 
produce geopolymer mortar. It was dried at 55 °C for 24 
h and pulverized until a particle size of 95% less than 90 
μm was obtained. It has a significantly high specific surface 
area (5467 cm2/g) and a specific gravity of 2.52 g/cm3. The 
chemical characterization results obtained using an X-ray 
fluorescence spectrometer (XRF) are presented in Table 1.

As can be seen, the most abundant oxides are pozzolan-
ic oxides (SiO2 and Al2O3), followed by K2O and Na2O. It can 
be accepted as a low-calcium pozzolan (1.22% CaO ≤5%) and 
classified as a dacitic pozzolan (63–77% SiO2) because of its 
75.2% SiO2 content [1]. The mineralogical composition (X-ray 
diffraction, XRD) analysis indicated that the pozzolan con-
sisted mainly of anorthite, quartz, feldspar, microcline, and a 
compound with an amorphous structure, as shown in Figure 1.

Liquid sodium silicate (Na2SiO3) with a 3.24 modulus 
(SiO2/Na2O) and technical-grade potassium hydroxide 
(KOH) were used for alkaline activation. KOH solutions 
with 7.5, 10, and 12.5 molarities (M) were prepared by dis-
solving KOH pellets in distilled water and allowing them to 
cool before being added to the mixture.

Since this study is based on the previous research of the 
authors [4], the mixing ratios and initial curing conditions 
of the first seven days applied in the last study were taken as 
the basis. The sodium silicate (SS)-to-KOH ratios, termed 
“activator ratio,” were 1.0, 1.5, 2.0, and 2.5. The total alka-
line activator-to-binder ratio was kept constant at 0.30 by 
weight. Standard quartz sand was used with a maximum 
grain size of 2.0 mm in conformity with TS EN 196-1 [34]. 
The dry pozzolan/sand ratio was 1/3, and the mortar flow 
was maintained at 60.

The slurry was cast into prismatic molds with dimen-
sions of 40x40x160 mm. The following curing method 
was applied: (i) first, curing at 20 °C and 95±5% RH for 
24 h, and curing at 90 °C and 95±5% RH for 24 h; (ii) after 
demolding the specimens, curing at 20 °C and 55±5% RH 
until testing at 7, 90, and 365 days.

The specimens were coded in [XM-X-X] format: “XM” 
represents the molarity (M) of KOH, the second group in-
dicates the activator ratio and the third group indicates the 
curing duration. To ensure reproducibility, three specimens 

Table 1. Chemical analysis of natural Datça Pozzolan

 SiO2 Al2O3 Fe2O3 CaO MgO P2O5 K2O Na2O TiO2 MnO2 Cr2O3 NiO

Wt% 75.29 15.99 0.98 1.22 0.62 0.07 3.02 2.21 0.14 0.04 0.005 0.004

 CuO ZnO Rb SrO Y2O3 ZrO2 Nb2O5 BaO Cl SO3 LOI Total

Wt% 0.002 0.002 0.006 0.015 0.002 0.01 0.001 0.097 0.092 0.1 0.15 100

Figure 1. XRD analysis of natural Datça Pozzolan.
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were prepared for each test; only the compressive strength 
test was applied to six specimens. The specimens were test-
ed for unit weight (Δ) and specific gravity according to 
TS EN 1015-10 [35], water absorption under atmospher-
ic pressure (Sa) according to TS EN 13755 [36], dynamic 
ultrasound velocity (UPV)/Young’s modulus of elasticity 
(MoE) according to TS EN 14579 [37], and flexural (Rf) and 
compressive (Rc) strengths according to TS EN 196-1 [34].

3. RESULTS AND DISCUSSION

3.1. Effect of Heat Curing on the Properties of Mortars 
All test results are given in Table 2, and the physical test 

results of the specimens cured for seven days are shown in 
Figure 2.

The porosity (P) and water absorption ratio (Sa) of the 
material decreased gradually, depending on the increase in 
the molarities from 7.5, 10 to 12.5 M, as well as the rise in ac-
tivator ratios varying from 1, 1.5, 2 to 2.5 after seven days of 
curing. In parallel with these changes, unit weights gradually 
increased. According to the short error bars, no significant 
variations were observed in almost all physical properties. 
In the mortar series of 12.5 M, the water absorption ratio 
reduced at the fastest rate (0.86 times) on average. The water 
absorption ratio gives the pore volume ratio of the material 
to be larger than 0.1 microns that water could penetrate.

On the other hand, open porosity (Sh) is the ratio of 
open and interconnected pores that water can fill. If (P), 
(Sa), and (Sh) were analyzed concerning the effect of alka-
li molarity and activator ratios on pore structure, it could 
be determined that the micro and gel void ratios (≤0.1 µ) 
of the (7.5M-1.0–7) and (12.5M-2.5–7) mortars increased 
from 2% to 20%, respectively, 13 times. An increase in the 
alkali molarity and alkali activator ratio promoted the for-
mation of a more stable geopolymer gel with lower porosity 
[38]. However, the pore structure and morphology of the 
mortars should be further analyzed using mercury intru-
sion porosimetry (MIP) and scanning electron microscopy 
equipped with energy-dispersive X-ray spectroscopy (SEM-
EDX). The saturation coefficient (SC) denotes the quality of 
the material in terms of frost resistance and is recommend-
ed to be lower than 80% for porous ceramics. All samples 
produced in this study, even after 365 days, indicated that a 
frost-resistant material was produced, as shown in Table 2.

The mortars produced in this study were microstructur-
ally monitored using the UPV method. In this method, the 
ultrasonic pulse is coupled into the material from a trans-
ducer and undergoes multiple reflections at the boundaries 
of the different material phases within the material. A com-
plex system of stress waves is developed that includes both 
longitudinal and shear waves propagating through the ma-
terial. The pulse velocity (V) (in km/s or m/s) is given by:

V = l / t (1)
Where (l) is the path length and (t) is the pulse's time to 

transverse that length. The pulse velocity (V) of longitudi-
nal stress waves in a material is related to its elastic proper-
ties and unit weight according to the following relationship:

Ed= 105xV2xΔ/g (2)

Where (Ed) is the dynamic modulus of elasticity (MoE), 
(V) is the pulse velocity, (Δ) is the unit weight of the ma-
terial, and (g) is the gravitational acceleration (g:9.81m/s).

UPV values were measured on average at 2.64, 2. at 85, 
and 2.89 km/s, in parallel with the increase in molarity (7.5, 
10, and 12.5 M) and activator ratio, UPV increased by 1.1 
times on average, respectively. This indicates that the geopoly-
mer evolved toward a more homogeneous structure without 
cracks or gaps that will reduce the ultrasound velocity by 
absorption or dispersion. The dynamic modulus of elasticity 
(MoE) of the material increased in parallel with (UPV) and 
unit weight (Table 2). MoE values increased by an average of 
1.23 times as the molarity of the mortars increased and by an 
average of 1.20 times as the activator ratio increased.

Moreover, as the molarity concentration increased, the 
effectiveness of the activator ratio on all properties decreased. 
The elasticity modulus of cement-lime mortars (binder/sand 
ratio: 1:3) varies between 40% lime: 23 MPa and 80% lime: 
11 MPa, depending on the lime content in the mortar. In this 
study, very close MoE values between 12.8 and 19.9 MPa 
were obtained in mortars in 7 days with the effect of heat 
cure at 90 °C [39]. With the same sand content, the MoE 
of cement mortars is given as 37.5 MPa. MoE is a measure 
of the stiffness of a material; in this sense, after seven days, 
more elastic mortars were produced than cement mortars.

Figure 2. Comparison of the physical properties of mortars 
with different molarities (7.5, 10, and 12.5) and activator 
ratios (1, 1.5, 2, and 2.5) after seven days.

Figure 3. Comparison of the mechanical properties of mor-
tars with different molarities (7.5, 10, and 12.5) and activa-
tor ratios (1, 1.5, 2, and 2.5) after seven days.
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Table 2. Test results of the specimens

Specimen Unit Porosity Open Water Saturation Ultrasound Modulus of Compressive Flexural 
codes of weight (P) porosity absorption coefficient pulse elasticity strength strength 
the series (Δ) (%) (Sh) (%) (Sa) (SC) (%) velocity (MoE) (Rc) (Rf) 
   (Sa*Δ) (%) (Sh/P) (UPV) (GPa) (MPa) (MPa) 
      (km/s)

7.5M-1.0-7 2.00 23.18 15.22 7.61 66 2.51 12.84 4.32 2.35

7.5M-1.5-7 2.01 22.90 14.90 7.43 65 2.60 13.81 4.60 2.55

7.5M-2.0-7 2.01 22.50 14.69 7.31 65 2.68 14.71 5.41 2.73

7.5M-2.5-7 2.01 22.25 14.47 7.19 65 2.77 15.74 6.16 3.00

7.5M-1.0-90 2.02 21.40 14.13 7.00 62 2.71 15.12 6.30 3.02

7.5M-1.5-90 2.02 21.12 14.10 6.71 63 2.80 16.18 6.63 3.22

7.5M-2.0-90 2.03 19.91 13.81 6.48 62 2.89 17.30 7.66 3.39

7.5M-2.5-90 2.03 19.36 13.50 6.22 62 3.01 18.82 8.35 3.70

7.5M-1.0-365 2.02 20.90 12.89 6.59 60 2.75 15.78 7.21 3.11

7.5M-1.5-365 2.03 20.14 12.35 6.23 58 2.83 16.82 7.56 3.31

7.5M-2.0-365 2.03 19.27 11.69 6.00 55 2.92 17.95 8.53 3.52

7.5M-2.5-365 2.03 18.67 11.14 5.86 53 3.06 19.81 9.10 3.77

10M-1.0-7 2.02 22.62 14.14 7.01 66 2.73 15.31 4.82 3.21

10M-1.5-7 2,03 22.30 13.59 6.98 64 2.84 16.61 5.10 3.47

10M-2.0-7 2.03 22.17 13.17 6.82 66 2.90 17.36 5.74 3.65

10M-2.5-7 2.04 21.84 12.68 6.66 65 2.96 18.10 6.59 4.03

10M-1.0-90 2.03 20.47 12.24 6.03 60 2.97 18.25 7.03 3.91

10M-1.5-90 2.04 20.08 11.99 5.89 60 3.05 19.30 7.41 4.07

10M-2.0-90 2.04 19.23 11.67 5.71 61 3.10 20.01 8.02 4.32

10M-2.5-90 2.05 18.91 11,39 5.56 60 3.20 21.38 8.76 4.60

10M-1.0-365 2.04 19.82 11.02 5.75 57 3.00 18.85 7.90 3.97

10M-1.5-365 2.04 19.01 10.77 5.63 58 3.09 20.07 8.25 4.15

10M-2.0-365 2.05 18.28 9.92 5.49 56 3.15 20.96 8.78 4.44

10M-2.5-365 2.06 17.31 9.31 5.34 56 3.28 22.83 9.50 4.79

12.5M-1.0-7 2.05 21.47 13.49 6.38 65 2.88 17.08 6.07 4.35

12.5M-1.5-7 2.06 21.29 12.83 6.10 64 2.93 17.72 6.25 4.56

12.5M-2.0-7 2.07 21.10 12.39 5.76 64 3.00 18.62 7.90 4.77

12.5M-2.5-7 2.08 20.90 12.16 5.48 65 3.10 19.92 10.57 5.20

12.5M-1.0-90 2.06 19.50 11.82 5.41 60 3.12 20.21 9.25 5.20

12.5M-1.5-90 2.06 18.47 11.61 5.28 61 3.16 20.77 9.71 5.38

12.5M-2.0-90 2.07 17.62 11.38 4.84 62 3.25 22.07 11.35 5.57

12.5M-2.5-90 2.08 16.50 11.12 4.53 64 3.31 22.95 14.57 5.88

12.5M-1.0-365 2.06 18.90 10.40 5.05 55 3.21 21.64 10.13 5.38

12.5M-1.5-365 2.07 18.02 9.52 4.61 53 3.25 22.23 10.55 5.56

12.5M-2.0-365 2.08 16.93 9.17 4.42 54 3.32 23.31 12.00 5.75

12.5M-2.5-365 2.09 15.77 8.53 4.09 54 3.37 24.13 15.32 6.06
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The rising trend observed in the material's mechanical 
strength after seven days of curing was parallel to its phys-
ical properties (Fig. 3). The shorter error bars in Figure 3 
indicate less uncertainty in the test results. According to the 
7-day compressive strength (Rc) results, an increase in (Rc) 
was determined depending on the rise in both molarities 
(7.5, 10, 12.5) and activator ratio (1.0, 1.5, 2.0, 2.5). On the 
7-day, the (Rc) of 12.5 M was 1.50 and 1.38 times higher 
than Rc) values of 7.5 and 10 M, respectively. Therefore, the 

12.5 M concentration resulted in mechanical properties 
at seven days. This improvement, which was detected by 
increasing the molarity of the activator, may be explained 
by the fact that higher concentrations of alkali hydroxides 
enhance the dissolution of Datça pozzolan as an aluminos-
ilicate source. The higher amount of dissolved Si and Al in 
the reaction zone favors the development of a continuous 
polycondensation reaction [40] with a three-dimensional 
structure (NASH gel).

Figure 4. Graph of relative properties as a function of curing duration: (a) physical properties (P, Sa, Δ) at 7.5 M; (b) me-
chanical properties (Rc, Rf, UPV) at 7.5 M.

(b)(a)

Figure 5. Graph of relative properties as a function of curing duration: (a) physical properties (P, Sa, Δ) at 10 M; (b) me-
chanical properties (Rc, Rf, UPV) at 10 M.

(b)(a)

Figure 6. Graph of relative properties as a function of curing duration: (a) physical properties (P, Sa, Δ) at 12.5 M; (b) me-
chanical properties (Rc, Rf, UPV) at 12.5 M.

(b)(a)
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The increase in compressive strength (Rc) due to the high-
er activator ratio (SS/K), mainly when the activator ratio is 2 
and 2.5, indicates a higher sodium silicate (SS) content in the 
mixture and can be explained as follows: (i) SS enhances the 
dissolution rate of Si and Al in the aluminosilicate source; 
(ii) Al ions dissolve quickly in the alkali medium because the 
Al–O bonds of the aluminosilicate source are weaker than 
the Si–O bonds. As a result, more Si ions in the reaction me-
dium may increase the degree of geopolymerization [41]. 
In addition, more SS in the mixture also leads to stronger 
ion-pair formation, which leads to more long-chain silicate 
oligomers. The longer-chain silicate oligomers mean the 
NASH gel is more easily formed [42]. Furthermore, a geo-
polymer binder with a more homogeneous structure with 
high silica availability was obtained in the early stages [38]. 
Thus, a higher activator ratio of the geopolymer mixture is 
important to support the development of geopolymerization 
reactions on day 7. As a result, heat curing at 90 °C benefited 
the strength development by improving the physical proper-
ties of the mortars after seven days.

3.2. Effect of Curing Duration on the Properties of 
Mortars
The geopolymer mortars' relative physical and mechan-

ical properties with 7.5, 10, and 12.5 molarities and activa-
tor ratios of 1, 1.5, 2, and 2.5 as functions of curing duration 
are shown in Figures 4–6.

Effect of Curing Duration on the Activator Ratio: As 
the curing time progressed, the improvement in the phys-
ical and mechanical properties of the mortars with low-
er activator ratios was greater in all mortars with 7.5, 10, 
and 12.5 M concentrations. Because the properties of the 
mortar with a high activator ratio already reached their 
highest value at the end of the 7-day cure, the increase in 
the long term slowed down. That is, the densification and 
continuous formation of the geopolymer matrix increased 
as the activator ratio decreased. While this improvement 
was more effective in the first 90 days, it lost its efficien-
cy between 90 and 365 days. Despite the relatively low rate 
of improvement in the physical properties at all activator 

Figure 7. Ultrasound pulse velocities (UPV) of the mortar series (7.5, 10, and 12.5 M) as functions of unit weight (Δ).

Figure 8. Ultrasound pulse velocities (UPV) of the mortar series (7.5, 10, and 12.5 M) as functions of porosity (P).
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ratios, a significant increase in the compressive strengths 
was observed. This increased rate, again, which was higher 
at lower activator ratios, took lower values in parallel with 
the increase in activator ratios. The strength of a materi-
al is closely related to its fine-grained microstructure and 
low porosity. The inverse relationship between the porosity, 
UPV, water absorption, and the strengths of all mortars was 
obtained accordingly.

Although the time-dependent increase rate in the 12.5 M 
and 2.5 activator ratio specimen, which gave the highest me-
chanical properties in 7-day curing, was at the lowest level, its 
mechanical properties at 90 and 365 days were still the high-
est. In other words, the increased efficiency in the first seven 
days in the development of geopolymerization reactions also 
positively reflected the results obtained in the later period.

Effect of Curing Duration on Alkali Concentration: 
The changes detected in the properties of the geopolymer 
mortars revealed that the material transformed into a more 
compact microstructure and improved structurally over 

time. However, the improvement rate in mortar properties 
was negligible between 90 and 365 days, compared with 7 to 
90 days. These findings are incompatible with the research re-
sults of colemanite and metakaolin-based geopolymer mor-
tar, which claim that rapidly developing reaction products by 
pre-curing at 60 °C for 72 h have a negative influence on the 
long-term microstructure and strength properties of the ma-
terial [25]. This emphasizes that the aluminosilicate source, 
alkaline reactants, and their ratios play a role in developing 
the internal structure of geopolymers and the curing effect.

As expected from the decrease in porosity, the UPV val-
ues of 7.5, 10, and 12.5 M geopolymer mortars on the 365 
days increased by an average of 1.09, 1.10, and 1.10 times 
compared with those obtained on day 7. While the average 
UPV values obtained in 7 days were 2.64, 2.86, and 2.98 
km/s, respectively, these values increased to an average of 
2.89, 3.13, and 3.29 km/s in 365 days. UPV values of less 
than three km/s indicate that the strength is very low due 
to excess voids [43]. UPV values within the scope of this 

Figure 9. Flexural strengths (Rf) of the mortar series (7.5, 10, and 12.5 M) as functions of (UPV).

Figure 10. Compressive strengths (Rc) of the mortar series (7.5, 10, and 12.5 M) functions of (UPV).
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study were determined to be in the range of 2.85–3.21 km/s 
even after 90 days of curing. The increase in UPV, MoE, and 
strength of the samples depending on the curing time may 
indicate the formation of a three-dimensional amorphous 
aluminosilicate structure (NASH gel) that fills the voids 
and bridges the unreacted pozzolan particles [13]. Howev-
er, different morphologies were also detected, where a clear 
distinction was observed between the gel and unreacted 
particles, unlike the spherical shape of fly ash, which might 
cause the structure to become denser or more porous [9].

90% of the compressive strength could be obtained in 
one day in low-calcium FA-based geopolymers cured at 
80–90 °C; however, when the same samples were cured 
under ambient conditions for a long time, the strength 
increased, similar to that of OPC cement. Therefore, long-
term strength could be achieved under all curing condi-
tions, and increasing the curing temperature only acceler-
ates the change over time [44]. However, in our study, the 
compressive strength obtained in 365 days increased 1.56 
times on average for all mortar series of 7.5, 10, and 12.5 
M compared with the compressive strength obtained in the 
first seven days. Therefore, in the same mortars, with the 
triggering effect of curing at 90 °C (RH: 95%) for 24 h, the 
strengths obtained in the first seven days constituted only 
64% on average of the strengths in 365 days. With the effect 
of the elapsed curing time, the highest strength develop-
ment was obtained at the highest molar concentration ratio.

It is indicated for brittle materials that the flexural 
strength is often approximately 0.10 of the compressive 
strength [45]. The Rf/Rc ratios of 7.5, 10, and 12.5 M mor-
tars were 0.51, 0.66, and 0.64 on average in 7 days, respec-

tively, and decreased to an average of 0.42, 0.51, and 0.48 in 
365 days, respectively. Over time, this decrease in the ratio 
indicates that the curing duration has a greater effect on the 
compressive strength and that the geopolymer has evolved 
into a more fragile structure. However, mortars still exhibit 
elastic behavior.

3.3. Effects of Alkali Concentration and Activator 
Ratio on the Long-Term Microstructural Evolution of 
Geopolymers
The non-destructive and continuous character of the in-

vestigations with ultrasound pulse velocity (UPV) makes it 
possible to take continuous measurements of the hydration 
kinetics, to indicate variations in the mix composition due 
to the mix formulation, and to assess the strength develop-
ment of materials [46]. On the other hand, the compressive 
strength of a material is the most essential mechanical prop-
erty and notably influences other properties, including den-
sity, porosity, flexural strength, and modulus of elasticity. 
However, the UPV technique cannot determine the strength 
of cementitious systems made of different materials consist-
ing of various ingredients and proportions [47]. Therefore, 
to estimate the strengths of geopolymers from ultrasound 
velocity, the effects of alkali concentrations and activator 
ratios on long-term microstructural evolution were inter-
preted by correlating UPV with other macro properties such 
as porosity, unit weight, compressive strength, and flexural 
strength. The analysis was performed based on 7 and 365 
days, as seven days represent the effect of heat curing on the 
geopolymerization of the mortar series, while 365 days rep-
resent the effect of the entire curing time.

Table 3. Comparison of calculated and experimental results of compressive strengths (Rc)

Specimen Rc calc. Rc exp. Diff. Specimen Rc calc. Rc exp. Diff. Specimen Rc calc. Rc exp. Diff. 
code (MPa) (MPa) (%) code (MPa) (MPa) (%) code (MPa) (MPa) (%)

7.5M-1.0-7 4.22 4.32 2.34 10M-1.0-7 4.57 4.82 5.55 12.5M-1.0-7 5.63 6.07 7.88

7.5M-1.5-7 5.04 4.60 8.80 10M-1.5-7 5.60 5.10 8.90 12.5M-1.5-7 6.47 6.25 3.40

7.5M-2.0-7 5.78 5.41 6.32 10M-2.0-7 6.16 5.74 6.83 12.5M-2.0-7 7.65 7.90 3.27

7.5M-2.5-7 6.60 6.16 6.64 10M-2.5-7 6.72 6.59 1.99 12.5M-2.5-7 9.34 10.57 13.22

7.5M-1.0-90 6.05 6.30 4.14 10M-1.0-90 6.82 7.03 3.12 12.5M-1.0-90 9.67 9.25 4.37

7.5M-1.5-90 6.87 6.63 3.52 10M-1.5-90 7.57 7.41 2.09 12.5M-1.5-90 10.35 9.71 6.16

7.5M-2.0-90 7.69 7.66 0.45 10M-2.0-90 8.04 8.02 0.21 12.5M-2.0-90 11.87 11.35 4.34

7.5M-2.5-90 8.79 8.35 5.02 10M-2.5-90 8.98 8.76 2.40 12.5M-2.5-90 12.88 14.57 13.15

7.5M-1.0-365 6.42 7.21 12.3 10M-1.0-365 7.10 7.90 11.2 12.5M-1.0-365 11.19 10.13 9.48

7.5M-1.5-365 7.15 7.56 5.79 10M-1.5-365 7.94 8.25 3.86 12.5M-1.5-365 11.87 10.55 11.08

7.5M-2.0-365 7.97 8.53 7.04 10M-2.0-365 8.51 8.78 3.22 12.5M-2.0-365 13.05 12.00 8.01

7.5M-2.5-365 9.25 9.10 1.60 10M-2.5-365 9.73 9.50 2.32 12.5M-2.5-365 13.89 15.32 10.31

Mean 6.82 6.82  Mean 7.31 7.33  Mean 10.32 10.31 

Standard    Standard    Standard 
deviation (s)  1.47 1.53  deviation (s)  1.45 1.50  deviation (s)  2.66 2.84 

Coefficient of    Coefficient of    Coefficient of 
variation (CV)  21.55 22.43  variation (CV)  19.83 20.46  variation (CV)  25.77 27.54 
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Effect of Unit Weight and Porosity on the UPV: Ultra-
sound pulse velocities (UPV) of all mortar series, based on 
their different molarities (7.5, 10, and 12.5 M) as functions 
of unit weight (Δ) after 7, 90, and 365 days of curing, are 
depicted in Figure 7.

According to the (UPV) development observed after 
seven days of curing, as the molarities and activator ratios 
of the mortar series of 7.5, 10, and 12.5 M increased, (UPV)
s increased as functions of unit weight (Δ). The slopes of the 
regression lines of each mortar series show how the changes 
influence the (UPV)s of the series in their (Δ)s. According-
ly, the mortar series of 7.5 M was the most affected, followed 
by the 10 and 12.5 M mortar series. The slopes of the regres-
sion lines reduced slowly toward higher molarities on the 
order of 7.5 M (m7:19), 10 M (m7:12), and 12.5 M (m7:8).

Parallel to the increase in the activator ratio from 1 to 
2.5, all properties, including (UPV) gradually improved. 
Initial heat curing accelerates hydroxide ions' activity and 
the amorphous aluminosilicates' dissolution rate. However, 
the initial release of Al is faster than that of Si, and the dis-
solved ions of aluminate precursors react with any silicate 
initially provided by the activating solution, leading to the 
formation of aluminosilicate gel phases. Therefore, sodium 
silicate solutions as activators have better mechanical prop-
erties than alkali hydroxide alone. However, as the molar 
concentrations gradually increased toward 10 and 12.5 M, 
the efficiency of the SS may decrease progressively. At low 
molar concentrations, the quantity of the alkali solution is 
the lowest, and the Si ions provided by SS become more effi-
cient in the mixture. This might be why a higher rate of im-
provement was obtained in the long term when the activator 
ratio was low; that is, the improvement decreased inversely 
as the sodium silicate content of the mortar increased.

The same trend was also detected in the long-term cur-
ing results. The slopes of the mortar series of 7.5 and 10 M 
were almost the same (m365:15), indicating similar (UPV) 
development as functions of (Δ) in time. On the other hand, 
the mortar series of 12.5 M had the lowest slope (12.5M 
m365) in 365 days, indicating that their (UPV)s were least 
influenced by (Δ)s over time. Increasing the activator ratio 
from 1 to 2.5 increased the UPV at all molarities, but the 
most significant increase was in the 7.5 M series, which was 
1.22-fold. Towards 10 and 12.5 M, the improvement rate 
decreased by 1.20 and 1.17 times, respectively. However, the 
unit weight increase at each molarity was only 1.02 times.

The rate of improvement in the (UPV)s of the mortar series 
of 7.5 M became 0.79 times slower at the longer curing dura-
tion of 365 days than that of the values obtained at seven days 
(m7:19>m365:15). On the other hand, both slopes of the mortar 
series of 10 M and 12.5 M increased 1.20 (m7:12<m365:14.5) 
and 1.35 times (m7:7.9<m365:10.6) respectively. Hence, in the 
long term, better structural improvements were detected for 
the mortar series of 10 and 12.5 M than in seven days. How-
ever, the (Δ) improvement was only in the 2.02–2.09 g range/
cm3, which can be considered negligible.

Although the regression lines of the mortar series of 7.5 
and 10 M had strong correlation coefficients (R2>0.90) be-
tween (UPV)s and (Δ)s at both 7 and 365 days, the mortar 

series of 12.5 M only had a strong correlation (R2:0.93) at 
seven days; at later days of curing duration, the correlation 
coefficient between these properties dropped by 0.62 times 
(R2:0.58) in 365 days. This significant decrease in the correla-
tion coefficient may be because the 7-day UPV values of the 
12.5 M series remain much lower than the 90 and 365-day 
values. For example, at the same unit weight value (2.06 g/
cm3), UPV values were obtained as 2.93 km/s in 7 days, 3.16 
km/s in 90 days, and 3.21 km/h in 365 days. In other words, 
while the 90-day increase rate was 1.08 times the 7-day value, 
the increase rate between 90 and 365 days was lower, 1.01 
times. Figure 8 shows the (UPV) values of all mortar series 
based on their different molarities (7.5, 10, and 12.5 M) as 
functions of porosity (P) after 7, 90, and 365 days.

There is an inverse relationship between these two 
properties, as expected. As the (P)s of the mortar series 
increased, the (UPV) values decreased in the descending 
order of 12.5, 10, and 7.5 M. The increment of activator ra-
tios from 1 to 2.5 also positively influenced the reduction 
of P values. Again, in the 7.5 M mortars, the rate rose in 
porosity, and the rate rose in UPV was the highest. After 
seven days of curing, even the negative slopes of the regres-
sion lines for each mortar series were almost the same (m7:-
0.3) and strongly correlated with an average of R2=0.97. The 
same inverse trend was observed for long-term curing. The 
slopes of all mortar series were almost the same (m365:-0.08), 
indicating similar (UPV) development as functions of (P) 
over time. The regression lines of each molarity also define 
the existence of a strong correlation (7.5M365 and 10M365: 
R2=0.89 and 12.5 M365: R

2=0.91) between the two properties.
The negative slopes of the regression lines of the (UPV)

s of all mortar series as functions of (P) at seven days 
dropped by 0.27 times (m7:-0.3> m365:-0.08) on average in 
the long-term curing of 365 days. Although the decrease 
in the porosity of the mortars changed the UPV to a lower 
level, mortars continued to develop their geopolymeriza-
tion at a slower rate. Densification of solid phases increased 
the ultrasound pulse velocity of the material; however, since 
the reaction rate declined gradually, the UPV increased at a 
slower rate in the long term.

Effect of UPV on the Mechanical Properties: The flex-
ural strengths (Rf) of all mortar series, based on their differ-
ent molarities (7.5, 10, and 12.5 M) as functions of (UPV) 
after 7, 90, and 365 days of curing, are depicted in Figure 9.

As the molarities and activator ratios of the mortar series 
increased, (Rf) increased as a function of (UPV). The slopes 
of the regression lines of all mortar series were almost iden-
tical and in strong correlation (7.5 M: m7:2.4, R2=0.99; 10 M: 
m7:3.4, R2=0.93; 12.5 M m7:3.7, R2=0.99) after seven days. The 
same trend was also detected in long-term curing. The slopes 
of the regression lines obtained for the 7.5 M (m365:2.7), 10 M 
(m365:2.9), and 12.5 M (m365:3.3) mortar series were also close 
to each other with a strong correlation after 365 days (7.5M: 
R2: 0.97, 10M: R2: 0.98 and 12.5M: R2: 0.99).

Compared with the change in UPV, the increase in 
flexural strength (Rf) at a lower rate than the compressive 
strength (Rc) may indicate that the material has turned into 
a more brittle structure.
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The compressive strengths (Rc) of all mortar series (7.5, 10, 
and 12.5 M) as functions of (UPV) after 7, 90, and 365 days of 
curing are depicted in Figure 10. The compressive strength is 
a good indicator of the degree of geopolymerization.

According to the (Rc) development after seven days, as the 
molarities and activator ratios of the mortars increased, (Rc)s 
increased as functions of (UPV) for each of the mortar series 
of 7.5, 10, and 12.5 M. The slopes of the regression lines for 
the mortar series of 7.5 M and 10 M were almost identical 
(7.5M and 10M: m7:7.4) but lower than the slope of the mor-
tar series of 12.5 M (12.5M: m7:21.4); the higher slope indi-
cates a higher rate of initial strength development as a func-
tion of UPV. The same trend was observed in the long term. 
The slopes of the regression lines of the mortar series of 7.5 M 
and 10 M were compatible (7.5 M and 10 M: m365: 9), indicat-
ing the existence of a similar solid-state development in (Rc). 
In addition, the magnitude of the correlation coefficients was 
relatively high (7.5 M36: R2: 0.92 and 10 M365: R

2: 0.94).
On the other hand, the mortar series of 12.5 M had the 

highest slope and the lowest (correlation coefficient 12.5 
M: m365: 16.8, R2: 0.87) in the long term. The reason for 
this decrease was the sudden increase in the compressive 
strength of the sample coded (12.5 M-2.5) in 90 and 365 
days. However, despite this decrease, it is still 0.87, and the 
relationship between the two variables is generally consid-
ered strong when the “R2” value is larger than 0.7.

At the same speed as ultrasound, the 7.5 M series with the 
lowest molar concentration is higher than 10 M. At the end of 
the 365 days, the compressive strengths of 7.5 M and 10 M be-
come almost equal, while 7.5 M remains more porous. In geo-
polymers, higher strength can be achieved with a more porous 
structure. Similarly, a study comparing natural pozzolan-based 
geopolymer and OPC concrete observed that the UPV values 
of both materials increased as the curing time increased. Still, 
the UPV of geopolymer mortars remained lower at the same or 
higher compressive strengths than concrete [28]. On the other 
hand, the 12.5 M series maintains its already high compressive 
strength and relatively tight pore structure in 365 days.

At 365 days, the correlation coefficients between UPV 
and other properties decreased slightly, except for the slight 
increase observed for the UPV-Rc and UPV-Rf relationship 
of the 10 M series. This may imply that the geopolymeriza-
tion of the mortars occurred very quickly because of the 
curing effect at 90 °C, and a sufficiently dense structure 
was formed after seven days. The fact that this process took 
place in a closed environment and the subsequent curing at 
ambient temperature for a relatively short period may have 
improved the correlation between the mortar properties. 
The last stage of the reaction process, solid-state transfor-
mation, involves the continual arrangement of the gel to-
ward three-dimensional geopolymer networks and requires 
long-term termination. It might have been affected by slight 
ambient humidity and temperature changes, causing the re-
lationship between properties to change relatively.

The regression lines of the mortar series at 7.5 M (m7: 7.3 
and m365: 9.1) and 10 M (m7: 7.4 and m365: 9.3) have almost the 
same slopes at both curing times. The slope of the regression 
line of 12.5 M drops by 0.79 times at their 365-day curing 
time (m7: 21.4 and m365: 16.8). This indicates the occurrence 

of a lower rate of geopolymerization reaction at curing times 
longer than seven days for the 12.5 M mortars. It may be 
concluded from the similar trends of the regression lines at 
both curing durations (at seven 365 days-day) of each mortar 
series of 7.5, 10, and 12.5 M that there is a mechanical and 
physical improvement with time. This may show that the ma-
terial's compressive strength (Rc) could be estimated through 
its (UPV) for the mortars under consideration in this study.

When all mortar types at 365 days are considered, the 
linear correlation between compressive strength (Rc) and 
(UPV) (Rc= f(v)) can be expressed by the following equation:

Rc=a x V + b (3)
“a” gives the slope (m) of the regression lines, which 

change to 9.14 (for 7.5 M), 9.38 (for 10 M), and 16.86 (for 
12.5). “b” is 18.7, 21.04, and 42.93 for 7.5, 10, and 12.5 M 
mortars, respectively, as expressed by the following formulas:

7.5M/Rc=9.14 x V – 18.72 (4)
10M/Rc=9.38 x V – 21.04 (5)
12.5M/Rc=16.86 x V – 42.93 (6)
There is an inverse V (UPV) - porosity (P) relationship 

with a high level of correlation in all mortar series (m365:-
0.08, R2=0.90); hence, not only the mechanical properties 
but also the pore structures improve.

By considering Equations 4, 5, and 6 given above as rep-
resentative of the compressive strength (Rc)–(V) relationship 
of the mortar series of 7.5, 10, and 12.5 molarities, the exper-
imental values of V (UPV) of all the specimens, as shown in 
Table 2, were used to estimate the compressive strength. The 
estimated strength values were compared with the measured 
experimental values (Table 3). The standard deviation (s) and 
coefficient of variation (CV) values for 7.5, 10, and 12.5 M se-
ries were found to be (1.47–21.55), (1.45–19.83), and (2.66–
25.77) respectively. (CV) of the 10 M, which is 19.83%, indi-
cates that the ‘‘fitting’’ is most satisfactory. According to the 
compressive strength (Rc) values calculated for each mortar 
type, there is an approximately two-fold increment in 365 days 
compared to 7 days: 7.5M=2.19, 10M=2.13, and 12.5M=2.46.

Suppose the (UPV) of 3 km/s, accepted as the quality 
limit in concrete, is also taken as a limit value for the geo-
polymer mortars produced in this study. The geopolymer 
mortars with different molarities and activator ratios can be 
selected based on their expected performance. According-
ly, the range of physical and mechanical properties above 
three km/s (UPV) may be given as follows:
• Unit weight (Δ) ranges from 2.03–2.09 g/cm3

• Porosity (P) varies between 15.77 and 21.10% (9.01–
25.84% for geopolymers) 

• Open porosity (Sh) varies between 8.53 and 13.50%
• Water absorption (Sa) varies between 4.09 and 6.22% 

(8–18% for bricks)
• The saturation coefficient (SC) varies between 53 and 

62% (<80%)
• Ultrasound pulse velocity (UPV) varies between 3.00 

and 3.37 km/s
• The modulus of elasticity (MoE) varies between 18.1 and 

24.13 GPa (11–23 GPa for cement-lime mortars (1:3)
• Compressive strength (Rc) varies between 7.41 and 

15.32 MPa (≥10 MPa for hydraulic cement)
• Flexural strength (Rf) varies between 3.70 and 6.06 MPa 

(1.5–3.5 MPa for concrete) [48].
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Geopolymer concrete has a high environmental im-
pact on categories other than global warming due to the 
heavy effect of the production of sodium silicate solution 
[49]. Hence, selecting mortar types with lower molarities 
and activator ratios produced within the scope of the study 
that fulfill the required performance is possible because of 
the positive effect of curing duration on the properties of 
geopolymer mortars proven in this study.

4. CONCLUSION

In line with the results obtained throughout the study, 
the following remarks can be made:
• The Earth of Datça, as a natural pozzolan precursor, 

has promising characteristics for use as a geopolymer 
mortar and should be encouraged for practical use as a 
green building material.

• The initial heat curing regime (24 h at 90 °C) is appro-
priate for the natural pozzolan-based geopolymer con-
sidered in this study because it facilitates the early-age 
reaction process without restricting the transformation 
to a compact microstructure in the long term. More-
over, it provides some advantages for practical purpos-
es, such as shortening of demoulding time and early 
development of strength.

• The initial heat-curing regime had a positive effect on 
strength development in the early period as well as in 
the long term. The microstructure and strength prop-
erties of the geopolymer continued to progress for up 
to 365 days. There was an almost twofold improvement 
after 365 days. The improvement rate between 90 and 
365 days was negligible compared with the 7–90 days.

• The rate of increase in the physical and mechanical 
properties was higher when the activator ratio was low 
(1.0 and 1.5). In other words, the rate of improvement in 
the properties decreased inversely with increasing sodi-
um silicate content of the mortar.

• Geopolymer mortars with 12.5 M and 2.5 activator ra-
tios had the highest mechanical properties after 7 and 
365 days. However, because of the heavy environmental 
impact of sodium silicate solution production, selecting 
geopolymer mortars with lower molarities and activator 
ratios became possible when considering the positive 
influence of curing duration on the microstructure of 
the geopolymers, as proven in this research.

• An increasing trend was observed in the plot of com-
pressive strengths as functions of UPV parallel with the 
increase in the alkali content of the geopolymer, and the 
slope values presented a strongly related linear function 
relation. Finally, the outcomes of this study provide a 
possible method to assess the strength of natural poz-
zolan-based geopolymers from ultrasound pulse veloci-
ty measurements.

• In this study, the variations in the solid-state transfor-
mation of the mortars were monitored by ultrasound 
and evaluated along with the physical and mechanical 
properties. However, further research is recommended 
using advanced measurement techniques to examine 
mortars' morphology and microstructure development.
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