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A B S T R A C T

The concrete industry is eagerly pursuing the economic advantages of concrete and the
improvement of its long-term properties. One of the most effective approaches to improve
concrete properties is associated with replacing part of the Portland cement with
pozzolanic additives. Although commercial pozzolans like silica fume have proven to be
effective, they come at a high cost. Therefore, the modern construction industry is
researching pozzolan alternatives. These new pozzolans could come as by-products from
different industries, usually accompanied by low-prices, but their efficiency is questionable
in most cases. Therefore, fast and reliable evaluation of the materials’ efficiency is
necessary. This study aims to summarize techniques adapted for evaluation of pozzolanic
materials in a roadmap and do evaluation of waste stream pozzolanic materials. Four
characterization directions were considered – chemical and physical analysis (i and ii) and
direct and indirect pozzolanic activity test methods (iii and iv). Five commercial or waste
stream pozzolanic materials were compared and results evaluated. Industrial by-products
(glass E, glass K, metakaolin) are studied as alternative pozzolans and compared to silica
fume and fly ash. Selected materials are evaluated using testing methods, such as XRF, FTIR,
XRD, micro-granulometry, BET, Frattini test, saturated lime test, strength activity index and
alkali–silica reaction tests. The evaluation roadmap for pozzolan quality assessment
is proposed. Results indicate that commercial material silica fume can meet the
requirements followed by the test procedures given in roadmap. Promising result was
obtained for E glass which also passed the quality assessment and showed respectable
performance results. Rest of materials failed such an important parameter as alkali content.
Besides, it was concluded that only complex dissemination provides a trusted result, as the
Frattini test and saturated lime test showed promising results, the results do not always
match the results of the strength activity index and alkali–silica reaction.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
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1. Introduction

According to the Resource Efficiency Roadmap, the building sector is one of the key sectors addressing the challenges of
energy, climate change and resource efficiency [1]. The presence of legally binding guidelines in EU legislation regarding
waste has already contributed significantly to waste management practices and innovations in the field of recycling; it has
also limited the landfilling process and created incentives to change consumer habits. Thus, it is important to focus on the
efficient use of resources by replacing commercially-available products with industrial by-products or waste materials. The
concrete industry is the largest in the building sector, so the focus of reaching the targets mentioned above is in the daily
scope for engineers and researchers. Reducing the costly and environmentally aggressive Portland cement and increasing
concrete durability are the targets that act as guidelines for concrete development. Both issues have proven to be partially
solved by incorporating supplementary cementitious materials, also known as pozzolans, in concrete composition.
Following the American standard ASTM C125, the pozzolans contain siliceous and aluminous materials, which possess little
or no cementitious value but will, in finely divided forms in the presence of moisture, react chemically with calcium
hydroxide at ordinary temperatures to form compounds possessing cementitious properties [2]. Pozzolans are usually
introduced in the composition of concrete to reduce the amount of cement needed and improve its durability [3–5].
Pozzolans reduce absorption, permeability and ion diffusivity by reducing the porosity of the binder due to the formation of a
calcium silicate hydrate gel from the pozzolan and excess Ca(OH)2 coming from the Portland cement. The amount of
pozzolans introduced varies, from 5 to 40 wt.% of the cement [6]. The typical natural pozzolans are metakaolin [7], pumice
[8] and natural zeolites [9], while the most popular commercial material used as a pozzolan in the concrete industry is silica
fume and fly ash [10,11]. Different waste-origin pozzolans are being intensively researched as alternatives to existing ones,
and the most promising are calcined clay and glass waste, different types of ashes including coal bottom ash, which could
reduce the total cement content by 20 wt.%, retaining the given strength class and also reducing concrete cost by 9% [12–14].
The major concern regarding the use of waste glass as supplementary cementitious materials are alkali content. It is
concluded that alkali content within glasses should be limited to a maximum of 4% [13]. This is why in this research two
types of glasses were evaluated regarding to its alkali content – low alkali glass (<4%) and high alkali content glass (>4%).

It is well-known that pozzolanic activity mainly depends on the amount of amorphous silica and alumina in the
composition of the pozzolanic material [15]. However, it is also affected by other properties such as specific surface area and
particle size distribution [16]. One exact and trusted instrumental method that fully evaluates the efficiency of pozzolans is
not yet known. X-ray fluorescence (XRF) and X-ray diffraction (XRD) are instrumental test methods that give an initial idea
about materials as potential pozzolans by the determination of silica and aluminium oxide in composition (by XRF) and by
the determination of the amorphous phase (by XRD). A higher surface area and smaller particle size may ensure more rapid
chemical reactions, which are important factors for pozzolans to describe their pozzolanic activity [17], [18]. The pozzolanic
activity can be directly assessed by test methods like the Frattini test and saturated lime test. The Frattini test describes the
dissolved Ca2+ and OH- concentrations in a solution containing saturated lime and the test pozzolan, while the saturated
lime test shows the amount of the dissolved Ca2+ and OH- concentrations in a solution containing CEM I and the test
pozzolan. Alternatively, pozzolan activity can be evaluated indirectly by the strength activity index (SAI) following BS 3892
[19]. In this case, the mortar must maintain 75% of the compressive strength, with 20% of the cement replaced by pozzolans
[19].

The aim of this research is the evaluation of industrial by-products through developed evaluation roadmap based and
fundamental instrumental investigation methods for fast and reliable evaluation of pozzolans coming from industrial by-
products. Thus, three different potential pozzolans – glass E, glass K and metakaolin were studied and compared with a
commercially-available pozzolan – silica fume and fly ash.

2. materials and Methods

2.1. Raw materials

Five different high silica and alumina containing materials were studied as pozzolans. The chemical compositions of all
solid raw materials used are given in Table 1.
Table 1
Chemical composition of solid raw materials (weight%).

Al2O3 SiO2 CaO SO3 MgO Fe2O3 Na2O K2O B2O3 LOI Other

CEM 3.9 18.8 63.2 3.3 3.2 3.0 0.2 1.1 0.0 3.0 0.3
SF 0.2 98.4 0.2 0.1 0.0 0.0 0.2 0.2 0.0 0.5 0.2
EG 14.1 52.3 23.4 0.2 0.0 0.4 0.9 0.0 8.5 0.05 0.15
KG 2.8 76.1 0.0 0.0 0.0 0.1 21.0 0.0 0.0 0.05 0
MK 39.6 48.0 0.9 0.1 0.4 0.9 8.9 0.0 0.0 1.0 0.2
FA 27.5 50.8 2.9 0.65 1.3 6.4 0.6 2.2 0.0 1.4 6.25
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Silica fume (SF) preparation Elkem Microsilica Grade 971-U (Norway) was used in the of the pastes and mortars as a
commercially-available pozzolanic additive, whose chemical composition is given in Table 1. Coarse particles > 45 mm were
0.2%; bulk density was 300 kg/m3. The specific gravity of the SF was 2.15 g/cm3. SF was used as the reference pozzolan.

Fly ash (FA) is a commercial material from the coal-fired power plant Ostroleka (Poland). The studied FA is class F, in
accordance with the ASTM standard C6128–03.

Glass E (EG) and glass K (KG) were taken from the glass fibre factory Valmiera Glass Group JSC (Latvia), where they produce
different types of glass products, including glass fibres. This study used the surpluses of glass fibres. Glass fibres
approximately 50 mm long were cut and ground in the planetary ball mill Retsch PM 400 with a speed of 300 rpm for
30 minutes to obtain a powdered material.

Metakaolin (MK) was obtained from the porous glass granule production factory Stikloporas UAB (Lithuania). In this case,
the metakaolin is a by-product from the final stage of expanded glass granule production, where kaolinite clay powder is
used as a substance for anti-agglomeration at 850 �C for 40–50 m. MK is characterised as having a higher alkali content than
metakaolin obtained from pure kaolin because, during production, glass powder particles with a high alkali content remain
in MK.

The research used CEM I 42.5 N-type Portland cement (CEM) made by Cemex Ltd (Latvia) to describe the impact of the
chosen pozzolans on cement mortars and for the Frattini test. The specific gravity and fineness (Blaine) of the cement were
3.15 g/cm3 and 3787 cm2/g, respectively. The chemical composition of the cement is given in Table 1. The mineral
composition of the cement clinker is: C3S: 57.7%, C2S: 18.2%, C3A: 6.4%, C4AF: 9.8%, CaOfree: 2.0% and Na2Oekv: 0.9%. Hydrated
lime CL90 (CL) provided by Lhoist Poland Ltd (Poland) was used as a Ca2+ source for the pozzolan activity test.

Commercially-available quartz sand < 4 mm produced by Saulkalne Ltd. (Latvia) was used as fillers for cement mortars.

2.2. Techniques

The particle size distribution in powdered materials was determined by the Analysette 22 NanoTec laser granulometer.
The specific surface area and porosity of the pozzolans were studied via nitrogen sorption and desorption based on the
Brunauer–Emmett–Teller (BET) theory [20]. The specific surface area was measured using QUADRASORB SI (Quantachrome
Instruments, Boynton Beach, USA) equipment. Degassing was performed to remove moisture and other contaminants from
the surface of specimens, according to the IUPAC guidelines. The degassing was performed for 24 h at 100 �C using Autosorb
Degasser Model AD-9.

The XRD characterisation of studied pozzolans was performed using a BRUKER-AXS D8 ADVANCE X-ray diffractometer,
using CuKα1, α2 radiation in the range of 5–70� (2u).

The Varian 800 FT-IR Scimitar Series spectrometer was used to obtain FTIR spectra in the range from 1600 to 400 cm-1

with a resolution of 4 cm-1. Specimens for the FTIR measurements were prepared via mixing 300 mg of KBr with 1 mg of the
sample.

The Frattini test described in EN 196-5 was used to describe the pozzolan activity [21]. For each direct pozzolan
assessment method three parallel measurements were done and mean value calculated. First, 4 g of respective pozzolan and
16 g of CEM were mixed with 100 ml of distilled water. After eight days, the samples were filtered and cooled to ambient
temperature in sealed Buchner funnels. Obtained liquids were analysed for OH- by titration against dilute HCl with a methyl
orange indicator and for Ca2+ by pH adjustment to 13 [22]. Results are presented as a graph of Ca2+, expressed as equivalent
CaO, in mmol on the y-axis versus OH- in mmol on the x-axis. The solubility curve of Ca(OH)2 was plotted to describe the
pozzolanic activity: results of samples lying below this curve indicate the removal of Ca2+ from the solution – those samples
can be assumed as pozzolans. The results of samples lying on the curve are indicative of zero pozzolanic activity, and results
above the curve correspond to no pozzolanic activity. At the same time, it is worth noting that this test method does not
assume other sources of soluble calcium that might be present in the system, as leaching of calcium would invalidate this
approach.

For the saturated lime test, 2 g of hydrated lime were dissolved in 1 l of distilled water to obtain the lime solution [4].
Then, the testing samples were prepared by mixing 1 g of pozzolan with 75 ml of the previously obtained lime solution.
Prepared testing samples were left in a sealed plastic bottle in an oven at 40 �C for 1, 3, 7 and 28 days. After a set time, samples
Table 2
Compositions of studied samples for SAI and ASR tests.

Composition Solid compounds, mass part Plasticiser W/(C + P)

CEM Pozzolans Quartz sand

SF EG KG MK FA

C-REF 1.00 3.00 0.0 0.50
C-SF 0.80 0.20 1.8 0.50
C-EG 0.80 0.20 0.9 0.50
C-KG 0.80 0.20 0.2 0.50
C-MK 0.80 0.20 0.2 0.50
C-FA 0.80 0.20 0.0 0.50
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were filtered and titrated to quantify the amount of fixed lime. Results are reported as mmol CaO fixed or % total CaO fixed per
1 g of tested pozzolan.

The procedure of SAI testing was based on BS 3892 [19]. Control mortar cubes were prepared by mixing 1350 g quartz
sand, 450 g CEM and 225 ml water by hand mixer for 5 minutes. Test samples were prepared in the same manner, except that
20% of the CEM was replaced with the pozzolan. All compositions are presented in Table 2. Flow tests were carried out on
pastes, according to EN 1015-3 [23]. The water to binder ratio was altered to give the mixture the same flow properties as the
control mortar (�5 mm). Mortar pastes were then remixed for 30 s and cast into six50 mm cubes with the aid of a vibrating
table. Samples were de-moulded after 24 h and placed in a water bath at 20 � 2 �C for 6 or 27 days. They were then removed
from the bath, surface dried and tested for 7- or 28-day compressive strength. Strength results reported are the averages of
three tests and are presented as percentage strength relative to the control mortar with the SAI reported as:
SAI ¼ A
B�100%= ð1Þ
where A is the unconfined compressive strength of the test pozzolan specimen (MPa), and B is the unconfined compressive
strength of the control mortar (MPa). According to BS 3892, SAI results greater than 0.80 after 28 days are indicative of
positive pozzolanic activity for FA for a cement replacement of 30%. However, ASTM C618 requires an SAI greater than
0.75 after 7 and 28 days for FA and natural pozzolans at the cement replacement of 20% [24].

The alkali–silica reaction (ASR) test was performed according to RILEM TC 106-2 – detection of potential alkali-reactivity
of aggregates – the ultra-accelerated mortar-bar test [25] for six cement mortar compositions (Table 2). The 24 hour-old (�2
Fig. 1. XRD patterns of studied pozzolans.
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h) specimens were hardened in water at 80 �C for 24 h, and the initial sample length was measured right after that. Finally,
samples were kept in 1 M NaOH solution at 80 �C, and ASR expansions were measured for 14 days. Six specimens were
measured for each mixture and mean value calculated.

3. Results and discussions

3.1. Determination of the pozzolanic activity by direct test methods

All chosen industrial by-products (EG, KG, MK), as well as SF and FA, had silica and aluminium oxide in their chemical
composition (Table 1), with SiO2 from 48.0 to 98.4% and Al2O3 from 0.2% to 39.6%. The SF presented the highest SiO2 amount
– 98.4%, while the industrial by-product with the highest silica dioxide amount was KG with 76.1%. MK had the lowest SiO2

amount at 48.0% while EG had 52.3% and FA had 50.8% SiO2. Al2O3 contributes to higher pozzolanic reactivity at an initial
stage, since the formed aluminates react faster than silicates, but the final strength is lower [26] [17]. In such a way, MK
displayed the most Al2O3 in its composition with 39.6%, followed by FA with 27.5% and EG with 14.1%. However, a certain
fraction may not be active. Therefore, the chemical composition cannot be investigated alone; it needs to take the mineralogy
and amorphousness of the pozzolan into consideration [17].

X-ray diffractograms of studied industrial by-products and the commercial pozzolan are presented in Fig. 1. As expected,
all studied materials had amorphous or vitreous phases that were indicated by halo ranging from 15 to 35 degrees. As the
crystalline silica and aluminium silicates are chemically inert (quartz [27], mullite [28], halloysite [29], cristobalite [30] and
coesite [31]), only amorphous (as well as vitreous in case of FA) silicates and aluminium silicates can have glassy reactive
silica and alumina [32]. The amorphous phase of SF presented, showing minor crystalline phase peaks of cristobalite-α
(SiO2). Meanwhile, EG only presented an amorphous phase by halo at 20–35 degrees, but KG presented an amorphous phase
by halo at 15–35 degrees with some crystalline phases of cristobalite-α (SiO2) and coesite (SiO2). The peak of the amorphous
phase of EG presented at a higher 2Q degree than KG and SF because of the higher amount of amorphous Al2O3 in its
composition. The amorphous phase of MK presented by halo at 15–30 degrees and crystalline phases of quartz (SiO2),
halloysite (Al2Si2O5(OH)4) and cristobalite (SiO2) were detected. The FA presented a vitreous phase by halo at 15–30 degrees,
with crystalline phases of quartz (SiO2), mullite (3Al2O3 � 2SiO2) and magnetite (Fe2O3).

According to results of micro-granulometry (Fig. 2), 99% of the particles in the commercial pozzolan SF were smaller than
45 mm, while the studied FA had 66%, but the other three studied industrial by-products had similar results to SF, with KG
having 98% but EG and MK having > 92%. According to standards (EN 450 for FA), more than 60 wt.% of particles should be <
45 mm to satisfy fineness requirements [33]. Also, according to ASTM C618, fine ground glasses under 45 mm qualify as
pozzolan due to their fine particle nature [34].

Results on the BET specific surface area of the studied materials are presented in Fig. 3. The highest specific surface area
presented is SF, with 21.5 m2/g, while MK shows 5.5 m2/g, but both glasses EG and KG show 0.7 m2/g, and FA shows 0.5 m2/g.
From the point of specific surface area, MK is the most promising pozzolanic additive of the studied industrial by-products. It
is generally accepted that an increase of specific area or decrease in particle size exposes a greater surface to chemical
reactions, enhancing reactivity. The increased fineness could bring some adverse side effects as well; Walker and Pavia
conclude that the specific surface area of a pozzolan governs the water demand of the paste [17]. To avoid the negative
effects of using extra water to satisfy workability requirements, highly effective superplasticisers are often used with
pozzolans [35].
Fig. 2. Particle size distribution of studied industrial by-products, silica fume and Portland cement.



Fig. 3. Specific surface area of studied pozzolans, m2/g.

Fig. 4. FTIR analyses for studied industrial by-products and commercial pozzolan.
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The infrared spectra (FTIR) of the original raw pozzolans are presented in Fig. 4. The overall spectrum of crystalline
material has much sharper bands than the spectrum of amorphous material. Therefore, FTIR could characterise the
amorphous phase presence when quantitative results cannot be obtained. The FTIR spectrum of SF consists of three intensive
main bands. The band at 1048 cm-1 and the band at 443 cm-1 present the amorphous phase of cristobalite (Si–O stretching
and Si–O bending), but the band at 779 cm-1 presents the crystalline phase of cristobalite-α (Si–O bending) [36] [37].

It was difficult to determine the functional groups present on EG and KG; hence, weak transmittance peaks were observed
[38]. The C–O bond asymmetric stretching vibration band was detected in the FTIR spectrum of KG and EG, appearing at 1440
cm-1 and 1394 cm-1, respectively [39].

In the case of MK, the main band was located at 974 cm-1, which corresponded to the internal vibrations in the TO4

tetrahedral (T = Al, Si). The two bands at 709 cm-1 and 427 cm-1 corresponded with the presence of quartz [40], but the band
at 557 cm-1, corresponding to the Si–O–Al banding vibrations, presented the halloysite [41].

The FTIR spectrum for FA contained the main wide and intense band characteristics of the internal vibrations in the TO4

tetrahedral (T = Al, Si), which peaks around 1031 cm-1 and is associated with T–O bond asymmetric stretching vibrations.
The presence of quartz in FA gave rise in the FTIR spectrum to bands located at 773–734 cm-1 (double band) and 419 cm-1. The
presence of mullite, in turn, was responsible for a band around 544 cm-1 (octahedral aluminium present in mullite) [42].

Fig. 5 indicates that all studied materials present pozzolanic activity, as all tested materials lie below the solubility curve
of Ca(OH)2. To describe the Frattini test results more comparably with other test methods, it is useful to quantify the results



Fig. 5. The pozzolans reactivity studied for industrial by-products and commercial pozzolan by Frattini test method.
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obtained by the Frattini test. This was achieved by considering the distance of the data points from the lime solubility curve
and the zero point on the vertical axis at the given OH�. The theoretical maximum of the CaO concentration, which can
be found by the calculation given in the EN 196-5, was curved to plot the lime solubility. The calcium concentrations in the
tested samples were compared with the theoretical maximum CaO, so the percentages of CaO removed were obtained.

The obtained quantification results show that, according to the Frattini test, the commercially-available pozzolanic
additive SF removed 89.0% of [CaO], while the studied industrial by-products presented lower bonding of [CaO], with EG at
82.1%, KG at 43.3%, MK at 50.8% and FA at 81.4%.

The saturated lime test results are summarised in Fig. 6. Accounting for the control baseline, it is clear that all studied
industrial by-products, as well as silica fume, showed pozzolanic activity in the saturated lime test. There was a difference in
the rate of lime fixation between the studied materials for 28 days. SF removed lime the fastest, removing 78% on the first
testing day. The studied industrial by-products removed 23–46% of lime on the first testing day (EG: 23%, KG: 46%, MK: 41%
and FA: 23%). However, after 28 days, there were no noteworthy differences between SF (94%), MK (97%) and KG (94%).

The particle size distribution (Fig. 2) might have caused a slower reaction between FA and lime. Only 66% of the FA
particles were smaller than 45 mm, and it takes more time for bigger particles to take part in a reaction. In the case of EG, the
lower reaction rate could have been caused by its chemical composition (Table 1). Also, the relatively high CaO amount
(23.4%) might have prevented an objective assessment of the true reaction rate between EG and lime.

3.2. Description of the pozzolanic reactivity by an indirect test method

The physical and mechanical properties of the studied cement mortar are summarised in Table 3. The reference mortar’s
compressive strength was 31.2 MPa on day 7 and 40.0 MPa on day 28. Fig. 7 shows that all tested specimens containing
industrial by-products (EG, KG, MK and FA) caused a decrease in compressive strength on day 7, relative to the reference,
while commercially-available pozzolan SF caused an increase in the compressive strength on day 7. On day 28, mortars of
Fig. 6. The pozzolanic reactivity of studied materials by the saturated lime test.



Table 3
The results of the physical and mechanical properties of studied cement mortars.

Composition Material Density, kg/m3 Water Absorption by mass,% Compressive Strength fc, MPa

on Day 7 on Day 28

C-REF 1970 � 18 9.0 � 0.2 31.2 � 1.2 40.0 � 1.7
C-SF 1900 � 15 9.7 � 0.2 34.9 � 1.0 51.5 � 2.2
C-EG 1930 � 6 9.2 � 0.1 27.7 � 0.7 40.3 � 1.5
C-KG 1860 � 15 9.8 � 0.1 16.9 � 0.9 21.3 � 2.5
C-MK 1920 � 8 9.1 � 0.1 30.1 � 1.1 41.6 � 0.6
C-FA 1940 � 11 9.1 � 0.1 23.3 � 1.4 32.0 � 1.1

Fig. 7. The SAI results of the studied industrial by-products and commercial pozzolan.
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C-EG and C-MK provided higher compressive strength compared to the reference mortar. The relatively low SAI of the C-KG
can be explained by the high content of alkalis in KG; 21.0% of KG was sodium dioxide (Table 1).

The ASR is one of the major causes of premature concrete deterioration. The structural damages of concrete due to the ASR
can be mitigated by substituting finely reactive materials such as pozzolanic additives with Portland cement [43].
Traditionally, Portland cement is the main source of alkalis in concrete, while the alkali content (Na2Oeq) is limited by cement
production standards. It is reported that pozzolanic additives can limit the ASR as they reduce the alkali and OH-
concentration in the pore solution [44] [45]. However, there might also be some pozzolans that increase the alkalinity of the
solution and may not be able to reduce the expansion of reactive aggregate concretes. In this study, the equivalent Na2O
content in the Portland cement was 0.9%, but in the studied industrial by-products and commercially-available pozzolanic
additive, it was as follows: SF: 0.3%, EG: 0.9%, KG: 21.0%, MK: 8.9% and FA: 2.0%. This should be taken into account in concrete
mixture design, as it has been reported that no deleterious ASR was generated when the water-soluble alkali content of the
Portland cement (Na2Oeq) was less than 1.5 kg/m3 or 0.55% by mass [46]. The ASR results in a silicate gel, which is hygroscopic
and absorbs moisture from the internal concrete structure, which causes the expansion of the silica gel. The testing standard
RILEM TC 106-2 recommends an expansion limit of 0.054%, while Broekmans mentions that an expansion of 0.04% to 0.05% is
deleterious [47].

The ASR results are given in Fig. 8. The final relative expansion of all studied mortars, except C-KG, ranged from 0.004 to
0.054%, which satisfies the limits given in the description of the testing method. The mortar sample C-KG proved to be highly
expansive in an alkali environment, and the relative deformation exceeded the limit recommended by RILEM TC 106-2 on the
first testing day, which is analogous to the case of the compressive strength because of the high alkali content in KG (Table 1).

For prismatic samples placed in a testing solution (1 M NaOH) or water at 80 �C, the compressive strength difference
(DRC) after 14 d varied from –6.5% to +2.2% (Fig. 8). Strength changes due to excess alkalis in the curing medium were not
detected. Compressive strength changes alone cannot be used as an evaluation indicator of pozzolanic additives as the
silicate gel (ASR product) can fill the cracks and provide smooth stress distribution across the material cross-section. The
water absorption was relatively similar for all studied mortars (9.0–9.8%, shown in Table 3). The lowest expansion, presented
by C-SF, can be explained by the low equivalent Na2O content of 0.3%. The CEM and EG had the same amount of Na2Oeq – 0.9%,
which explains the similar results of ASR - expansion of C-CEM (0.054%) and C-EG (0.050%) on the fourteenth testing day.



Fig. 8. The ASR results of the studied industrial by-products and commercial pozzolan.
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3.3. The comparison of test methods

By analysing the selected materials with a single yet well-known test method as described before, many factors could lead
to false assessment. Only a complex analysis of the selected raw materials and testing methods provides a trusted overall
evaluation of potential pozzolanic material efficiency. To save time and resources, it is useful to start with simple and fast
evaluation methods, avoiding long tests. Even if initial tests show promising results, they do not guarantee improved results
in mortar or concrete, because alkalis have little no or impact on pozzolanic reactions while they have a significant impact on
ASRs, which impacts mechanical properties as well.

The Frattini test and saturated lime test results proved to be mutually different (Fig. 9). In the case of SF, the results of both
pozzolanic activity testing methods have a 5% difference. By Frattini test, SF removed 89% of CaO, while by saturated lime
Fig. 9. The relation between Frattini test (FT), saturated lime test (SLT) and SAI on Day 7 and Day 28.
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test, it removed 93%, which could be an acceptable difference. Other studied pozzolanic additives showed significant
differences between the results of the Frattini test and the saturated lime test.

All other tested pozzolanic materials with SiO2 � 76.1% presented a considerable divergence of removed CaO amounts
when tested by the Frattini test and the saturated lime test. First, two noteworthy differences between both testing methods
should be taken into account: the results of Frattini test were obtained after eight days of the reaction process, but the
saturated lime test results were taken after seven days, which might explain the divergence of results within the margin of
error (i). For the saturated lime test, 0.15 g of pure Ca(OH)2 per 1 g of tested material was used, but in the Frattini test, for 1 g of
tested material, 4 g of Portland cement was used to show the amount of CaO that could be removed by pozzolanic material
(ii). According to the Frattini test, the pozzolanic material and Ca(OH)2 ratio is 1:0.15, while for the saturated lime test, it is
about 1:1, as it is known that 25% of the original cement mass is present as Ca(OH)2 after complete hydration [4]. Comparison
of the Frattini and saturated lime tests (Fig. 9) shows that the same mechanism reaction caused by pozzolanic additives did
not occur in saturated Ca(OH)2 and CEM-I solutions. The presence of free alkali ions (Na+ and K+) turned down the solubility
of Ca(OH)2. Also, the pH of the Ca(OH)2 solution is lower than the pH of the CEM-I solutions (12.4 and 13.0, respectively).

3.4. A roadmap for pozzolanic material evaluation for concrete application

The summary of the procedures offered to evaluate industrial by-product evaluation for concrete application is given in
Fig. 10. First of all, the general facts about the by-product should be collected. The origin, amount available, delivery
Fig. 10. Roadmap for by-product evaluation for application in concrete.
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conditions, hazardous impurities, etc. should be determined [34]. If by-products pass these criteria, the investigation of the
by-product as a possible pozzolanic material should be evaluated. The most basic test methods to start by-product
analysation are associated with the material’s physical and chemical analyses. The chemical composition detected by XRF
indicates the amounts of SiO2, Al2O3 and Fe2O3, which are typically characteristic for pozzolanic materials. The mentioned
compounds should be > 70%, as according to standard requirements given for FA in EN 450 (for class F fly ash) [33]. As tested
in this research, the glass by-product’s chemical composition could fall below the mentioned border, and in the literature, it
was 66.8% for EG in this research or could be as low as 60.5% for glass powder [48]. Another important factor is the content of
impurities, such as organics, alkalis and sulphates, which should be limited [49]. Mineral compounds can also be in
crystalline form, which can be indicated by the XRD. Traditionally, crystalline compounds do not participate in pozzolanic
reactions. An alternative method of determining the fraction of the reactive phase of the starting materials is using selective
chemical attack and titration, based on EN 196-2, but this method is time-consuming [50]. If the chemical composition falls
between the requirements, the physical properties of the powder must be characterised, as fine-grained powder materials
with fineness > 300 cm2/g and more than 60 wt.% of particles < 45 mm are needed (described in EN 450 for FA) [33]. The FA
investigated in this research had a specific surface area of 500 cm2/g, which was the coarsest material investigated. All
materials investigated fell within these parameters. If the material is coarser, additional ball or collision milling should be
performed. Further testing is associated with direct test methods to describe the pozzolanic reactivity, which characterises
the possibility of attracting lime from a saturated lime solution or lime coming from cement hydration products. If a material
attracts free lime, there is a possibility of pozzolanic reactions occurring in the concrete structure. All materials investigated
in this research proved to be reactive with lime. Further testing is associated with performance analysis. Performance
analysis provides quantitative results of strength gain during hardening. 20 wt.% replacement of cement by pozzolan should
give > 75% strength than that of reference at 28 d and > 85% at 90 d, according to EN 450 [33]. If the alkali or silica content is
high, possible deleterious ASRs may occur, which should be taken into account when selecting by-products as possible
pozzolanic materials for concrete [51].

The results from this research were evaluated according to the proposed roadmap (Table 4). It can be seen that only SF
completely satisfies the requirements given in the roadmap proving itself as the most advanced supplementary cementitious
material for use in concrete production. This is also formulated in the design methods for concrete (EN 206), where k-value
for silica fume of class 1 conforming to EN 13263-1 is in range from 1-2 [52,53]. The FA evaluated in this research has a higher
alkali content than allowed in ASTM C 618 and AASHTO M 295. The limit is 1.5% while the common range of alkalis in FA could
be from 0.75% to 2.75% [54]. Also, EG failed to reach the border values given by the XRF test (SiO2, Al2O3, Fe2O3 < 70% as for
F-class FA), the rest of the tests showed satisfactory results and positive performance of EG is an important finding of this
research. In this case, EG could be compared to C-class FA. In the case of C-class FAs, which generally contain significant
percentages of calcium compounds, the sum of SiO2, Al2O3 and Fe2O3 is only required to be greater than 50% [55]. The total
content of SiO2, Al2O3, Fe2O3 and CaO in EG is 90.2%. The KG and MK were characterised by a high Na2O content, which could
be the most reliable reason it did not pass the SAI and ASR tests. In the case of MK, the increase of total alkalis in concrete
could be reached even with a low MK dosage; therefore, the application of MK could be limited. By following test methods
suggested in roadmap, different pozzolanic materials showed good compliance with current state-of the art and standards
applied for evaluation of supplementary cementitious materials for use in concrete production. The by-products or waste
products from industrial processes proved to be suitable for use as cementitious materials while strict quality control should
be maintained to guarantee the quality of the materials.
Table 4
Compliance of tested by-products and commercial materials to the roadmap proposed in Fig.10.

Roadmap criteria Material evaluated

SF FA MK EG KG

XRD amorphous phase Yes Yes Yes Yes Yes
XRF, SiO2, Al2O3, Fe2O3 > 70% Yes (98.6) Yes 84.7) Yes (88.5) No

(66.8)
Yes (79.0)

Alkali content Na2Oek

< 1.5%
Yes
0.3

No
2.0

No
8.9

Yes
0.9

No
21.0

FTIR (Si, Al, Fe bonds) Yes Yes Yes Yes Yes
Particle size < 0.45 mm more than 60% Yes

(99%)
Yes

(66%)
Yes
(92%)

Yes
(99%)

Yes
(98%)

Fineness > 300–400 cm2/g Yes
(21500)

Yes
(500)

Yes
(5500)

Yes
(700)

Yes
(700)

Frattini test Pass Pass Pass Pass Pass
Lime test Pass Pass Pass Pass Pass
SAI > 75% Yes

(129)
Yes
(80)

Yes
(104)

Yes
(101)

No
(53)

ASR < 0.054 Yes
(0.004)

Yes
(0.029)

Yes
(0.049)

Yes
(0.050)

No
(0.440)
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4. Conclusion

This study aimed to establish a fast, reliable, cost-effective technology roadmap for the concrete industry to introduce
new pozzolanic materials originating mostly from industrial by-products to concrete production. The multi-objective
optimisation testing programme was employed to design the pozzolanic material evaluation roadmap including nine test-
passing objectives. Experimental data on five different possible pozzolans was acquired and evaluated through the suggested
roadmap. Analyses showed the conflict in the effects of different aspects of some recommended testing methods, including
chemical and physical characterisation of possible pozzolans as well as noncompliance in reactivity and performance tests.
The appearance of pozzolans such as fineness can be adjusted by proper pre-treatment such as milling therefor this criterion
could be easily adjusted. All selected pozzolans proved to be reactive according to direct testing methods of pozzolans
(Frattini test and saturated lime test). Most of the tested pozzolanic materials failed at least one of nine test criteria, and only
silica fume passed all the criteria. The most critical aspect of pozzolanic materials tested were alkali content and their
performance in cement composites, such as strength activity index and expansion due to alkali-silica reactions. The results
confirm that only a complex testing solution brings a reliable evaluation of industrial by-products, and the elaborated
roadmap maximises the possible benefits of finding new pozzolans for safe and effective use in concrete. The surprising
finding was associated with the positive performance of alkali-free E-glass (EG), which proved to be effective pozzolan with
the performance comparable to the one of silica fume, while high alkali content silica glass showed opposite effect on
concrete performance resulting with high expansion deformations and cracking of the samples.
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