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Abstract: Enhancing both the dynamic damping and static strength of ordinary Portland cement (OPC) concrete
simultaneously is a significant challenge. Geopolymer concrete (GPC), particularly fly ash-based GPC, offers a promising
alternative. This study explores the relationship between damping and strength in heat-cured, low-calcium fly ash-based GPC
using sodium silicate (SS) and sodium hydroxide (SH) activators. The findings reveal that SS activators demonstrate stronger
positive correlations between damping and strength compared to SH activators. Microstructural analysis indicated that
increasing SS dosage from 55 kg/m? to 98 kg/m? resulted in a 17% increase in dynamic damping ratios and a 39% increase in
static compressive strength. These results highlight the potential of GPC to surpass OPC concrete in applications requiring both
enhanced damping and strength, offering a dual benefit not typically achievable with OPC. The study contributes to a deeper
understanding of GPC's capabilities, paving the way for its broader adoption in construction projects.
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Yapilarin Dinamik Soniimleme ve Statik Dayanim Yeteneklerinin Es Zamanh Olarak Gelistirilmesi:
Ucucu Kiil Esash Geopolimer Beton Numuneler Uzerinde Modal, Mekanik ve Mikroyapisal Incelemeler
Kullanilarak Gerceklestirilen Bir Vaka Calismasi

Ozet: Portland ¢imentosu (OPC) betonu icin hem dinamik séniimlemeyi hem de statik dayanimi ayni anda artirmak, énemli
bir zorluktur. Geopolimer beton (GPC), 6zellikle ugucu kiil bazli GPC, umut verici bir alternatif sunmaktadir. Bu ¢alisma,
diisiik kalsiyumlu ucucu kiil bazli GPC'de séniimleme ve dayanim arasindaki iliskiyi, sodyum silikat (SS) ve sodyum hidroksit
(SH) aktivatorleri kullanarak arastirmaktadir. Bulgular, SS aktivatorlerinin SH aktivatorlerine kiyasla soniimleme ve dayanim
arasinda daha giiglii pozitif korelasyonlar gosterdigini ortaya koymaktadir. Mikroyap: analizi, SS dozajinin 55 kg/m?*'ten 98
kg/m*e artirllmasinin dinamik soniimleme oranlarinda %17 ve statik basing dayaniminda %39 artisa neden oldugunu
gostermistir. Bu sonuglar, GPC'nin OPC betona kiyasla her iki 6zelligin de artirilmasi gereken uygulamalarda {istiin olma
potansiyelini vurgulamakta ve OPC ile tipik olarak elde edilemeyen cift fayda sunmaktadir. Calisma, GPC'nin yeteneklerini
daha iyi anlamaya katkida bulunarak, insaat projelerinde daha genis ¢apta benimsenmesinin 6niinii agmaktadir.

Anahtar kelimeler: Geopolimer beton, Mikroyapi, Basing dayanimi, Soniim orani, Rezonans frekansi.
1. Introduction

Most structures inevitably experience dynamic loadings, including low-amplitude ones from vehicular traffic
and human movement, as well as intense loads from large earthquakes, strong wind, and vehicle impacts [1]. Under
these conditions, structural materials' dynamic characteristics and damping behaviors are, at least, just as important
as their static capacities [2]. As stated in the literature, enhancement of the dynamic damping ratio, even with an
increase of 10% —15%, might be a practical approach to suppressing excessive vibrations without using additional
dampers or control devices [3].

Currently, during the construction of buildings or structures, one of the most preferred materials is reinforced
or pre-stressed concrete. In this context, ordinary Portland cement (OPC) concrete has almost all the market share
among the existing concrete types. This OPC concrete can be produced with a wide range of static compressive
strength capacities. However, “higher strength” classes are needed or preferred by engineers, especially for
qualified projects. Because it provides numerous benefits, such as increased static design load capabilities [4], less
reinforcement usage [5], much better bond strength and decreased permeability [6], smaller concrete cross-
sectional sizes [4], and higher early age strength [6]. This last advantage is especially needed for pre-stressed or
prefabricated members. However, in most cases, increasing the static strength of OPC concrete also causes
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increases in brittleness [5], static and dynamic moduli of elasticity [7, 8], dynamic shear modulus [8], raw material
costs [9], and greenhouse gas emissions [10]. Similarly, lower vibration or impact damping, lower resonance
resistance [8, 11], and less sound insulation [12] can be stated as the other disadvantages of this static strength
increase. Nowadays, the dynamic performance of OPC concrete can be enhanced with several methods, such as
using a higher water-to-cement ratio [13, 14], lower modulus / lightweight / higher porosity aggregates (such as
weathered granite, zeolite, vermiculite, etc.) [14, 15], chopped fiber reinforced polymers [16, 17], crumb rubber
particles or powder [16, 18, 19], several chemical additives (such as ester copolymer emulsions, methylcellulose,
air entraining agents, etc.) [14, 17, 20], and supplementary cementitious materials (SCM) (such as silica fume, fly
ash, slag, and other minerals) [14, 18].

On the other hand, some of the dynamic damping performance-increasing methods mentioned above are still
controversial, and there is no consensus. For example, some researchers reported contrary results for SCM
materials, especially under higher frequency dynamic loads [17, 21]. The main reason for these different results is
that some of the methods mentioned above do not "directly" increase the damping behavior of OPC concrete.
Instead, if proper techniques are not applied, they reduce workability (because of their higher surface area),
resulting in study-specific, variable results. In addition, some of them decrease the compressive strength
capabilities at an early age and/or 28th day of curing. In those cases, they may cause more air gaps, less hydration
development, and a weaker ITZ (interfacial transition zone). As a result, they may “indirectly” increase damping
if their damping ratio-reducing effects are overcome (for example, SCM materials' filler effects & pozzolanic-
reaction-induced damping ratio-lowering effects [21]. These determinations have been summarized and
generalized in the literature. As stated, damping arises from the structures' or materials' elasticity, raw materials'
dissipation, ITZ dimensions, solid gel structure, water-filled pores, and imperfections in the microstructure, such
as voids, fractures, micro cracks, and cracks [22-24]. As seen, the factors that increase the dynamic performance
are mainly the reasons that decrease the static strength. For example, a higher water-to-cement ratio provides a
higher damping ratio because its internal structure and ITZ zones are more porous and have micro cracks [24, 25].

As deduced from the presented literature review, almost all of the methods that increase the dynamic damping
performance of OPC concrete cannot "simultaneously" or "co-currently" increase the static compressive strengths
[14, 16-18, 20]. This shortcoming of OPC concrete is still challenging for engineers, and academic investigations
are continuing. Engineers are making an optimum "concrete mixture" decision in this vicious circle by sacrificing
some of both the dynamic damping ratios and static compressive strengths. It is a fact that they need additional
static strength-increasing methods alongside the existing dynamic performance-enhancing processes, especially
for projects that require high static strength [18].

On the other hand, in recent decades, a new- generation building material named geopolymer concrete (GPC)
has emerged and has been successfully used in many projects worldwide [26]. In this increasing success, its
durability, high early strength, and low carbon footprint benefits played influential roles [27, 28]. Researchers have
investigated many engineering properties of GPC products [26-33]. However, the available information about the
dynamic (modal) characteristics of the GPC material is minimal [31-33]. Additionally, in these few studies, any
relationship between the static & dynamic characteristics of GPC variations produced with variable activator types
and dosages has yet to be reported. However, as deduced from the previously presented literature review, the
reciprocal change behavior of "the static compressive strength and dynamic damping ratio" is crucial for structural
materials.

As stated, the dynamic performance of OPC concrete can be enhanced with higher liquid ingredient dosages
(higher water-to-cement ratio); however, it also causes static strength decreases [13, 14, 24, 25]. According to the
literature, higher liquid ingredient (chemical activator solution) dosages also increase the damping performance of
GPC [33]. However, the "co-currently increasing of the dynamic damping ratio and static compressive strength”
issue has yet to be investigated for GPC variations produced with variable activator dosages. This issue was aimed
at being investigated by the authors; however, any relationship between the static compressive strength and modal
parameters could not be reported. Then, it was concluded that this complex relationship requires detailed and
directly focused research [33].

In the production of GPC, rich-in-aluminosilicate raw materials such as slag, fly ash (FA), rice husk ash, red
mud, metakaolin, silica fume, etc., are used as binder [34]. Among these aluminosilicate sources, fly ash material
was preferred to be investigated in this study due to its widespread availability and significant environmental
benefits. As stated in the literature, approximately one thousand million tons of FA are annually emitted by several
industries and power-generating plants in the world, which causes a significant ecological problem [35]. For
example, FA particles contain an essential number of heavy metals, and there is a risk of heavy metal leaching into
nature if this industrial waste material is not recycled or disposed of [36]. In this context, FA-based GPC is
introduced as an ideal structural material for eliminating environmental risks from FA or other hazardous wastes
(wastewater, etc.) with its superior surface area, porosity, chemical resistance, mechanical strength, durability, and
chemical affinity characteristics [36-39].
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Unlike OPC concrete, which uses water for hydration, GPC production needs a high pH (alkaline) medium
during polymerization. In this context, several chemical activators such as sodium hydroxide (SH) (NaOH),
potassium hydroxide (KOH), sodium silicate (SS) (Na2SiOs), and potassium silicate (K2SiO3) are used to provide
this high alkalinity [40]. Among these activators, the SS and SH activators, the most commonly used ones in the
literature, were preferred to be investigated in this preliminary research study. Some researchers stated that GPC
would soon be one of the most used building materials in the world if it could be produced at reasonable costs
[41]. Because the high cost of chemical activators used in production hinders GPC's commercialization and
extensive usage. An example of a raw material cost comparison is presented in Figure 1. This figure compares the
cost of a GPC mix with that of an OPC concrete mix. The GPC and OPC concrete variations are designed with a
constant binder (OPC, FA) and aggregate dosages. As seen, the current total cost of GPC is considerably
(approximately %105) higher than OPC concrete, mainly due to the chemical activators. This extra cost can be
partially increased or decreased by changing the types and dosages of activators.
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Ordinary Potland Cement Used Concrete (OPC: 406 kg/m3, AG: 1837 kg/m?3)
1st Fly Ash-Based Geopolymer Concrete Variation (FA: 406 kg/m3, AG: 1837 kg/m?3, SS: 122 kg/m3, SH: 81 kg/m?3)
Figure 1. Raw material cost comparison of a GPC variation with OPC concrete (AG: Aggregate).

If the activator dosages in Figure 1 are adjusted to the values in Figure 2 the cost difference of 105% can be
decreased to 86%. However, more than these saving percentages are needed to increase the GPC's
commercialization and extensive usage rapidly.

As seen, the high costs of chemical activators hinder GPC's commercialization and extensive usage. On the
other hand, enhancing the dynamic damping ratios and static compressive strengths of ordinary Portland cement
(OPC) concrete, co-currently, is still a challenge for engineers. In this aspect, the “co-currently increasing of the
dynamic damping ratio and static compressive strength” characteristic of GPC can provide a significant advantage
if it exists.

This situation resembles the fact that fiber-reinforced polymer (FRP) products now have a considerable
market share in the concrete reinforcing sector because of their specific advantages despite higher costs. For
example, these FRP products have gained an essential share in piers, bridges, and earthquake-strengthening
projects, where corrosion resistance, unit volume weight, and high mechanical strength parameters are more
crucial than their higher costs. Therefore, GPC will only reflect its environmental and social benefit potentials to
the field if only it is appropriately produced and used. In this context, priority should be given to the correct use
of activators, which have the most significant share in production costs, and the reciprocal change of in static and
dynamic characteristics of GPC specimens produced with variable activator dosages must be investigated.
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Figure 2. Raw material cost comparison of another GPC variation with OPC concrete.

Consequently, enhancing the dynamic damping ratios and static compressive strengths of ordinary Portland
cement (OPC) concrete simultaneously remains a challenge for engineers. The potential of geopolymer concrete
(GPC) to co-currently improve these properties could offer a significant advantage, yet this specific characteristic
has not been thoroughly explored in the literature. Therefore, this study preliminarily investigates the effects of
sodium silicate (SS) and sodium hydroxide (SH) activator solutions on the dynamic and static characteristics of
fly ash-based GPC variations, aiming to address this gap and determine whether GPC can indeed provide such an
advantage. During sample design, the binder (FA) and aggregate (basalt) types and dosages will remain constant
for all produced specimens. And investigations will be concentrated only on the commonly used geopolymer
concrete activators, the SS and SH. In addition, since this subject needs an experimental investigation from static,
modal, and microstructural perspectives, all of these analyses are included in this study's scope.

2. Geopolymer Concrete Specimens Production

The FA used in this study was obtained from the Adana Sugézii isken Power Plant in Tiirkiye. According to
the X-ray fluorescence test results in Table 1, this FA is in the Class F category per ASTM C618.

Table 1. Chemical components of fly ash.

Components % ASTM C618 Limits
SiO» 55.9 Min. 54.9%
Sum of SiO02, AL2O3, and Fe:0s3, 85.9 Min. 70.0 %
SOs 0.33 Max. 5.0%
NaO 1.35 Max. 1.5%
LOI (loss of ignition) 2.22 Max. 6.0%
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Table 2. Mix dosages (kg/m?) and several other parameters of the variations investigated in this study.

Vacr:f:;:’“ FA AG Ss PSS SH PSH AA PA PW  ARatio W Ratio
A15-W0.5 406 1837 122 54 81 29 203 83 120 15 05
A1.5-W0.6 406 1837 146 64 97 35 243 99 144 1.5 0.6
A1.5-W0.7 406 1837 171 75 114 41 285 116 169 1.5 0.7
A2.5-W0.5 406 1837 145 64 58 21 203 85 18 2.5 0.5
A2.5-W0.6 406 1837 174 77 70 25 244 102 142 25 0.6
A2.5-W0.7 406 1837 203 89 81 29 284 18 166 2.5 0.7
A3.5-W0.5 406 1837 158 70 45 16 203 86 117 3.5 0.5
A3.5-W0.6 406 1837 189 83 54 19 243 102 141 35 0.6
A3.5-W0.7 406 1837 221 97 63 23 284 120 164 3.5 0.7

Variation code: A(A ratio)-W(W ratio), FA: Fly ash dosage, AG: Total fine and coarse aggregate dosage, SS: Sodium silicate solution dosage,
PSS: Pure SS dosage (water-less), SH: Sodium hydroxide solution dosage, PSH: Pure SH dosage (water-less), AA: Total activator solution
(SS+SH), PA: Total pure activator dosage (PSS+PSH), PW: Pure water dosage, A ratio: SS/SH ratio, W ratio: AA/FA ratio

During the production of GPC specimens, commercially available river sand (0/4 mm), coarse basalt
aggregate (7/14 mm), SS (modulus ratio of 2.06), and SH (14-M) were used. Table 2 shows the mixing dosage
details of nine produced GPC variations. The additional calculated parameters in Table 2 provide investigate the
A ratio (SS/SH), W ratio (AA/FA, where AA abbreviation is used for total alkaline activator dosage), total pure
chemical activator dosage (PA), pure sodium silicate dosage (PSS), pure sodium hydroxide dosage (PSH), and
pure water dosage (PW) effects, separately. Produced GPC variations in Table 2 were cast in 150x150x750 mm
prism molds and cured at 90 °C for 24 hours. After de-molding, specimens were stored at room temperature for
28 days. Other information about the mix design, casting, and curing stages was presented in a previous study
conducted by the authors [33]. Some of the produced prisms can be seen in Figure 3(a). These GPC prisms were
first used for experimental modal tests and, after, were cut into 150x150x150 mm cubes (Figure 3(b)) for
compressive strength tests.

Figure 3. Produced 150x150x750 mm GPC prisms and 150x150x150 mm cubes obtained from these prisms.

3. Scanning Electron Microscope (SEM)-based Microstructural Analysis

This section will present scanning electron microscope (SEM) images for preliminary evaluations. Figures 4
to 7 present some SEM image examples for the A1.5-W0.5 and A3.5-W0.5 coded specimens. During analysis,
SEM image examples of only these two variations were considered sufficient for this study, where the effects of
chemical activators are investigated. These two variations were preferred since they contain an identically equal
dosage of fly ash (406 kg/m?), total aggregate dosage (AG) (1837 kg/m?), and W ratio (0.5). Also, these variations
contain identically equal total activator dosage (AA) (203 kg/m?) and nearly equal pure water (PW) (117-120
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kg/m?) and pure activator (PA) (83-86 kg/m?) dosages. The only difference between these variations is the
chemical activator ingredients. While the A1.5-W0.5 coded specimens contain 29 kg/m? pure sodium hydroxide
(PSH) and 54 kg/m?® pure sodium silicate (PSS), the A3.5-W0.5 coded ones have 16 kg/m?® and 70 kg/m’,
respectively. In the presented figures (Figures 4-7), unreacted (remained) FA particles, mullite crystallites (needle-
shaped), and formless or spherical-shaped air voids (remain after reacted FA particles) are marked with
descriptions for easy understanding.

More mullite crystallites and nearly void-free
interfacial transition zones {on the FA surfaces)

Remained FA
particles

Formless air voids in the internal
structure (between FA particles)

Mullite crystallites (needles)

Figure 4. An SEM image (left-upper-side) and magnified forms (zoomed into the yellow dashed circles) taken
from an A1.5-W0.5 coded specimens.

More mullite crystallites and nearly void-free| Remained FA
interfacial transition zones {on the FA particles

Formless air voids in the internal
structure (between FA particles)

Mullite crystallites (needles)

Figure 5. An SEM image (left-upper-side) and magnified forms (zoomed into the yellow dashed circles) taken
from another A1.5-W0.5 coded specimens.
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Spherical-shaped air voids remain after reacted
FA particles (between FA particles)

Remained FA
particles

Porous interfacial transition zone (on the FA
surfaces) and fewer mullite crystallites

Figure 6. An SEM image (left-upper-side) and magnified forms (zoomed into the yellow dashed circles) taken
from a A3.5-W0.5 coded specimens.

Spherical-shaped air voids remain after reacted
FA particles (between FA particles)

Porous interfacial transition zone (on the FA
surfaces) and fewer mullite crystallites

Remained FA
particles

Figure 7. An SEM image (left-upper-side) and magnified forms (zoomed into the yellow dashed circles) taken
from another A3.5-W0.5 coded specimens.

Figures 4 and 5 indicate a limited geopolymer development is in question, and a porous microstructure exists.
Unreacted FA particles and shapeless air voids seen in these figures were effective in this evaluation. On the
contrary, Figures 6 and 7 show that increasing the percentage of SS in the activator solution changes the
microstructure. These figures show that FA particles are dissolved more or disappear completely, so a higher
degree of geopolymer development is in question. In this condition, the shapeless air void-induced porosity
between different FA particles was reduced with more geopolymer development, so a denser internal structure
was observed. However, as seen from Figures 6 and 7, the spherical-shaped air void-induced porosity was
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increased with more geopolymer development. On the other hand, porous interfacial transition zones on the FA
surfaces (FA-ITZ) and fewer mullite crystallites were observed with increased SS in the activator solution.

The above findings are consistent with the other FA-based GPC studies [42-46] in the literature. However,
these evaluations, like any other SEM analysis, are hypothetical and require several other investigation methods.
From a superficial perspective, the SS activator may increase the static compressive strength and decrease the
dynamic damping ratio as a result of a denser internal structure via the increasing geopolymer development
characteristic. However, the effect of extra spherical voids and the porous FA-ITZ structure, described above,
should also be addressed. These last differences may not decrease the compressive strength (mainly due to the
increase in geopolymer development) and are more likely to contribute to damping. It is a matter of curiosity about
what kind of situation will emerge at the end of the day. This issue will be further investigated with XRD-based
microstructural, modal-based dynamic, and static compressive strength-based mechanical tests and analyses.

4. X-Ray Diffraction (XRD)-based Microstructural Analysis

This section will present X-Ray diffraction (XRD)-based analysis results for further microstructural
evaluations. Figure 8 shows the XRD patterns of the A1.5-W0.5 and A3.5-W0.5 samples. These patterns were
obtained by scanning the sample powders with X-rays. The selection of these two variants for XRD analysis is
based on the same rationale as the SEM analysis described in the previous section. As seen in Figure 8, the XRD
patterns of the GPC samples reveal a semi-crystalline structure (ranging from amorphous to semi-crystalline).
These patterns and structural evaluations are consistent with other studies on low-calcium FA-based GPC samples
[47-51]. In Figure 8, the highest intensity diffraction peaks correspond to quartz crystallites (a chemically and
mechanically stable form of silicon dioxide, SiO2), marked at 29.5° 26. Additionally, several other peaks related
to different forms of silica are detected at 21°, 23°, 24°, 41°, 44°, 45°, 46°, and 51° 20. The second most abundant
crystallite is mullite (AlsSi2O13), observed at 27° and 31° 26. These crystallites are also prominent in the SEM
images presented earlier (Figures 4 and 5) and align with previous findings. These phase determinations highlight
the characteristics of low-calcium FA-based GPC and match other similar studies in the literature [47, 48, 52]. The
total intensities of the mullite phases primarily come from unreacted FA particles that either remained or dissolved
and rearranged during polymerization. In contrast, the total intensities of the silica phases result from a
combination of river sand, unreacted FA particles, and new crystallites formed during polymerization.

60.000
50.000 Newly-Formed Quartz Ph:&
(SS increases quartz phases that have _J
— stable tetrahedral structures)
-]
c
o
b . -
@ 40.000 : e i
g Remained SiO, from Po!ymerization Products ——» ~ ¢ : :
[ Un-reacted Fly Ash Particles (SS increases NASH and CASH ) i - =
] gel development) A3.5-WO0.5 (High SS): A higher degree of geopolymer
g — development, and less mullite needles are observed
O
~ 30.000
>
=
7
g Remained SiO, from River Sa —— A3.5-W0.5
E (Fine Aggregate) - — A15-WO.5
£ 20000 A N-AsHandCASH
ﬁ @ Mullite (Als5i,045)
< <& silicon-dioxide (Si0,)
10.000 Mullite Crystallite Needles

(SS reduces mullite crystallites by dissolving
and bringing them into the polymerization)

® 9

A A A

15 20 25 30 35 40 45 50 55
Position (°20)

Figure 8. Comparison of the XRD patterns of A1.5-W0.5 and A3.5-W0.5 coded specimens.
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For a better understanding of this subject, the components of each diffraction peak are described in Figure 8,
and detailed interpretations by literature search are presented below:

Quartz and mullite crystallites are components of low-calcium FA and increase the crystallinity of FA-based
GPC [47, 48]. However, because of their chemical stability, even if their intensities decrease with polymerization,
some remain and do not react [47, 48]. These crystallites are demonstrated in Figure 8.

As reported in the literature [48, 50], newly- formed quartz phases (with stable tetrahedral structures) are
observed if high-temperature curing is implemented, and these additional products contribute to compressive
strength [48, 50]. These products and related phases are demonstrated in Figure 8.

Fine aggregates are used in the production of GPC. The river sand used in this study as fine aggregate is rich
in Quartz crystallites [53, 54]. Hence, as seen in Figure 8, it has a considerable share in the quartz diffraction peak
intensity of the XRD patterns, identified at 29.5° (20) for both variations.

Additionally, several peaks between 25-50° (20) are observed and determined as N-A-S-H or C-A-S-H. These
phase determinations coincide with other similar studies in the literature [48, 50]. As stated in the literature, the
major polymerization products and the main mechanical strength-providing elements of low-calcium FA-based
GPC are the Sodium Aluminate Silicate Hydrate (N-A-S-H) gels [48, 55]. According to Fernandez-Jiménez et al.
[55], depending on the calcium content of FA, Calcium Aluminate Silicate Hydrate (C-A-S-H) gel products are
also formed, albeit in much smaller amounts if low-calcium FA is used as the binder. These C-A-S-H products are
also seen in OPC concrete and decrease the setting time of both concrete types [48].

The nature of the N-A-S-H and C-A-S-H gels depends on the type and dosage of the chemical activators [55]
and increases with the polymerization degree [47, 48]. As seen in Figure 8, N-A-S-H or C-A-S-H phases were
identified between 25-50° (20), and the diffraction peak intensities of A3.5-W0.5 were greater than A1.5-WO0.5,
indicating the reaction degree was better for this variation.

It is reported in the literature that SS activators promote the dissolution of solid crystallites (identified at 21,
23,24,27,31,41, 44, 45, 46 and 51° (20) for both of the variations), and bring them into polymerization [49]. As
seen in Fig.8, most of the diffraction peak intensities of these phases are lower for the A3.5-W0.5 variation. On
the other hand, the diffraction peak intensities of the N-A-S-H and C-A-S-H gels (identified between 25-50° 20)
significantly enhanced. In other words, the solid contents in the A3.5-W0.5 dissolve higher, and more gel products
are developed.

The above findings are consistent with the previously presented SEM image-based analyses and other XRD-
based studies in the literature. However, like any other XRD-based microstructural analysis, these evaluations are
hypothetical and require additional investigations. Therefore, this subject will be further investigated with modal-
based dynamic and static compressive strength-based mechanical tests.

5. Modal Tests-based Dynamic Parameter Analysis

This section will present modal test and analysis results for experimental determination and evaluation of
dynamic characteristic parameters. Figure 9 shows the modal test and analysis equipment used for these purposes
in the previous study of the authors [33]. During these modal tests, a Dewe-43A-type USB DAQ system was used
for the data acquisition. The analog sampling rate was selected as 10 kHz per channel. Produced GPC prism
specimens (in Figure 3(a)) were placed on sufficiently soft urethane blocks, as suggested in the literature [56, 57],
to provide a free vibrating condition. A compression-type Dytran 5800B2 model impulse hammer was used for
the excitations. Each produced prism was divided into 33 equally distanced points. An IEPE shear type (MMF
KS76C.100 model) accelerometer was mounted at each test specimen's corner point (33th point).

Each of the 33 points described above and shown in Figure 9 was excited five times with modal hammer
strikes, and in the end, 165 FRF (frequency response spectrum) graphs were obtained for only a test specimen.
After these, the resonance frequencies, damping ratios, and mode shape animations were obtained with the
Dewesoft® Experimental Modal Analysis (EMA) software. During analysis, the mode indication functions (MIF)
and modal circle methods are used in this study, as explained and suggested in the literature [58-60]. Figure 10
presents an example of resonance frequency and modal (viscous) damping ratio estimation. In this figure, MIF
peak points near the value of one (1) indicate the resonance frequencies of the tested specimens [61], as values
close to one in MIF graphs help identify the presence and frequency of resonance. Additionally, mode shape
animations corresponding to each resonance frequency (first resonance, second resonance, etc.) are provided for
easier understanding. Below the MIF graph in Figure 10, six modal circle analyses from one test specimen's
endpoints are shown. The modal circles analysis method is one of the most common techniques for accurately
determining damping ratios. The descriptions above these modal circles refer to the 'response point
(33Z+)/excitation point (1Z+, etc.)' meanings.

891



Simultaneously Enhancing the Dynamic Damping and Static Strength Capabilities of Structures: A Case Study Conducted on Fly Ash-based
Geopolymer Concrete Specimens using Modal, Mechanical and Microstructural Investigations

Figure 9. Produced 150x150x750 mm sized geopolymer concrete prisms and modal test setup [33].
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Figure 10. MIF graphs of an (A1.5-W0.7) test specimen (upper-side), and exact resonance frequency (Hz)-
damping ratio (%) estimations using modal circle technique (down-side).

Table 3 summarizes the details of the obtained resonance frequencies, damping ratio values, and standard
deviations. In the first column of Table 3, there are sample codes for which mix variation and component dosage
(kg/m®) information were given in Table 2 previously. In the second column, the first resonance frequency
calculation results are presented. These frequencies were obtained with numerical averaging of the six modal circle
analysis results, previously exemplified in Figure 10. The standard deviations of these resonant frequency values
are given in the 3rd column of Table 3. Thanks to the applied test and analysis techniques, the standard deviations
in the resonance frequency determinations are less than 1 per thousand. In the 4th column of Table 3, similarly
determined damping ratio averages are given, and in the 5th column, the standard deviations of these values are
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given. These deviation values can be interpreted as a success for modal testing, a non-destructive testing (NDT)
method. These deviation values are even equal to or below the destructive static strength test limits.

Table 3. Modal analysis results

Variation Code Average First Resonance Resonance Fre(.]ue_:ncy Average Fi‘rst Damping Damping Rgti(_)
Frequency (Hz) Standard Deviation Ratio (£) Standard Deviation
A1.5-W0.5 866.8 0.02% 0.0059445 1.1%
A1.5-W0.6 803.2 0.03% 0.0058477 2.4%
A1.5-W0.7 758.7 0.07% 0.0070943 3.1%
A2.5-W0.5 840.7 0.06% 0.0061537 1.8%
A2.5-W0.6 820.0 0.04% 0.0069172 2.0%
A2.5-W0.7 783.7 0.08% 0.0070373 5.3%
A3.5-W0.5 843.9 0.02% 0.0052906 0.7%
A3.5-W0.6 802.3 0.05% 0.0059717 1.8%
A3.5-W0.7 744.9 0.09% 0.0072020 2.2%

Figure 11 shows the relationships between pure water dosage (PW), damping ratio, and resonance frequency.
As stated in the literature [55] and deduced after previously presented XRD-based microstructural analysis, the
nature of the N-A-S-H and C-A-S-H gels depends on the type and dosage of the chemical activators. Therefore,
during the preparation of Figure 11, after testing many alternatives, it was concluded that “categorizing the
produced GPC variations based on the A ratio of each variation” provides more meaningful results. As observed,
the dynamic characteristics of GPC variations are closely linked to the water content (PW). Generally, increasing
PW leads to higher damping ratios (a positive correlation) and lower resonance frequencies (a negative
correlation). As mentioned earlier, this behavior in GPC is similar to that of OPC concrete [33]. While numerically
comparing the dynamic performances of different concrete types is beyond the scope of this study, it is likely that
the effect of PW is more pronounced in GPC. This is because, as noted in the literature, water is only minimally
consumed during the geopolymerization process [62].

Another issue that must be investigated is that the liquid ingredients of GPC also contain chemical activators.
Figure 12 shows the relationships between these chemical activators, damping ratio, and resonance frequency.
During the preparation of this figure, the effects of pure sodium silicate (PSS), pure sodium hydroxide (PSH), and
the sum of these activators (PA) were investigated separately. As deduced from Figure 12, increasing these
parameters has an increasing effect on modal damping ratios (positive correlation) and decreasing effect on
resonance frequencies (negative correlation).

After these, the linear regression coefficients of determination (R?) values, calculated and presented in Figures
11 and 12, will be evaluated. As deduced from these figures, the resonance frequencies show a stronger correlation
than the damping ratios. It is undeniable that the damping ratios of structures composed of heterogeneous materials
like GPC or OPC concrete may differ somewhat throughout the entire cross-section. Conversely, every resonant
frequency across the cross-section should remain consistent [33]. Therefore, during analysis, all sections of a
specimen are expected to vibrate at uniform frequencies, except at nodal points. However, the test samples in
question do not have a homogeneous structure with the same mass and modulus of elasticity at every location. On
the other hand, some excitations may coincide near or on the aggregate grains. So, it is impossible to talk about
precise damping ratio detection throughout the entire section. This deviation during modal damping estimations is
also more or less valid for other mechanical and microstructural tests and analyses. However, utilizing several
advanced modal analysis techniques, the maximum deviation value was kept chiefly below 5%, preventing further
increases due to test and analysis imperfections. These slight deviations obtained by non-destructive (NDT) modal
tests are even lower than the standard deviation levels commonly accepted for static concrete strength tests. When
continuing these analyses, it can be deduced from Figure 11 that the PW dosage showed a strong correlation. On
the other hand, in Figure 12, the SS dosage has a higher correlation with the modal parameters than the SH dosage.
It is a fact that the effect of liquid ingredients (chemical activators and water) is more complex for GPC compared
to OPC concrete. Because as the liquid activator solution dosages of the GPC (SS and SH) increase, the increasing
pure chemical contents (PSS and PSH) promote more geopolymer development. At the same time, increasing pure
water content (PW) increases porosity.
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Figure 11. Effect of the pure water dosage (PW) on the modal parameters (damping ratio (upper-side) and
resonance frequency (down-side)) of specimens categorized into the A ratio groups.
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Figure 12. Effect of the pure activator dosages on the modal parameters (damping ratio (upper-side) and
resonance frequency (down-side)) of specimens.

6. Static Compressive Strength Tests- Based Analysis

This section will present experimental mechanical test results for determining and evaluating the static
compressive strength characteristics of the produced GPC variations. For these purposes, the 150x150x750 mm
sized prisms (in Figure 3(a)) previously used for modal tests were cut into cubes of 15 cm (in Figure 3(b)) and
subjected to compressive strength tests. Figure 13 shows the results of these tests, with the previously presented
modal analysis results. Depending on their placement in the appropriate column and category, bar graphs in this
image illustrate the numerical values in each line. In Figure 13, GPC variations have been subjected to the “A
ratio-based categorization.” Because as stated in the literature [55] and deduced after previously presented XRD-
based microstructural analysis and experimental modal analysis, the nature of the N-A-S-H and C-A-S-H gels
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depends on the type and dosage of the chemical activators. Therefore, during the preparation of Figure 13, after
testing many alternatives, it was concluded that investigating the produced GPC variations based on the A ratio
provides more meaningful results.

Variation A Ratio Average Compressive Average First Resonance Average First Damping
Code Category Strength (MPa) Frequency (Hz) Ratio ()

A1.5-W0.5 1.5 D 35,5
A1.5-W0.6 1.5 L ‘ 39,5

A1.5-W0.7 1.5 .: ‘ 40,4

‘ 866,8 0,005945

‘ 803,2 0,005848

‘ 758,7 0,007094

A2.5-W0.5 2.5 I ‘ 39,2 ‘ 840,7 1 0,006154

B
B
B
B L
A2.5-W0.6 2.5 [ ‘ 39,8 . J 820,0 0,006917
B
B
B
_

A2.5-W0.7 2.5 . ‘ 42,3 ‘ 783,7 | 0,007037
A3.5-W0.5 35 l P | 47,8 ‘ 843,9 ; 0,005291
A3.5-W0.6 3.5 . ‘ 48,4 ‘ 802,3 : 0,005972

A3.5-W0.7 3.5 . ‘ 49,7

Figure 13. Demonstration of the static compressive strength and dynamic (modal) parameters of the produced
variations using bar graphs.

‘ 744,9 0,007202

Figure 14 shows the relationships between the total pure alkaline activator dosage from all chemical solutions
(PA) and compressive strengths. During the preparation of this figure, as previously deduced, the “A ratio-based
categorization method” was used. Coupled with the findings of Figure 13, it can be concluded that increasing the
A ratio and PA has an increasing effect on compressive strength values.
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Figure 14. Effect of the PA dosages on the strengths of specimens categorized into the A ratio groups.

Figures 15 and 16 show the relationships between the dynamic and static characteristic parameters obtained
at the end of all these tests and analyses. During the preparation of these figures, as previously deduced, the “A
ratio-based categorization method” was used. When comparing the regression coefficient of determination (R?)
values, the resonance frequencies show a stronger relationship than the damping ratios. The reasons were explained
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in detail in the fifth section. The heterogeneity of GPC specimens seems to affect the damping and static strength
more than the resonance frequency characteristics. This prediction is logical since a test sample under vibration
should all oscillate with the same resonance frequencies except for its nodal points. However, since the specimens
in question do not have a homogeneous structure at every location, it is nearly impossible to talk about the same
microstructure, damping ratio, or compressive strength detection throughout the entire section.
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Figure 15. Compressive strength and damping ratio relationships.
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Figure 16. Compressive strength and resonance frequency relationships.

To sum up, most buildings and structures inevitably experience dynamic loadings today. Therefore, the
dynamic characteristics and damping behaviors of structural materials are, at least, just as important as their static
capacities. Hence, today, engineers need co-currently increase the dynamic damping ratios and static compressive
strengths of concrete materials. However, as concluded from the presented literature review, as the static strength
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of OPC concrete increases, its dynamic damping ratio generally decreases. Today, the co-currently increasing
dynamic damping ratio and static compressive strength of OPC concrete material are still challenges to overcome.
These comparisons are made based on the reciprocal changing behaviors of static and dynamic performances.
Numerically comparing the dynamic performances and enhancement methods of OPC concrete with other concrete
types, i.e., geopolymer concrete, is excluded from the scope of this study. Because it is more reasonable to say that
geopolymer concrete and OPC concrete are made using fairly different procedures and that both materials have
unique and specific dynamic performance enhancing strategies, as mentioned by the authors in a prior study [26].

Several investigations on OPC concrete demonstrate that an increased water/cement ratio results in a
reduction in strength but an increase in damping ratio [14, 63]. It is valid for both; GPC and OPC concrete; a
porous structure (water-filled or empty voids) causes an increase in the damping ratios. Dynamic stress waves
undergo more refraction and damping in these porous structures. But the decisive factor for the mechanical
strengths is when the liquid content in both of these materials (GPC and OPC concrete) increases, while a porous
formation that negatively affects the strength occurs in OPC; in GPC, this porosity develops in a way that does not
adversely affect the mechanical strength [64]. Or it can be expressed as follows, the increase in strength due to the
increase in geopolymer development is at a level that can prevent the strength from decreasing due to the additional
porous structure. As deduced from the presented test and analysis results, in the studied analysis range, as the static
compressive strength values increase, generally, the damping ratios increase (positive correlation), and the
resonance frequencies decrease (negative correlation). This behavior should be noted as an essential difference
distinguishing GPC from OPC concrete. However, the SS activator's regression coefficients of determination were
considerably higher than the SH's. In this sense, if the pure sodium silicate dosages (PSS) of the designed
specimens are increased from 55 kg/m? to 98 kg/m? gradually, the damping ratios increase continuously and show
a percentage increase of 17% in the final dosage (seen in Figure 12). Under the same conditions, resonance
frequencies show a 12% reduction (seen in Figure 12). At an exciting point, under the same conditions, the
compressive strength values also increase in parallel with the damping ratio. This percentage increase reaches 39%
in the final dosage (seen in Figures 15 and 16).

7. Conclusions and Future Prospects

This study investigates the co-relationship between the damping and compressive strength of heat-cured low-
calcium fly ash-based geopolymer concrete (GPC) variations produced with variable sodium silicate (SS) and
hydroxide (SH) activators. According to the modal, mechanical, and microstructural tests and analyses, the
following findings have been obtained:

. According to the modal test and analysis results, the damping ratios of specimens generally
increase with the increase of the SS and SH dosages. However, the SS activator's regression coefficients
of determination were considerably higher than the SH's.

. According to the SEM image and XRD-based microstructure analysis, the fly ash (FA)
particles dissolve and react more as the chemical activators increase. A specific porosity is observed. The
dynamic stress waves are predicted to undergo more refraction and damping because of the specific
porous structure mentioned above. In this aspect, the SS activator showed a higher effect and stronger
correlation than the SH.

. According to the compressive strength test results, despite the mentioned specific porous
structure, surprisingly, strength values also co-currently increase with the increase of the SS and SH
dosages.

. Coupled with the modal test and analysis results, positive correlations between the static
compressive strength and dynamic damping ratio were determined for the variable pure sodium hydroxide
(PSH) and pure sodium silicate (PSS) dosages. In this aspect, the PSS values showed a higher effect and
stronger correlation than the PSH.

. In ordinary Portland cement (OPC) concretes, a higher water/cement ratio increases damping
but reduces strength. In GPC, more water from liquid activators increases porosity. However, it also
increases the PSS and hence the degree of polymerisation. Eventually, as the strength improves enough
to offset the negative effects of increased porosity, both damping and strength values increase together.

. The R? values in Figures 11, 12, 15 and 16 show that resonant frequencies have a stronger
correlation with dynamic and static characteristic parameters than damping ratios. This is because
heterogeneity in materials such as GPC or OPC concrete affects damping and static strength more than
resonant frequency properties. While resonant frequencies remain consistent across the cross section,
variations in microstructure, damping ratios and compressive strength are inevitable.
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. As the PSS dosage increased from 55 kg/m? to 98 kg/m?®, the modal damping ratios increased
steadily, reaching a 17% increase at the final dosage. In contrast, the resonant frequencies, which showed
a stronger correlation, decreased by 12%. Interestingly, the compressive strength also increased with the
damping ratio, with a final percentage increase of 39%.

These presented findings are expected to be beneficial for engineers and researchers. With these analyses, the
benefits of appropriately and eco-effectively using this newly developed material are better revealed, and its
widespread use is encouraged. It would be advantageous to carry out more research on the topic using other kinds
of geopolymer concrete and a wider variety of mixing ratios.
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