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Abstract: Geopolymers are considered to alternatives to Portland cement, providing an opportunity
to exploit aluminosilicate wastes or co-products with promising performances in the construction
sector. This research is aimed at investigating the strength of fly-ash-geopolymers of different ages.
The effect of granulated blast furnace slag (GGBEFS) as a partial replacement of fly ash (FA) on the
tensile (f;) and compressive strength (f.), as well as the modulus of elasticity, is investigated. The main
advantage of the developed geopolymer mixes containing GGBFS is their ability to set and harden
at room temperature with no need for heating to obtain binding properties, reducing the energy
consumption of their production processes. This procedure presents a huge advantage over binders
requiring heat curing, constituting a significant energy savings and reduction of CO; emissions. It
is found that the development of strength strongly depends on the ratio of fly-ash to granulated
blast furnace slag. With the highest amount of GGBFS, the compressive strength of geopolymers
made of fly-ash reached 63 MPa after 28 days of curing at ambient temperature. The evolution of
compressive strength with time is correlated with the development of ultrasound pulse velocity
methods, which are used to evaluate maturity. The modulus of elasticity changes with strength
and the relationship obtained for the geopolymer is presented on the basis of typical models used
for cement-based materials. The tensile to compressive strength ratios of the tested geopolymers
are identified as higher than for cementitious binders, and the f(f) relationship is juxtaposed with
dependencies known for cement binders, showing that the square root function gives the best fit to
the results.

Keywords: fly-ash-based geopolymer; FA; GGBFS; UPV; mechanical properties; geopolymer elasticity

1. Introduction

Geopolymers and alkali-activated aluminosilicates are considered sustainable alternatives
to Portland cement, providing an opportunity to exploit wastes or co-products with promising
performances in the construction sector [1-4]. Their production requires metakaolinite or industrial
waste materials containing aluminosilicates, such as fly-ash (FA) and granulated ground blast furnace
(GGBFS) [2]. Aluminosilicates for geopolymer manufacturing can be readily found, either as raw
minerals or in widely available waste streams. Under highly alkaline conditions, these raw materials
have binding properties which allow for the synthesis of strong and durable composites [3,4]. Numerous
studies have been carried out to provide more insight into the method of synthesis and the best
composition thereof [5,6]. Nevertheless, there is still a great need to provide more data for the
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development of methods for designing geopolymers. The geopolymerization process is strongly
dependent on the source, composition, and particle size of the aluminosilicates; thus, a database on the
chemistry, reactivity, and dissolution mechanisms of various precursors must be completed [5]. There
are many examples of geopolymer mixes and alkali-activated materials (AAM) in the literature. The
properties of those binders depend on the chemical composition of the source material (precursor) [7].
High- and low-calcium alumicosilicates have been considered. Aluminosilicate systems based on
FA with low calcium content require a heat treatment curing cycle, which makes these materials
well suited for prefabrication and precast manufacturing processes [8-11], but they jeopardize their
sustainable character because they require a significant amount of thermal energy to set and harden.
Previous studies by the authors have reported that the setting of fly-ash-based geopolymers was
considerably delayed when cured at room temperature. Demoulding was only possible after 3 days
and the mechanical performance of the fly-ash-based geopolymer was low [11].

It has been reported that the structure of geopolymer binders synthesized at ambient temperature is
amorphous [12]; with increasing temperature, crystalline phases begin to appear [13]. The mechanism of
setting and hardening geopolymer binder is a complex process. The most important factors determining
the type and the amount of amorphous (gel-like) or crystalline structures formed are the raw materials
and the conditions in which the reaction take place [14]. Furthermore, the structure of the hardened
geopolymer is made up of polymerization reaction products and unreacted elements of the precursor.
For blended binders, the problem is even more complex. Products resulting from the dissolution of
FA and GGBFS in an alkaline medium may join with each other and chemically interact [15]. For this
reason, quantitative and qualitative evaluation of the resulting geopolymer structure is required.On
the basis of the works of [16], it may also be expected that geopolymers produced by the chemical
activation of a blend of fly-ash and GGBFS may have the shared features of amorphous hydrated
alkali-aluminosilicate(N-A-S-H) and calcium silicate hydrate(C-S-H) gel. According to the authors
of [13,16], in the methods of synthesis for alkali-activated slags and geopolymers based on class F
fly-ash (classification according to ASTM C618 [17] the geopolymerization products are different.
The reaction product observed in case of the fly-ash-based geopolymer is amorphous hydrated
alkali-aluminosilicate(N-A-S-H) [7,13,18] while, for alkali-activated slags, it is mainly calcium silicate
hydrate gel. For amorphous hydrated alkali-aluminosilicates, calcium is not necessary for forming
the geopolymer structure [16]. Moreover, according to [19], flexural strength is positively affected by
the FA alkali reaction products, while the GGBFS alkali reaction products have a positive effect on
compressive strength.

As the objective of this research is to manufacture sustainable materials based on fly-ash from the
power plant with a dynamic increase in strength without the need to apply heat-curing, FA with high
silica content (52.3 wt.%) and ground granulated blast furnace slag (GGBFS) are investigated. The
GGBFSused in this research is characterized with a high calcium oxide content (43.9 wt.%).

In view of lowering the energy demand of the geopolymer production process, blends of fly-ash
from power plant with granulated blast furnace slag were used in this research. This procedure allowed
setting to be obtained at room temperature with no need for curing at an elevated temperature, which
presents a huge advantage over binders requiring heat curing in order to bind them, constituting
a significant energy saving and resulting in a reduction of CO, emissions.In this research, FA was
blended with GGBEFS at three levels of addition: 10, 30, and 50 wt.% was used as a partial replacement
of the fly-ash content. The increase of GGBFS content in the fly-ash-based geopolymer affects setting
time, the kinetics of strength development, and flexural and compressive strengths.

2. Materials and Methods

2.1. Materials

We used siliceous fly-ash provided by the power plant in Potaniec, southern Poland, and ground
granulated blast furnace slag (GGBFS) provided by Ekocem, Poland. The main components of the
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fly-ash were SiO; (52 wt.%) and Al,O3 (28 wt.%). In addition, the FA contained Fe,O3 and small
amounts of MgO, KO, TiO;, and Na,O. The total content of silicon dioxide, alumina, and iron (III)
oxide exceeded 70%. Due to this specific chemical composition, fly-ash was classified as a siliceous
ash; based on the chemical analysis and according to EN 450-1:2012 [20], this FA can be classified as
type II. According to ASTM C618 [17], the FA belongs to class F. The specific gravities of the fly-ash
and ground granulated blast furnace slag (GGBFS) used were 2.1 g/cm® and 2.9 g/cm?, respectively.
Siliceous sand (0/2 mm) was used to prepare the geopolymer mortars. The chemical compositions of
FA and GGBFS can be found in Tables 1 and 2, respectively.

Table 1. Analysis of fly-ash (FA). Oxides contents in wt.%.

Si02 A1203 Fe203 CaO MgO SO3 Kzo NaZO P205 TiOZ Mn304
52.30 28.05 6.32 3.05 1.71 0.28 2.51 0.76 0.69 1.35 0.07

Table 2. Ground granulated blast-furnace slag (GGBFS)characteristics. Oxides contents in wt.%.

SiO, Al,O3 Fe, O3 CaO MgO SO3 K,O Na,O CI- Nay;Oeq Blaine
39.31 7.61 1.49 43.90 4.15 0.51 0.356 0.468 0.038 0.702 3904

The most commonly available sodium silicate solutions are characterized by a molar module of
about 2.6. For the production of geopolymers, it is necessary to use solutions with a lower module
(i.e.,, 1.5-2.0) [21]. Hence, it is necessary to lower the module with a sodium hydroxide solution. In
order to reduce the arduous process of regulating the molar ratio of sodium silicate solution with
sodium hydroxide, specially developed aqueous silicate solutions dedicated to geopolymer materials
were used. A soluble sodium silicate solution (called Na-Sil) supplied by Woellner was used. The
product Geosil® 34417 has a molar ratio of 1.7. The Molar Ratio (MR) of a silicate solution is defined as
the mole ratio of silica to sodium oxide in the solution. The chemical specification, according to the
technical report supplied by the manufacturer, is shown in Table 3.

Table 3. Woellner Geosil silicate solution, data supplied by the producer.

Characteristic Unit Geosil 34417 (Na-Sil)
Na,O wt.% 16.74
SiO, wt.% 27.5
density g/cm3 1.552
viscosity mPa.s 470
weight ratio (WR = wt.% SiOp/wt.% NayO) - 1.64
molar ratio (MR = mol SiO,/molNa,O) - 1.70

The alkaline solution used in this research was a mixture of sodium silicate solution and additional
water, which was necessary to obtain appropriate workability of the geopolymer mortars. The total
amount of water determined for manufacturing the geopolymer mortars took into account the water
contained in the liquid alkaline solution, and its composition is presented in Table 4.

Table 4. Composition of liquid alkaline solutionGeosil 34417 and water.

Component Na,O Si0, H,O

Percentage content [wt.%] 12.6 20.6 66.8

Table 5 shows the densitiesof all individual mortar components. Table 6 shows the weight of
the amounts of individual ingredients needed to prepare 1 m® of each mortar. Individual mortar
components are characterized by different densities. To obtain the same volume of mortar with a
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change in the ratio between the mass of FA and GGBFS, the mass shares of other components must be
adjusted. In order to provide a variable FA to GGBFS mass ratio, small changes in the amount of other
ingredients per 1 m® of mortar were necessary, due to differences in density between FA and GGBFS.

Table 5. Densities of mortar components.

Mortar Component Density (g/cm®)
Fly-ash (FA) 2.10
GGBFSs 2.90
Sand 2.65
Alkaline solution 1.41

Table 6. Mix compositions of geopolymer mortars 10N, 30N and 50N for 1 m? of mortar.

Components 10N 30N 50N
(kg/m®) (kg/m®) (kg/m?3)
Alkaline solution (Na-Sil + extra water) 334.0 340.6 347.5
FA 667.9 529.8 386.1
GGBFS 74.2 227.1 386.1
Sand (0/2 mm) 1113.2 1135.3 1158.3

Mortar parameters
sand to binder weight ratio

(sand/FA + GGBFS) 15 15 L5

alkaline solution ’Fo bmd(?r (FA + GGBFS) 045 045 0.45
weight ratio

water to binder (FA + GGBEFS) weight ratio 0.3 0.3 0.3

Three geopolymer mortars, named 10N, 30N, and 50N, were prepared. The numerical value in
the label corresponds to the amount of GGBFS (in percentage). The binder was considered as the sum
of the fly-ash and ground granulated blast furnace slag contents (FA + GGBFS) in weight. Three main
indices were set as constant when designing the geopolymer mortar’s composition: sand to binder
weight ratio, alkaline solution to binder weight ratio, and water to binder weight ratio (shown in
Table 6). The mix compositions and constant parameters characterizing all prepared mortars are given,
in detail, in Table 6.

Adequate workability was achieved with all the materials, enabling the mixing and casting
of all the samples. Prismatic samples of dimensions 40 x 40 X 160 mm were cast in plastic molds
and compacted at a shaking table. The thixotropic behavior of the mortars was observed during
compaction. The molds were covered with a plastic lid and cured at room temperature (18 °C). After
1 day, the samples were removed from the molds and stored in plastic bags for 7 days, in order to
prevent moisture loss during curing. Afterwards, the samples were stored in laboratory conditions
(T =18 + 2 °C, RH = 75%) until the mechanical tests were performed.

2.2. Methodology

All physical (density, porosity, and ultrasonic pulse velocities) and mechanical (compressive
and flexural tensile strength) properties of the hardened mortars were tested over time spans to
monitor their evolution during curing. Each specimen was subjected to a constant load rate (50 N/s)
in three-point bending to determine flexural tensile strength. The remaining mortar prisms from the
bending test were used for the determination of compressive strength on a hydraulic press, according
to the standard procedure for cement mortar with a constant load rate (2400 N/s). The tests were
carried out at 1, 3,7, 14, and 28 days on 3 samples.

In this research, the velocities of ultrasonic pulses in geopolymers of different ages were investigated
in all samples subjected to the compression test. The measurements were performed using a Portable
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Ultrasonic Non-Destructive Digital Indicating Tester (PUNDIT) plus (Proceq, Switzerland). Cylindrical
transducers with a nominal frequency of 54 kHz were applied in the geopolymer investigation. The
values of ultrasonic pulse velocities in mortars UPV were evaluated on the basis of time of flight: the
offset point on an amplitude—time curve (Figure 1). The elastic wave velocity, V, in the material is
a good indicator of its quality, due to the sensitivity of wave velocities to air voids, cracks, and the
presence of pores. UPV measurement is the one of various non-destructive testing methods which have
been used to evaluate material quality and maturity [22]. The evolution of UPV with time is a good
indicator for observing setting time [23] maturity or the degree of damage to a mineral material [24].
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Figure 1. Ultrasonic pulse velocity time of flight: the off-set point on the amplitude-time curve.

In addition, the dynamic modulus of elasticity, Eq, was determined using the Formula (1),
presenting the relationship between the velocity of the primary elastic wave (V), dynamic modulus of
elasticity (Eq), apparent density (p,), and Poisson ratio (v) of the tested material:

B Ed(1-v)
V= \/po(l—i-v)(l—Zv) @)

From the amplitude—time curve (Figure 1), the time of flight of the ultrasonic pulse is determined
with an accuracy of 0.1 us and the primary wave velocity (V) is calculated usingthe known distance
between transducers. The apparent density changes over time were measured for all the samples
tested. The Poisson ratio was assumed to be 0.2.

The tests were performed with the objective of determining how V changes with time, identifying
the relationship between f.(V) and f; (V), and determining the static and dynamic moduli of elasticity
(E, Eq), as well as verifying the modulus variation along with the strength variation, E4(fc). The E(f)
results were noted and compared with relationships available in the literature and codes.

3. Results and Discussion

3.1. Density and Porosity

The mean values of apparent density (p) and UPV (V), as well as relative changes of density, are
presented in Table 7. It can be seen that higher GGBFS content induced an increase in density, due to
less porous structure development. The change of mass due to drying is progressive, so the apparent
density changes as a function of time.
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Table 7. Apparent densities of geopolymer mortars 10N, 30N, and 50N at different ages.

. 10N 30N 50N
Mean Values of Apparent Density (kg/m®) (kg/m®) (kg/m®)
1d 2051 2141 2223
3d 2047 2137 2215
7d 2043 2133 2211
14d 2027 2121 2210
28d 2012 2113 2207

Furthermore, after 28 days, pore size distribution was measured with mercury intrusion
porosimetry (MIP), detecting open pores between 3.5 nm and 500 pm. The mercury intrusion
porosimetry provides the option to measureintruded mercury volume, providing information about
the pore volume and size [25,26]. For each material, three specimens were prepared, and the mean
values are presented in Figure 2a,b. Total porosity was deducted from the cumulative intrusion of
mercury pictograms Figure 2a.
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Figure 2. (a): Total porosity of geopolymer mortars 10N, 30N and 50N (b): Pore size distribution of
geopolymer mortars.

For 10N, 30N, and 50N geopolymer mortar samples, the total porosity reached values of 0.240,
0.184, and 0.145 cm3/cm3, respectively. The addition of higher content of GGBFS resulted in lower
porosity and a denser structure.In the results of other studies, geopolymers have been characterized
by pore size distribution resembling a bell curve centred in the mesoporous region [27,28]. The
geopolymer mortars 10N, 30N, and 50N all presented a bell curve shape with one clear peak, situated
at 2230 nm, 2054 nm, and 3127 nm, respectively (Figure 2b). The peak was particularly pronounced for
samples with a 10% addition of GGBFS. The results show that, in the case of the tested geopolymer
mortars, macropores were dominant.

3.2. Compressive Strength and Flexural Tensile Strength

We investigated the relationship between the flexural tensile strength and compressive strength
of geopolymer fly-ash-based mortars. It can be observed, from Figure 3a,b, that the flexural tensile
strength and compressive strengths of the tested geopolymer mortars were significantly dependent
on the FA-GGBFS blending proportion.An increase of the GGBFS content induced an increase of
compressive strength. The 50N composition (50% FA and 50% GGBFS) demonstrated the highest
mechanical performance, where compressive strength reached 63.5 MPa and flexural tensile strength
was 6.5 MPa.
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Figure 3. (a): Evolution of compressive strength as a function of curing time and comparison with
EUROCODE (b): Evolution of flexural tensile strength as a function of curing time.

The evolution of compressive strength for 50N and 10N was slower than for cementitious material,
as shown in Figure 4 and described by the following equations originating from EUROCODE EN
1992-1, where d means day:

feqg = dfogq/ (476 +0.83d) d <28 and fcps < 40 MPa 2)

foq = d-foosq/ (140 +0.95d)d < 28 and fepg > 40 MPa 3)

The flexural strength of tested geopolymer mortars investigated also strongly depended on the
blend composition. An increase of GGBFS content positively affected the flexural tensile strength
results of the mortars. An increase of up to 30% GGBFS induced an increase in tensile strength. The
highest strength at day 3 was for 50N for this mortar, the flexural tensile strength at 14 and 28 days
reached 2.8 MPa and 6.8 MPa, respectively.
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Figure 4. The fi(f.) relationships for fly-ash geopolymer mortars 10N, 30N, and 50N, compared with
the ACI 318-02 square root equation for geopolymer binders.

In Figure 4, all compressive and tensile strength results are presented, along with the f;(f.)
relationship proposed in ACI 318-02 [29] for ordinary Portland cement concretes (4):

ft = 0.64 Vic 4)

In this research, a formula similar to ACI 318-02, a square root function with coefficient 0.82
(proposed as Equation (5)) covered the results obtained for the 10N, 30N, and 50N geopolymer
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mortars.These results agree with what was reported by the authors of [30], that these materials present
higher tensile to compressive strength ratios than when using Portland cement binder.

ft = 0.82 Vfc (5)

3.3. Evolution of Ultrasonic Pulse Velocity and Modulus of Elasticity of Tested Materials

The variation in ultrasonic pulse velocity (UPV) and the dynamic modulus of elasticity over time
was determined on the basis of elastic wave (m/s) values measured using PUNDIT on the geopolymer
mortars. All results are presented in Figure 6. The UPV measurements were started at 24 h after
casting, when the samples were removed from the molds. The ultrasonic pulse velocity values for 10N,
30N, and 50N at 24 h reached 2226 m/s, 2899 m/s, and 3167 m/s, respectively. After 14 days, the values
reached 3270 m/s, 3909 m/s, and 4300 m/s correspondingly for 10N, 30N, and 50N. The increase in
ultrasonic pulse velocities followed the maturity and strength development curves.

The dynamic modulus of elasticity Eq was determined using Formula (1) and the static modulus
of elasticity E was calculated using the empirical relation (6) proposed by [31]. For this purpose, the
dynamic modulus was converted to the elastic one using a multiplying factor of 0.83 (-).

E=083Ey (6)

It was observed that, in a similar manner to the evolution of compressive strength, the V values at
14 and 28 days were similar, showing the stabilization of mechanical performance after 14 days (see
Figure 3a,b and also Figure 5a,b).

UPV vs. curing time
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Figure 5. (a): Evolution of UPV as a function of curing time (b): Dynamic modulus of elasticity Eq as a
function of curing time.

After these initial observations, actions were taken to determine the changes in the dynamic and
static moduli of elasticity and to compare them with the dependencies which can be found in the
literature for cementitious materials. The evolution of the dynamic modulus of elasticity over time
presented similar tendencies over time to V(t).

To establish the correlation of compressive and flexural tensile strength with the ultrasonic pulse
velocity V: f(V) and f.(V) relationships for the test geopolymers, all data of the three sets of samples
prepared from 10N, 30N, and 50N are plotted in Figure 6a,b. The experimental results presented here
show that the compressive and flexural tensile strengths were strongly correlated with the ultrasonic
pulse velocity of geopolymer mortars. Moreover, these relationships were significantly influenced
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by the age of the tested mortars. Polynomial functions were proposed, similar to those presented for
cementitious binders (European Standard EN-12504 [32]) with a correlation factor (R?) higher than 0.7.
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Figure 6. (a): The correlation of compressive strength with the ultrasonic pulse velocity f.(V (b): The
correlation of flexural tensile strength with the ultrasonic pulse velocity fi(V). The f.(V) and (V)
relationships for fly-ash geopolymer mortars 10N, 30N, and 50N all results obtained collectively after
1,3,7,14, and 28 days.

Furthermore, in order to provide some issues for the future standardization of geopolymers for
construction purposes, we investigated the relationship between the variation of modulus of elasticity
and compressive strength.

The results were also compared with the International Federation for Structural Concrete (FIB) [33]
and EC2 (Eurocode 2) [34] models for cement concrete. The FIB model considers that the modulus of
elasticity at 28 days E is determined by (7), where Ey = 21.5:103 MPa, o =1.0 for quartzite aggregates,
and f.ny, is the characteristic strength (in MPa):

1

f 3
ot = oo <) ™

The EC2 model considers the modulus of elasticity at 28 days Ecmto be determined by (8), where
fem is the characteristic strength (in MPa):

Eem = 22 [(fom)/10]%3 8)

As can be seen from Figure 7, the obtained experimental results were shifted down in comparison
with the FIB model code, as well as in comparison to the Eurocode 2 model. Both models (FIB and EC2)
overestimate the elastic modulus and need to be reviewed for geopolymer-type binders, represented
here by the fly-ash-based geopolymers.

One may observe that this evolution follows a power law, similar to the one proposed already for
concrete by the AlJ (Architecture Institute of Japan) and used by Tomosawa and Noguchi [35], see
Equation (9):

B s( v\ fe 3
E=2110°2%) " (555 ©)

Where E stands for the modulus of elasticity (kgf/cmz), v is density of concrete (t/m3), and f. refers
to the compressive strength value of concrete (kgf/cm?). The modulus thus obtained was converted to
GPa (see Figure 7).
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Figure 7. Static elastic modulus of elasticity evolution with compressive strength for the fly ash and
ground granulated blast furnace slag blended geopolymer mortars 10N, 30N, and 50N, in comparison
with E(f.) models for cementitious materials.

4. Conclusions

This study demonstrated how the addition of GGBFS to FA-based geopolymers affects the

evolution of the strength of the resultant geopolymer mortars. Blending GGBFS with FA makes it
possible to manufacture sustainable material which is able to set at ambient temperature, with no

additional temperature curing.

The strength-increase kinetics of fly-ash-based geopolymers using FA from thePolaniec power

plant were strongly dependent on the GGBFS content. Based on the results, the following observations

were made:

For the mortars cured at room temperature, the addition of a higher GGBFS content resulted in an
increase in both compressive and tensile strength;

Blending of FA (silica content 52.3 wt.%) with GGBFS (calcium oxide 43.9 wt.%) enabled us
to obtain strength development kinetics similar to those observed for cement-based materials
(Figure 4);

The mechanical properties of compressive and flexural tensile strength of the mortars increased
along with an increase in the amount of GGBFS. The best performances at 28 days were obtained
by the 50N mortar (50% FA and 50% GGBES), reaching fc = 63 MPa and ft = 6.8 MPa;

Relatively high values of flexural tensile strength were observed for all the FA-based geopolymer
mortars tested.Moreover, tensile to compressive strength ratios were higher than those of Portland
cement composites and the fi(f.) relationships proposed for fly-ash geopolymer mortars were of a
similar form to that given in the ACI 318-02;

Ultrasonic pulse velocity measurements are an effective method for evaluating the maturity of a
geopolymer and correlate well with the evolution of their mechanical properties over time;

In a similar manner to the evolution of compressive strength, the UPV values tend to stabilize
after 7 days;

For FA-based geopolymers with the addition of GGBFS, the polynomial relationships f.(V)
and f¢(V) were proposed. These relations can be used to evaluate the maturity or damage to
geopolymer mortars;

For all materials tested, the values of the dynamic modulus of elasticity were calculated on the
basis of UPV measurements andthe static modulus of elasticity values E were evaluated.A unique
power law was provided for all the materials tested, in order to determine the variation in elastic
modulus as a function of compressive strength E(f.); and
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e  The results show that the EC2 and FIB formulae may not be suitable to evaluate the E(f.)
relations and tend to overestimate the modulus of elasticity inFA-based geopolymer binders of a
given strength.

The scope of applicability of the dependencies determined in this study is adequate for FA-GGBFS
blended precursors and geopolymer mortars cured at ambient temperature. Further research is
needed to determine similar relationships in geopolymer binders based on other types of precursors
and activators.
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