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Abstract: Alkali-Silica Reaction (ASR), which develops over time into a harmful internal reaction in
concrete, produces a harmful gel due to the reaction between the reactive silica in the aggregate and
the alkalis of the pore solution. Due to the multi-scale nature of this long-term phenomenon,
understanding its mechanism in concrete structures remains difficult to assess. Accelerated Mortar
Bar Testing (AMBT) ASTM C1260 is among the commonly used methods to understand ASR
formation in a short time. In this study, the chemical characterisation of concretes produced from
volcanic rock type basalt aggregate was compared with the chemical characterisation of ASR
concretes after AMBT was applied. In addition, 20% FA was substituted into the concrete to
investigate the effect of fly ash (FA) on ASR. Specimens with limestone aggregate (PL), basalt
aggregate (BBC) and 20% basalt aggregate with fly ash substitution instead of cement (BBC20FA)
were prepared for the investigation. Scanning electron microscopy (SEM), energy dispersive X-ray
spectrometry (EDX), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FI-IR),
thermogravimetric analysis (TGA) and differential thermal analysis (DTA) techniques were used to
characterise the morphology and analytical composition of the concretes. It was determined that
basalt aggregate does not cause ASR and its use with fly ash increases the strength and durability
of concrete.
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1. Introduction

Concrete is a composite building material consisting of cement, water and aggregate. Aggregate
constitutes approximately 70% of the concrete volume [1]. Dolomite and limestone are widely used
and basalt is limitedly used as concrete aggregate. The results of some tests on basalt aggregate
concretes conducted in the middle of the 20th century showed that basalt rocks were superior to other
rocks. Aggregate size, mechanical and chemical properties play an active role in the strength of
concrete [1,2]. In addition to the physical and mechanical properties, the chemical properties of the
aggregate used in concrete must meet certain conditions without any harmful components [3-9].

Aggregates containing reactive silica such as andesite, dacite, rhyolite, basaltic andesite and
cement and alkalis (Naz0, K20) in the environment and the effect of moisture and alkali-aggregate
reaction are formed. The gelatinous structure formed as a result of alkali-aggregate reaction creates
significant cracks and reduces the strength and durability of concrete (Figure 1). ASR gel can cause
slow but severe internal degradation in concrete structures [3-9].

An accelerated test method such as ASTMC 1260 is one of the methods applied to evaluate the
reactivity of the aggregate to ASR. In addition, observation of microstructure with scanning electron
microscope with SEM/EDX and elemental changes in concrete specimens are the methods used to
understand ASR [3,4,9].

According to SEM/EDX, silicon, alkalis and calcium constitute the majority of ASR products
formed in aggregates, characterized by atomic ratios of (Na + K)/Si = 0.25 and Ca/Si = 0.25. [10,11].
ASR products were synthesised at 40 °C to gain a better understanding of the structure, expansion
behavior, and formation conditions of ASR products formed in field concrete. In 100 mL rigid
polyethylene (PE-HD) bottles, specimens were prepared by combining 6.008 g hydrophilic silica,
1.402 g freshly burned CaO, 2.805 g analytical KOH (=285% KOH base), and 50 mL Milli-Q water.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Following 160 and 210 days of storage at 40 °C, the specimens underwent filtering and drying. In
addition to the usual rosette or plate-like morphology, the SEM image acquired for the vacuum-dried
specimen in Figure 1 displays ASR products with narrower plate-like and even rod-like
morphologies [12].

Figure 1. SEM image of the ASR product synthesized by keeping it at 40 °C for 160 days [12].

The crystal structure of the ASR product can be determined despite the poor clarity of the
diffraction patterns caused by the comparatively low crystallinity of nano-sized ASR particles.
According to each crystal phase's particular atomic arrangement, the chemical alteration of each
crystal phase was examined using the X-ray diffraction method (XRD) on the basis of X-rays
diffracting in a distinctive order [12]. ASR products developed in the field and synthetically produced
gels have similar formations [13]. The reflection that is highest at 20 = 26° might be related to the
typical reflection seen in amorphous silicates between 24° and 31°[14].

1.1. Effect of ASR on Durability of Concrete

The alkali-aggregate reaction has been the subject of research since the mid-1930s, following the
discovery of the alkali-silica reaction (ASR) by Thomas Stanton of the California Highway
Department. However, the fact that ASR is both amorphous and crystalline has led to a lack of
understanding of reaction mechanisms, test methods, prediction and diagnosis [15].

Alkali silica reaction (ASR) is a form of concrete deterioration that occurs as a result of the
reaction of the SiO2 in the reactive aggregate present in the aggregates used in concrete additives with
the Na20 and K:O (alkali) components that make up the cement. The formation of ASR gel has been
reported to increase the volumetric expansion in the concrete and create superficial cracks, thus
reducing the strength and durability of the concrete. It has been determined that the use of mineral
additives such as fly ash and silica fume reduces the formation of cracks due to ASR and increases

the strength and durability of concrete [6,8,16-29]. ASR formation mechanism is given in Figure 2.
Reactions caused by ASR take place in two stages [4].

Hy 3510419 + 0.38 NaOH . Nag35Si0, 19 + 0.38 H,0 1)
(Reactive silica) + (alkali) (Alkali silica gels) + (water)
Si0;519 + 1.62NaOH + 0.38 H,0 2Na*H,Si0;*
(Alkali silica gels) + (alkali)}+ — — (Alkaline silicate hydrate gel)- (2)

(moisture) (Expansion)
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Figure 2. The ASR mechanism schematic for concrete structures.

1.2.1. Reactive Aggregates

The chemical structure of the aggregate forming the concrete is important in terms of durability.
Bérubé and Ferruce (1994), in their study, have reported andesite, chert, opal, tridymite, cristobalite,
acidic basalt, and dacite as reactive rocks that cause ASR expansion [30]. On the other hand, they
have reported that rocks such as Dolomite, limestone, chalcedony, quartz caused alkali-carbonate
reaction (ACR) expansion, not ASR. Classification of rocks is given in Figure 3 [31].

It is known that the physical structure of the aggregate also affects the ASR reactivity. It has been
determined that the coarse aggregate is more reactive to ASR than the fine aggregate, and the porosity
of the aggregate particles increases the ASR expansion rate [16,17,32].
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Figure 3. Classification of volcanic rocks (SiO2 - Na2O+K20 TAS diagram) [31].
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1.2.2. Alkalinity of cementations materials

Recent research has categorised cements as low alkaline (Na2O content 0.5%) or high alkaline
(Naz0 content 1.04%). To counteract ASR, highly reactive rocks should only be used in combination
with low alkaline cements [1,3-8].

Although cement contains various alkali metals, sodium Na+ and potassium K+ ions play an
important role in ASR concrete deterioration [3-6].

The formula used to calculate the alkali content of cement is presented below [22].

Na,0eq = Na,0 + 0.658K,0 < %0.6 (3)

In the previous study [9], it was found that the use of basalt aggregate, silica fume and fly ash
increased sulphate resistance by reducing the volumetric expansion of concrete [9,33]. Fly ash can be
used instead of cement due to the closeness of its Blaine value to the cement, and its content of SiOs,
AlOs, FeO, which are chemical components of the cement. Fly ash (FA) transforms into Calcium-
Silicate-Hydrate (C-S-H), which binds to Calcium Hydroxide (CH) from hydration products thanks
to its silicate content and increases its strength over time. Thus, it contributes to the reduction of the
ratio of CH and C3A in the binder. In addition, it has been reported that fly ash, which is substituted
for cement at a rate of 20%, reduces the CaO/SiO: ratio in the mixture, strengthens the C-5-H bond,
and increases the resistance of the concrete against the expansion failures due to ASR by reducing
the amount of sulphate attacks and alkaline in the environment [9,33,34].

This study aims to discuss the mechanisms of ASR-related products using characterization
analyses such as SEM-EDS, XRD and FT-IR after applying the conventional AMBT method to
determine the ASR reactivity of silicate-containing concrete aggregate and Portland cement. This
study is important because it shows the effect of FA substitution in concrete and the chemical content
of the aggregate rock on concrete durability.

2. Materials and Methods

2.1. Materials

CEM I 42.5 N Portland cement (ASTM C type I) with a density of 3.15 g/cm?, Blaine specific
surface of 387 m?/kg and Class C fly ash (FA) with a density of 2.20 g/cm?, Blaine specific surface of
217 m?/kg were used in the experiment. The specific surface areas of the materials were measured in
accordance with EN 196:6 and ASTM C 204 standards [35,36]. The analysis results of fly ash and
Portland cement were conducted at Limak Ergani Cement Plant (Limak Holdings Inc., Ankara,
Turkey). Table 1 shows the chemical composition of Portland cement and FA. Table 2 shows
mineralogical composition of Portland cement. Table 3 shows the physical and mechanical properties
of used aggregate.

Table 1. Chemical composition by XRF of the materials (wt. %).

S5i02Al:03Fe203 Ca0 CaCOsMgOSO3Na20K:0OLOI'Na:0eq"

Cement18.12 5.21 3.03 62.06 - 2.703.21 0.09 0.963.98 0.72
FA 21.6533.55 8.76 27.50 4500.050.84 1.761.29 2.00
Basalt 50.6310.51 6.49 - 2155 332 - 045 1.632.08 2.08

'LOI: Loss on ignition; Na20eq* = Na2O + 0.658 K20

Table 2. Mineralogical composition of Portland cement (wt. %).

3Ca0.5i022Ca0.5i023Ca0.AlL:0s
(CsS) (C:5) (C5A) 4Ca0.Al20s. Fe203  (C4AF)

66.40 1.87 8.68 9.22

Table 3. Properties of the coarse basalt aggregate.
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Compressive Strength (MPa) 92
Schmidt hammer (MPa) 50
Water absorption (%) 2.70 <3.0 [37]
LA Abrassion loss (%) 27 <50 (500 cycles) [38]
Density (g/ cm®) 2.78 <2.70 [39]

In order to classify igneous rocks, samples were taken from the central parts of Cizre, Sirnak
(Southeast of Turkey) and all samples shared the same fundamental features [31]. The mineralogy,
petrography and petrology of the volcanics of the Cizre region used in the experiment, whose X-ray
Fluorescence (XRF) analysis is given in Table 1, were determined as basalt according to Figure 3.
According to Table 1, Due to its low SiO2 concentration, which is less than 51%, the chemical studies
of the Cizre basalt specimens demonstrate that it is basic and unlikely to be a reactive aggregate to
ASR [6].

The temperature at which the fly ash burns and the cooling rate determine how the particles will
appear [40]. Most of the Particles observed in the study were solid spheres ranging in size from about
1 to 100 um. SEM image of fly ash and Portland cement is given in Figure 4 and XRD analysis is given

in Figure 5.

(b)

Figure 4. a) fly ash b) Portland cement SEM image.

Fly ash the absence of a hump or "halo" around the sharp broad peak centred at approximately
25.49° 20 in the diffractogram indicates that the fly ash is Class C [41]. Class C fly ash is normally
produced from lignite and lower bituminous coals and usually contains significant amounts of
calcium hydroxide or lime [42] . In the XRD analysis of Portland cement, CsS, C2S, CsA and C4AF
were detected as the main components, and it is seen that the XRD pattern of the cement has a
crystalline structure suitable for a typical Portland cement.

! Fly Ash| 1. Quartz 4 45 [CEM1425N] ¢ 28
)

2. Hgmatite 45 6.C,A
3. Lime 7. C,LAF
8. CaO

intensity

15 20 25 30 35 40 45 50 55 60 15 20 25 30 35 40 45 50 55 60
20 (%) 20 ()

(a) (b)

Figure 5. a) fly ash b) Portland cement XRD analyses.
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Class C fly ash differs from Class F fly ash primarily by having a higher calcium content.
Previous studies have noted that much of the literature is on the activation of low-calcium fly ashes,
where calcium is primarily considered as a contaminant that produces various hydrate[43,44]
assemblages that can cause a decrease in strength [45]and a slowing of the reaction rate [46].
However, some studies have revealed that Class C fly ash has both pozzolanic and cementitious
qualities [42].

2.2. Preparation of Specimens

For testing, 25 mm x 25 mm x 285 mm (1 in x 1 in x 11.25 in) mortar specimens were
manufactured to ASTM C150 standard aggregate gradation. As part of the test protocol, the
specimens were fully immersed in 1 M NaOH solution for 14 days at 80 °C (176 °F). Specimens
prepared in accordance with ASTMC 1260 standards were tested in the construction laboratory of
TSI (Turkish Standards Institute), and the elongation of the mortar rods was determined. The
specimens were brought into a suitable form for the characterisation methods. Then, the specimens
were brought into a form suitable for characterisation methods. The results obtained from ASR
concrete and ASR gel were compared with the results obtained in studies of other authors.

In addition, to determine the effect of the solution on the compressive strength, the BBC and
BBC20FA designs prepared for the ASTMC 1260 test were poured into a 4 cm*4 cm*16 cm mortar bar
mould. After curing the concrete specimens for 28 days, one group of mortar bars was exposed to
hydropath (T = 20 + 2 °C and R.H. = 95%) and the other group was exposed to ASTMC 1260 test
conditions (IM NaOH, 80°C) for 14 days. After 14 days, specimens from the NaOH solution were
combined with the other group to better understand the changes in hydration products and the effect
of fly ash on concreteThe mortar bars were cut with a concrete cutting saw to obtain 4 cm cube
specimens which were then crushed in a cement press to determine the compressive strength values
(Figure 6).

5 'Lz\ =

cement press machine

Figure 6. Preparation of specimens for compressive strength test.

Concrete specimens with a water/binder ratio = 0.47 were prepared and placed in a 25x25x285
mm mold as required by ASTMC1260 [47]. Cizre basalt was used as aggregate, Portland cement and
fly ash as binder. Specimens were produced with 20 wt% substitution of basalt aggregate (BBC) and
fly ash (BBC20FA) instead of cement. For comparison, limestone aggregate was used in PL (Plain)
concrete. The mix design of the test specimens is given in Table 3 in the proportions specified by
ASTM 1260 [47].

Table 4. Concrete mixture.

Sieves
No:4 No:8 No:l6 No:30 No:50
Specimens %10 %25 %25 %25 %15
Aggregate Ct FA2 W3  W/B* C/A5
Gram
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PL 99 2475 2475 247.5 1485 440 - 206.8 047 225
BBC 99 2475 2475 247.5 148.5 440 - 206.8 047 225
BBC20FA 99 2475 2475 247.5 1485 352 88 2068 047 225

1C=Cement; 2FA= Fly Ash;? W= Water; *‘W/B= Water- Binding ratio; °C/A= Cement- Aggregate ratio

2.3. Mechanical Properties

Compressive strength values were calculated by breaking in a YKM-CM106 model press
machine calibrated by TURKAK (Turkish Accreditation Agency, Ankara, Turkey) in the construction
laboratory of Siirt University (Siirt, Turkey). 50 N/s were loaded at a rate. To confirm the accuracy of
the findings, three specimens of each concrete type were analysed and averaged.

2.4. Mineralogical and Chemical Characterisation

The microstructural structure of the mortars is the structure that occurs at the binder/aggregate
intersection reactions under SEM can be examined [48]. After confirming existing knowledge,
specimens were obtained from the outer edge of each broken specimen for SEM examination to assist
understand the mechanisms underlying the strength disparities. The specimens were brought to a
suitable form for the SEM device. In order to take images, the surface to be imaged was made
conductive with the help of an Au coating device. We placed our specimens in the chamber part of
our SEM device. We started our process. SEM analyses were performed at room temperature. Surface
morphologies of the specimens were characterized with scanning electron microscopy SEM, LEO-
EVO 40 (Cambridge-England) at various scales. For the scanned regions, energy-dispersive X-ray
spectroscopy (EDX) using a Bruker-125 eV (Berlin, Germany) was used. A Rigaku RINT-2000
diffractometer was used to record the products' X-ray diffraction patterns. Cu-Ka radiation was
applied to the specimens at a voltage of 40 kV and a current of 15 mA. Furthermore, XRD analyses
were performed at a wavelength of 1.5406 (A) between 10° and 90°, scanning at a rate of 2° per minute
and with a step speed of 0.02°. The Origin Jasco FT-IR spectrometer was used to recognize the
mineralogical characteristics of the mortars, the infrared spectra of mortars specimen was recorded
in the region 400-4000 cm™. The resolution of the instrument is 0.001 cm and the accuracy is 74 cm-
1. The Origin Jasco FT-IR spectrometer was used to recognize the mineralogical characteristics of the
mortars, the infrared spectra of mortars sample was recorded in the region 400-4000 cm. The
resolution of the instrument is 0.001 cm™? and the accuracy is 74 cm!. Thermogravimetric analysis
(TGA) and differential thermal analysis (DTA) were carried out in a nitrogen atmosphere with a
heating rate of 10 °C/min. using Shimadzu DTG60 AH (Shimadzu DSC 60 A) thermal analysers. A
sample size of 19- 22 mg was used.

3. Results and Discussion

3.1. Accelerated Mortar Bar Testing (AMBT) ASTM C1260

According to ASTMC 1260, average elongation rate of mortar rods <0.10% non-hazardous
aggregate in terms of alkali silica reactivity, 0.10% <mean elongation <0.20% potentially hazardous
aggregates, mean elongation rate >0.20% are considered hazardous aggregates [47].

AMBT was carried out by the method of accelerated expansion of mortar bars of alkali-silica
reactivity of aggregates. Length change measurements were made at the end of 3, 7, and 14 days.
Equation 5 was used to determine the percentages of change in unit length:

Mortar bar expansion (L) = L“—;L" x 100 5)

non

Where L is the length change at age "x" days (%), Lo is the initial comparator reading of the
specimen less the initial comparator reading of the reference bar (mm), G is the nominal gauge length
(285 mm), and Ln is the comparator reading of the specimen at age "x" minus the comparator reading
of the reference bar at age "x" (mm). Figure 7 displays changes in length based on ASTM C 1260

standards.
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Figure 7. Expansion amounts of specimens according to ASTMC 1260.

According to Figure 7, after 3, 7 and 14 days after AMBT analysis, 0.010%, 0.015%, 0.024%
elongation was measured in limestone aggregate concrete (PL), 0.020%, 0.032%, 0.045% elongation
was measured in basalt aggregate concrete (BBC), 0.020%, 0.032% and 0.045% elongation was
measured in basalt aggregate concrete with 20% fly ash substitution (BBC20FA), respectively.

(a) (b)

Figure 8. Macro images of BBC (PL) and BBC20FA (FA) bar specimens with curing conditions in (a)
hydropath and (b) 1M NaOH at 80°C.

According to Figure 8, when the macro image of the specimens kept in the NaOH solution is
examined, the spills on their surfaces are visible to the naked eye (Figure 8b).

3.2. Compressive Strength

Concrete specimens (40x40x160 mm), after 28 days of hydropath, were immersed in 1 M NaOH
solution at 80 °C for 14 days and then dried in a drying oven at 105 °C for 4 h. After the specimens
prepared for the experiment were kept in hydropathy and NaOH solution, they were turned into 4
cm cubes as shown in Figure 4. The strength of the concrete specimens was tested. The compressive
strength values of the specimens are shown in Figure 6. Then, the non-immersed specimen in
hydropath was used as a reference and the strength loss rate was determined using Equation 6.
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cS, = % x 100% (6)

PL

Where C5Sx is the compressive strength of the concrete specimens exposed to a 1M NaOH
solution (MPa), CSpr is the compressive strength of the concrete specimens in hydropath (MPa), and
CSv is the percentage loss of the specimen's compressive strength. As a result, the specimens' alkali
resistance was determined by measuring their rate of strength loss; a high rate of strength loss
indicates poor alkali resistance, whereas a low rate of strength loss indicates good alkali resistance.

46 - 45.15

44

42
EPL

m BBC
mBBC20FA

40

38

36

Compressive Strength (MPa)

34

Hydropath 1M NaOH oC

Figure 9. Compressive strength values at the end of 6 weeks.

Figure 9 clearly shows that NaOH solution treated fly ash can; increase the compressive strength
of basalt aggregate concrete. Fly ash replacement provided more than 10% increase in strength in
both cure conditions. In addition, NaOH solution caused 3.19% 2.79% and 3.01% strength loss in PL,
BBC and BBC20FA specimens, respectively Table 5.

Table 5. Compressive strength values and strength losses.

Hydropath 1M NaOH 80°C  Strength loss (CSv),%

PL 39.10 MPa 37.85 MPa -3.19

BBC 40.95 MPa 39.84 MPa -2.79

BBC20FA 45.15 MPa 43.83 MPa -3.01
FAE +10.25% +10.01%

FAE" = Effect of Fly Ash admixture on compressive strength of concrete

3.3. SEM-EDX analysis

After testing the compressive strength of the specimens exposed to the ASTM C 1260 test, the
remaining parts were brought into a suitable form for the examination of their microstructures. In
addition to ordinary hydration products such as C-5-H bond, Portlandite and Ettringite Figure 10,
ASR-like products Figure 11 with crystalline structure were also observed in the samples. These
needle-like products were similar to the crystalline ASR product shown in Figure 1.
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(b) ()

Figure 10. BBC20FA specimens of a) Macro crack SEM images b) hydration products that cause
macro-crack SEM images c) EDX analysis.

Halite
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Figure 11. SEM images of BBC specimen.

When sufficient calcium (Ca?* ) is present in the hydration products, expansion occurs and is in
the form of portlandite. Expansion is caused by the development of calcium-rich gels. Furthermore,
calcium increases the viscosity of the formed gel, causing it to grow. In contrast, several investigations
have indicated that adding CaO to concretes containing fly ash or silica fume lowers expansion
[45,46]. It has been determined that the decrease in sodium (Na*), potassium (K*) density decreases
the volumetric expansion [51].

The creation of a zeolite barrier with aluminium (Al) adsorption reduces the silica dissolving
rate from the aggregates on the reactive silica surface, the swelling of the ASR gel, the pore structure,
and the permeability of the concrete [52-56].

The chemical formations of the basalt based aggregate specimens were determined by EDX and
their results are shown in Table 6.

Table 6. Chemical composition of basalt based concrete mixture EDX result (% by weight) Mean
values with standard deviations.

, Ca Si AINaK FeTiMg 0 YAt K Ca Na
Specimens Si Si K

Atom %
BBC 19.511.03.31.90.41.8 - 0.346.3 0.20 1.774.95
BBC20FA 6.8 15.38.01.50.30.3.08.0467.0 0.12 0.444.62

ASR'  5.320.90.41.43.20.1 - - 68.6 0.22 0.360.46
ASR? 45194 - 2.83.705 - - 69.0 0.34 0.230.76
ASR3> 45199 - 0836 - - - 712 0.26 0.250.61

123 ASR: ASR concrete (Leeman et.al. 2011)

When the EDX analyses of BBC20FA and BBC specimens were compared according to the table,
it was determined that fly ash substitution decreased the calcium, sodium and potassium amounts
and increased the amount of aluminium. For this case, it is possible to say that the fly ash substitution
reduces the volumetric expansion and the cracks associated with it.

When the EDX analysis results were compared to the ASR concrete specimens in the study of
Leeman et al [44], the fact that the ratio of total alkali amount to silicate (Na-K)/Si of the test specimens
is low and the calcium-silicate ratio is high in Ca/Si indicates that ASR products are not formed. In
addition, the dramatic reduction of the Ca/Si ratio in the environment from 1.77 to 0.44 by the fly ash
substitution is an indication that it contributes to the increase in strength.

Sodium analysis with EDX is unreliable due to evaporation, but there is no significant sodium.
The low Na content of BBC20FA indicates low permeability of the NaOH solution of the fly ash (Table
6).

Leeman et al. (2011) [49], ASR products contain low levels of Mg, Al and Fe elements. Ca/Si ratio
is < 0.4. Generally, Ca increases as the alkali (Na, K) content in cement paste decreases. It varies
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according to the aggregate type in the crack area filled with such products, increases the Ca/Si ratio.
The approximate proportions of amorphous ASR products formed in concrete aggregates ranges
from (Na + K) / 5i = 0.26-0.40, Ca / Si = 0.07-0.33, Na/K =0.62-1.41[57]. Thomas [50] the composition of
ASR gels identified in 7-year-old laboratory concrete and a 55-year-old concrete dam was compared
to the composition of calcium-silicate hydrate (C-S-H) in the dam's concrete. The composition is
diverse, although there appears to be a decent link between the alkali and calcium amounts (i.e., as
the calcium content increases, the alkali content decreases). The EDX result of BBC and BBC20FA
specimens was compared with the results of ASR concretes [49,50]. Comparison of (Na + K)/Si ratios
and Ca/Si ratios of BBC20FA and BBC specimens with ASR concretes are given in the Figurel2.

¢ BBC20FA O 7-Year-Old Concrete : Gel in aggregate
mBBC A 7-Year-Old Concrete : Gel in aggregate
ASRI € 55-Year-Old Concrete Gel
ASR2 ® C-S-H
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Figure 12. (Na + K)/Si-ratio of concretes BBC, BBC20FA (1M NaOH at 80° C) and ASR concretes as a
function of their Ca/Si-ratio.

C-A-5-H phases supported by Si and Al in the environment from the clay matrix show that the
distance from the portlandite (CH) near the origin in the Al/Ca-Si/Ca diagram shows that it is
transformed into C-S-H by consuming CH (Figure 13). The highest Si/Ca group is attributed to C-S-
H, the lowest Si/Ca group is attributed to portlandite (CH) [58].
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Figure 13. Atomic ratios of Al/Ca and Si/Ca for the EDX tests of C-A-S-H.
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Figure 13 shows that fly ash substitution causes an increase in the C-S-H bond and the
mechanical analysis results support the increase in strength with FA substitution.

3.2.3. X-Ray Diffraction (XRD)

XRD analyses of basalt aggregate specimens offer a very rich phase diversity. XRD analysis
showed that the aggregate used was igneous rock, supporting the chemical analysis. Albite
(NaAlSisOs)[59] , which has a high silica content, Diopside (MgCaSi206)[59,60] which is found in
high-silica basic and ultrabasic magmatic rocks, Microcline (KAIlSi3Os) mineral, an important
magmatic rock common in granites and pegmatites [61], Alabandite (Mn*S) and There were rare
Beryllium (Be) and Anorthite (CaAl:5i20s) on earth [62,63]. It was also present in peaks belonging to
sodium sulphate water. Accordingly, there were also peaks belonging to Halite (H) salts. Hydration
products included peaks of Portlandite (P), Calcite (C), Ettringite (E) and Quartz (Q).

XRD analysis of cement-based mortars has a halo with a maximum at 20 = 25, which is typical
for amorphous silica a-5i02[13,64]. This halo continues to be seen after ASR, but as ASR continues,
the maximum of the halo is found to shift towards higher 20 values. The shift of the maximum halos
obtained by XRD is a good fingerprint to follow the ASR of a-5iO: The XRD pattern for the four gel
samples is displayed in Figure 14. The reflection that is highest at 20 = 26° could be linked to the
typical reflection found in amorphous silicates between 24°and 31°.

After ASR, this halo is still visible, but as ASR goes on, it is observed that the maximum halo is
shifting towards higher 20 values. The XRD shift of the maximum halos is a useful fingerprint for
tracking the a-SiO> ASR [64]. The XRD pattern for four gel samples is displayed in Figure 14. In
amorphous silicates, the reflection typically observed between 24°and 31° can be correlated with the
strongest reflection at 20 = 26°.

[65]. XRD traces of four ASR gels [13] were compared with the samples used in the study.

D ASR gel !

C ASR gel

B ASR gel !

A ASR gel

intensity (a.u.)

BBC20FA
Si

BBC E

PL

20 ()

Figure 14. X-ray diffraction patterns of the four kinds of ASR gel and PL, BBC, BBC20FA (C= Calcite,
D= Diopside E=Ettringite, H=Halite, P=Portlandite, Si= Silicon dioxide).

3.24. FT-IR

do0i:10.20944/preprints202401.0494.v1
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FTIR spectroscopy is a useful, simple application for detecting chemical bonds and determining
chemical combinations within any material. BBC and BBC20FA prepared with basalt aggregate were
compared with the ASR gel product in the study of Tambelli et al. (2006) [13] by FTIR analysis.

The ASR-caused cracks in the Furnas hydroelectric Rio Grande dam (Minas Gerais, Brazil) are
where the ASR gel specimens were taken from. Over the course of several years, the gel specimens
spontaneously emerged from the drain gallery walls and formed hard pieces with typical volumes
of around 1 cm? [13]. FT-IR analysis of the ASR gel [13] and PL, BBC, BBC20FA from the Furnas
hydroelectric dam is shown comparatively in Figure 15.
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Figure 15. FTIR analysis of PL, BBC, BBC20FA and ASR gel.

According to the FI-IR spectrum Fig15, the ASR gel peaks are very different from the concrete
samples. It also showed that the use of fly ash and fine volcanic aggregates in concrete caused a
significant increase in calcite and C-S-H peaks.

Data from the literature can be used to attribute the detected bands. Numerous bands are
connected to the amorphous silica: Si-O-X stretching where X = K or Na (953 cm), as well as
asymmetric and symmetric stretch 5i-O (1154 and 1037 cm, respectively). O-5i-O bending (457-600
cm?) and symmetric stretch (783 cm?) [66-68]. The bending of H20 in the band from 1642 to 1660 cm
T indicates the presence of molecular water. Additionally, stretching of X—-OH, where X = H or Sj, is
linked to the broad band that spans 2300-3700 cm!, suggesting that there are a significant number of
OH groups present in the silica matrix [13,69]. However, the band at 1470 cm indicates the existence
of carbonates because it corresponds to COs?anions [70].

Table 6. Summarized data of Figure 15.

Wave number range (cm?) Assignment Compound formation References
530-558 Si-O out of plane bending Ettringite [71-73]
882-890 COs> Carbonates [73]
969-1004 5i-O stretching and vibration C-S-H [71,73-75]
1520-1524 COs> Calcium carbonate [74,75]
1636-1646 H-O-H - [73,76]
1640-1650 C-H bending Chemically bonded water [73,76]
3200-3400 O-H H:0 [74,77]
3618-3627 O-H Portlandite [72,74]

3.2.5. Thermogravimetric and Differential Thermal Analysis (TGA/ DTA)

The free water still present in the specimens is transported up to approximately 100 °C. Water
loss occurs in concrete between 100-250 °C (Peak1). It should be mentioned that the water in concrete
is composed of three different types: chemically bonded water found in calcium hydroxide (CH),
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calcium silicate hydrate (C-S-H), and capillary water. Capillary water and physically absorbed water
occupy most of the weight of the cement paste, and most of the C-S-H origin water is expelled from
the concrete by evaporation when the ambient temperature is above 250 °‘C. Additionally, CH
transformation at 450 °C causes a significant mass loss. Between 450 and 550 °C, portlandite
decomposes into free lime (dihydroxylation) [78-80]. A weak endothermic peak at 650 °C is attributed
to the decomposition of calcite. Platret (2002) [80] found that between 600 and 700 °C, C-S-H
decomposes to form (3-C2S in his study. The specimen heated at 750 °C shows the complete conversion
of CH and CaCO:s to CaO [81,82].

According to recent studies, the use of fly ash and fine volcanic aggregates in concrete increases
the production of calcite, secondary C-5-H and C-S-A-H, which improves the matrix microstructure
and increases the compressive strength. [9,83-86]. Losses due to Ca(OH)2 and CaCOs were evident in
the PL sample, while no sharp peaks were observed in the basalt-based samples Fig 16.
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Figure 16. Thermogravimetric analysis (TGA and DTA) of specimens heated at various
temperatures.

According to Figure 16, the losses due to Ca(OH)2 and CaCOs were evident in the PL specimen,
while no sharp peaks were observed in the basalt-based specimens. mass losses were found to be
19.31, 18.29, 21.80 % in BBC, BBC20FA, PL specimens, respectively. this result indicates that basalt
aggregate and fly ash contribute to the formation of C-5-H in the strength process.

5. Conclusions

February 6, 2023 Kahramanmaras, Turkey, 7.8 Mw, 7.6 Mw earthquakes. After the collapse of
more than 90,000 reinforced concrete buildings [87], the issues of improving concrete quality and
investigating strength and durability issues have gained importance. It is also important to
investigate and utilize alternative rocks for concrete aggregate in reconstructed buildings to meet the
need for raw materials.

When the chemical component values of Cizre basalt were examined, it was found that the 5iO:z
amount was 50.63% and it was basic in character, in the test performed in ASTM C 1260 standards,
the volumetric expansion of the basalt aggregate specimen was within the limit values ASR gels were
not found with SEM and EDX in which microstructure were examined, and it was determined that
Cizre basalt was not reactive to ASR in concrete. According to the XRD analysis, the use of fly ash
decreased in Ettringite and CH phases, and an increase in the formation of C-S-H was detected.
Therefore, it is possible to say that the use of basalt aggregate and fly ash increases the strength and
durability of concrete.
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With the use of fly ash, Si bound to CH, one of the hydration products, strengthened the C-S-H
bond and increased the strength and durability. According to mechanical tests, 20% fly ash
replacement increased the compressive strength value up to 10%. However, NaOH solution
decreased the concrete strength by 3%.

It was concluded that igneous rocks showing basaltic properties in petrographic analysis can be
used in the concrete industry since they are not reactive against ASR. In case reactive aggregates are
used in concrete, it is possible to say that 20% fly ash replacement can be used as a measure against
ASR.

It would be wrong to evaluate the decrease in the service life of concrete only economically. The
inefficient use of the materials that make up the concrete brings with it environmental-ecological
problems. Appropriate design of the concrete according to the environmental conditions and
knowing the petrographic structure of the aggregate used will prevent the deterioration of the
concrete in later ages and increase its service life. Thus, both economic and environmental
deformations will be prevented.
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