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UTILISATION OF CFBC FLY ASH IN HARDENING
SLURRIES FOR FLOOD-PROTECTING DIKES

Z. KLEDYNSKI', P. FALACINSKI?, A. MACHOWSKA?,
J. DYCZEK*, L. KOTWICAS

Strength and permeability properties along with microstructural evolution of hardened slurries composed of fly
ash from fluidal bed combustion of brown coal and an addition of OPC/BFSC is assessed in this paper. An
increase in the amount of fly ash in slurries influences the development of mechanical strength and a decrease of
hydraulic conductivity. SEM, XRD, and porosity analyses confirmed formation of watertight microstructures.
The structure of slurries is composed of ettringite, C-S-H phase, AFt, and AFm phases. Ettringite crystallises as
relatively short needles forming compact clusters or intermixed with the C-S-H phase. The occurring C-S-H

phases are mainly of type I — fibrous and type II — honeycomb.
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1. INTRODUCTION

Floods are dynamic and unpredictable phenomena. They usually cause significant material

damage and sometimes loss of human life. One of the methods of flood protection is constructing
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dikes, which prevent areas located near the river from flooding. In Poland, an area of about 1 min
ha of agricultural terrains is protected with dikes of a combined length of about 8,500 km [12]. A
great part of these dikes needs modernisation or repair. Due to limited funds for this purpose, the
decision to modernise the dikes must be made after the assessment and management of flood risk
[6].

In dike modernisation, technology and materials play the main role. In Poland, where coal is
the dominant fossil fuel used in energy production, the applied materials may and should consist of
by-products from power industry in the highest possible amount.

Fly ash produced during fluidised bed combustion of coal, conducted in low temperatures
(~850°C) and reducing SO, and NOx emissions, has non-spherical particles of high specific surface
area with broad particle size distribution [2, 9]. These properties result in a high water demand by
this type of fly ash and limit its utilisation to landfill disposal. Research results presented in the
article show the possibilities of use of this specific by-product; fly ash from circulating fluidised
bed combustion (CFBC) of brown coal as the main binder’s component of hardening slurry used to
form cut-off walls — low permeability barriers improving the properties of objects in flood
protection (dikes, earth dams) [7, 11]. The results may be used in further application of CFBC ash

in flood protection.

2. EXPERIMENTAL

2.1. MATERIALS

Hardening slurries discussed are composed of calcareous fly ash, obtained during fluidal bed
combustion of brown coal, and two types of cement: CEM 1 42,5 and CEM 1II 32,5. The slurries
were modified with a small amount of sodium bentonite to provide adequate technological
properties (density, viscosity, 24-hour water setting). Hardening slurry is a construction material,
which should perform at compressive strength after 28 days of curing within the limits of 0.5-2.0
MPa, but also should be impermeable (hydraulic conductivity after 28 days of curing <10-%m/s).
These requirements result from the specific conditions of work of cut-off walls, that is they should
perform appropriate connections with the surrounding ground to work as the watertight barrier.
Utilisation of CFBC fly ash as a main component (cement is just an additive) favourably influences

mechanical properties and hydraulic conductivity of hardened slurries [10].
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Fly ash used in experiments presents a high water demand, influencing strongly the workability
of fresh concrete. The mentioned property, unfavourable in concrete technology, does not influence
significantly the properties of hardening slurry because of high water amounts. The fly ash also
presents high pozzolanic activity which makes it an interesting material from the point of view of
other cement-based materials; for example cementing slurries used in drilling operations [14], as
well as geotechnical works. In that case, high water demand may be seen as an advantage, when
used as a density modifier in cementing slurries. Table 1 presents the chemical composition of fly
ash used in experiments. As it can be seen, SiO2, AbO;, and CaO are the main compounds. A
relatively high content of calcium oxide indicates that, beside pozzolanic activity, it also performs
hydraulic properties, therefore it is able to set and harden without any activators. Basic physical

properties are shown in Table 2.

Table 1. Chemical composition of fly ash from fluidal combustion of brown coal

compound [%]

LOI/1h Si02 F6203 A1203 TiOz CaO MgO SO3 Nazo KzO P205 Mn304 Z uncombined
at CaO
1000°C
294 3302 573 | 2429 | 1.70 | 1994 | 1.80 | 7.60 | 1.20 | 1.40 | 0.12 | 0.04 | 99.80 7.9

Table 2. Basic physical properties of fly ash used in experiments

specific gravity [g/cm’] specific surface BET [cm*/g] specific surface Blaine [cm?*/g]

2.66 41,500 7,100

Pozzolanic activity was measured with the use of two methods: standard methods based on
strength tests of mortars according to EN 450-1 [5] (Table 3) and the chemical method according to
ASTM C379-65 [1] (Table 4). The latter considers the content of active SiO> and Al,O3 within the
material. Investigated fly ash exhibits very good pozzolanic activity, mainly due to the irregular
shapes of its grains, and higher specific surface area. In addition, it contains highly active

dehydrated clayey minerals, which are mainly responsible for pozzolanic reaction.

Table 3. Pozzolanic activity measured according to EN 450-1 [5]

tensile strength compressive strength
[MPa] [MPa]
control mortar (CEM 142,5) 7.7 54.1
test mortar with fly ash (75% OPC + 25% fly ash) 8.5 52.7
activity factor acc. EN 450-1 [%] 110 97
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Table 4. Pozzolanic activity measured according to ASTM C379-65 [1]

compound [%]
SlOZ active A1203 active SiO2 active + AL2O3 active
12.99 9.18 22.17

2.2 PREPARATION OF SAMPLES

Samples (three for each formulae and test) were prepared with mechanical mixing of dry

components with +18+2°C tap water according to three formulae (Table 5). Samples for strength

tests were prepared in steel cylinder moulds measuring 8cm in both diameter and height. Samples

for hydraulic conductivity tests were prepared in PVC cylinder moulds measuring 7.5 cm in

diameter and 8cm in height [8]. After setting, the samples were put in basins with +18+2°C water.

Table 5. Dosage of components of hardening slurry

Sample: 1 2 3 4 5 6
Water [kg] 1000 1000 1000 1000 1000 1000

Bentonite [kg] 40 40 40 40 40 40

CEM 142,5 [kg] 160 170 180 - - -
CEM 1III 32,5 [kg] - - - 160 170 180
Fly ash [kg] 300 380 450 300 380 450

2.3. TEST METHODS

Laboratory analyses covered the following tests:

compressive strength tests were conducted accordingly to EN 12390-3 [4]. Samples were
compressed with velocity equal to 0.05 MPa/s.

hydraulic conductivity tests were conducted in a specialized apparatus [8].

phase composition of samples was determined using XRD. Samples of appropriate size were
crushed with a mortar and a pestle, dried in a desiccator under high vacuum and grounded with
agate mortar and pestle until the entire sample passed through a 63um sieve. Then samples
were subjected to XRD analysis using the Philips PW 1130 apparatus with a Cu cathode, beam
parameters were set to 16mA and 35kV, step was 0.05° theta and acquisition time was 3 s/step.
hydrated slurries were observed using the FEI Nova NanoSEM 200 scanning electron
microscope. Samples were not dried prior to observation. Small pieces of hardened slurries

were taken from the bars and placed on the holder, transferred to the coater, and covered with a
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thin carbon layer to avoid charging, then observed in low vacuum mode at 60 Pa water vapour

pressure.

— for mercury porosimetry, a Carlo Erba 2000 porosimeter with low- and high-pressure
equipment was used. Samples were investigated up to 2000 atm. Samples for porosimetry were

split off, then dried in a vacuum desiccator to constant mass.

3. RESULTS AND DISCUSSION

3.1. COMPRESSIVE STRENGTH AND HYDRAULIC CONDUCTIVITY

Each formulation of investigated hardened slurries shows an increase of compressive strength
at the time of curing (Table 6), which indicates the progress of the hydration process of the fly ash-
cement binder. Samples consisting of more fly ash (formulae 2 and 5: FA/C=2.18; formulae 3 and
6: FA/C=2.45) perform at a higher value of strength than samples consisting of more cement. The
value of compressive strength of the 3/28 formula is about 81% higher than the strength of the 1/28

one.

Table 6. Compressive strength and hydraulic conductivity of slurries after 28 and 90 days of curing

Sample 1 2 3 4 5 6
fe, 28 days 1,37 (£10%) 1,90 (£13%) | 2,43 (£17%) | 0,84 (£17%) 1,24 (x11%) | 2,01 (£21%)
MPa | 90 days 1,59 (£9%) 2,01 (£16%) 3,01 (£2%) 0,99 (+4%) 1,69 (£15%) 2,43 (£2%)
28 days 2,86-10°8 1,09-108 3,34-10°® 3,50-108 3,27-10°% 1,23-10°®
kio, (#37%) (+8%) (£53%) (=13%) (£15%) (*17%)
m/s 90 days 3,43-10°® 0,92-108 0,89-10°% 5,78-10°% 4,35-10°% 1,49-10°%
(+44%) (£28%) (=11%) (£3%) (£9%) (x10%)

Analysing the samples with an addition of CEM III 32,5, it can be observed that compressive
strength of the 6/28 formula is 135% higher than the strength of the 4/28 one. In addition, a rise of
the strength value between 28 and 90 days of curing can be stated. Samples 3 and 6 (FA/C=2.45)
show a rise of the compressive strength value of about 22%, and samples 1 and 4 (FA/C=1.81) of
about 18%. In the case of samples 2 and 5 (FA/C=2.18) the rise of strength value is respectively
about 5% and 36%. This indicates high hydraulic and pozzolanic activity of fly ash applied during
the research.

All samples of hardened slurry show an adequate level of hydraulic conductivity after 28 days
of curing (about 10*m/s). Changes of conductivity after up to 90 days of hydration do not influence

significantly the coefficient of hydraulic conductivity, considering measurement uncertainties. An
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increase of the material’s water tightness may be observed together with the increase of fly ash
amounts in samples. It is shown that the progressive process of hydration results in the creation of
hydrated calcium silicates, promoting an increase in strength and water tightness of fly ash-cement
composites. The growth of hydraulic conductivity values of samples is most probably the result of
that measurement’s uncertainties, because it is not confirmed by porosity tests (see p. 3.3). The
results of porosity tests show a decrease of the threshold pore diameter in time, which indicates an

increase of the material’s tightness.

3.2. X-RAY DIFFRACTION OF CEMENT-ASH SLURRIES

Figs. 1 and 2 show XRD patterns of slurries containing CEM I (samples no. 1+3), and CEM
IIT (samples no. 4+6) after 90 days of curing. Phase composition of slurries based on CEM I and
CEM 111 is similar. In both cases, the main phase compounds of pastes after 90 days of hydration
were: ettringite, hexagonal hydrated calcium aluminates (AFm), mainly carboaluminate, quartz, and

C-S-H phase. Slurries with CEM I exhibit higher amounts of AFm phases comparing to CEM IIL
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Fig. 1. XRD patterns of CEM I based slurries after 90 days of curing. E — ettringite, AFm — hexagonal

hydrated calcium aluminates, Q — quartz, C — C-S-H phase
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Fig. 2. XRD patterns of CEM III based slurries after 90 days of curing. E — ettringite, AFm — hexagonal

hydrated calcium aluminates, Q — quartz, C — C-S-H phase, K — calcite

In Table 7 relative intensities of main XRD peaks of AFm and ettringite are compared. The
results show that CEM I promotes formation of the AFm phase and high water-to-binder ratios
leads to high AFm/AFt peak intensity ratios. In both slurries, there is a considerable amount of the
C-S-H phase present in hydrated slurries. Moreover, no peaks of alite were found. This means that
the rate of hydration of the cement is high, close to 100%. It is possibly due to the relatively high
water-to-cement ratio of the slurries. Quartz present in hardened slurries originates from fly ash, and

since is not reactive it remains unchanged.

Table 7. Comparison of XRD peak-relative intensities (Iapm/IEw)

Sample 1 2 3 4 5 6

Larm/IEur 9.2 4.1 4.8 3.5 1.7 1.6

3.3. POROSITY

Among parameters obtained during porosimetric testing, a threshold diameter was used as the
most valuable parameter describing pore structure. The most important feature of investigated
slurries is their low hydraulic conductivity. The work of Illston et al. showed [13] that hydraulic
conductivity of pastes is connected with the diameter of continuous capillary pores. The threshold
diameter is a parameter which refers to the continuity of the capillary pore system. The values of the
threshold diameter, between 28 and 90 days, decrease between 2 and 3.5 times. Slurries made of

CEM III are characterized by smaller threshold diameters. This observation is consistent with data
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on porosity of typical cement pastes made with CEM I and CEM II1. It can be observed that the
higher water-to-solid ratio, the higher the threshold diameter value.

Fig. 3 presents the relationship between the MIP threshold diameter and the water-to-binder
(cement + fly ash) ratio. In general, slurries made with CEM III exhibit lower values of the
threshold diameter for the same water-to-binder ratio, compared to the CEM I samples. The
differences are smaller in the range of low water-to-binder ratios, and increase for higher values of
water-to-binder ratios. This means that CEM III is a good solution for cement-based fly ash-rich
slurries for flood protecting dikes. Slurries based on CEM III result in finer pore structure and are
less sensitive to water/binder fluctuations comparing to CEM I based slurries. It is a favourable

feature, since some mistakes always happen on construction sites.
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Fig. 3. Threshold diameter plotted vs. water-to-binder ratios of investigated slurries

3.4. SEM ANALYSIS

Microstructure of fractured samples was performed after 28 and 90 days of curing. In the case
of both CEM I as well as CEM III slurries, observations revealed presence of well-crystallised large
hexagonal hydrated calcium aluminates, mainly sulfur-bearing ones, which are dispersed

throughout the matrix as individual crystals or crystals agglomerates.
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Fig. 4. Ettnglte crystals (le )nd hexagonal crystals of hydrated calcium aluminates (right) in sample 4

In Fig. 4, crystals of AFm phases in sample 4 are presented. In both samples, ettringite crystals
were also found. Ettringite crystallizes in the form of relatively short needles forming either
ettringite compacted clusters (Fig. 4) or intermixed with the C-S-H phase. The C-S-H phases
occurring in hardened samples are mainly of type I (fibrous) and II (honeycomb) according to the
Diamond [3]. The microstructure of investigated slurries consists mainly of the C-S-H phase
precipitated on starting fly ash grains, binding them together. It is granular in nature, due to the
relatively high water-to-binder ratios. CEM III based slurries exhibit finer microstructure composed

of smaller elements than the CEM I slurries. This observation is consistent with MIP results.

4. SUMMARY

An increase of compressive strength in time of curing is observed concerning all formulas of
slurry. Samples with higher amount of CFBC fly ash from brown coal present higher values of
strength. CEM 1II based slurries with large amounts of CFBC fly ash are valuable materials for
flood protecting dikes, exhibiting lower pore diameter (which is less sensitive to water-to-binder
ratio fluctuations) and a finer microstructure composed of smaller elements, comparing to the CEM
I based slurries. Use of CEM 1 in slurries containing large amounts of fly ash promotes formation of
AFm phases, while use of CEM III promotes formation of AFt phases.

Investigations were carried out as part of the IniTech programme No. ZPB/61/65832/1T2/10.
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WYKORZYSTANIE POPIOLU LOTNEGO ZE SPALANIA W ZEOZU Z CYRKULACYJNA WARSTWA FLUIDALNA
W ZAWIESINACH TWARDNIEJACYCH STOSOWANYCH W NAPRAWACH WALOW PRZECIWPOWODZIOWYCH

Stowa kluczowe: popiét lotny, spalanie fluidalne, zawiesina twardniejaca, ochrona przeciwpowodziowa, wat przeciwpowodziowy

STRESZCZENIE

W artykule przedstawiono wyniki badan wilasciwosci mechanicznych, filtracyjnych oraz skladu fazowego
i mikrostruktury zawiesin twardniejacych wykonanych z udzialem popiotu lotnego z fluidalnego spalania wegla
brunatnego po 28 i 90 dniach dojrzewania. Ten rodzaj popiotu lotnego wykazuje si¢ wysoka wodozadnoscia, co
ogranicza mozliwos¢ jego wykorzystania w technologii betonu. Natomiast jego dodatek nie wptywa na whasciwosci
zawiesiny twardniejacej ze wzgledu na duza zawartos¢ wody. Zawiesiny wykonano wg trzech receptur w dwoch
wariantach (po trzy probki na kazda recepturg, termin i rodzaj badania), w ktorych popidt lotny byl gtownym
sktadnikiem spoiwa, a do niego dodano odpowiednio cement portlandzki CEM 1 42,5 (prébki 1-3) i cement hutniczy
CEM III 32,5 (prébki 4-6). Proporcje popiotu do cementu byty nastepujace: 1,81 (probki 1 i4), 2,18 (probki 2 i 5), 2,45
(probki 3 i 6).

W wykorzystanym popiele lotnym gtéwnymi zwigzkami, pod wzgledem sktadu chemicznego, sa SiO2, A,O3 i CaO.
Wzglednie wysoka zawarto$¢ tlenku wapnia wptywa na aktywno$¢ pucolanowa i wlasnosci hydrauliczne badanego
popiotu. Aktywno$¢ pucolanowa popiotu zostata okreslona z wykorzystaniem dwoch metod badawczych: zgodnie
z norma EN 450-1 poprzez okreslenie wskaznika aktywnosci na podstawie badan wytrzymatosci na $ciskanie i zginanie
beleczek wykonanych z udziatem popiotu, a takze wg normy amerykanskiej ASTM C379-65 poprzez wykonanie badan
chemicznych popiotu. Na wysoka aktywno$¢ pucolanowa zastosowanego popiotu ma wplyw takze wysoka
powierzchnia wiasciwa ziaren (metoda Blaine’a: 7,100 cm?/g, met. BET: 41,500 cm?/g), ich nieregularny ksztatt oraz
zawarto$¢ wysokoaktywnych uwodnionych mineratdéw ilastych.

Badania mechaniczne zawiesin wykonano zgodnie z norma EN 12390-3. Badania przewodnosci hydraulicznej
wykonano w specjalnie do tego celu wytworzonej aparaturze opisanej szczegétowo w publikacji [8]. Sktad fazowy
okreslono metoda dyfraktometrii rentgenowskiej w aparacie Philips PW 1130 z katoda Cu (16 mA, 35kV, 0,5°6,
3 s/krok). Mikrostrukture zawiesin stwardniatych zobrazowano z uzyciem skaningowego mikroskopu elektronowego
FEI Nova NanoSEM 200 (obserwacja w niskiej prozni 60 Pa), a wielkosci i rozktad porow okreslono metoda
porozymetrii rtgciowej w aparacie Carbo Erba 2000 (ci$nienie do 2000 atm).

Wykonane badania wytrzymatosci na $ciskanie zawiesin w dwoch terminach dojrzewania wykazaty postgpujacy proces
hydratacji spoiwa. Ponadto probki z wigksza zawarto$cia popiotu lotnego wykazuja wyzsza wytrzymato$¢ mechaniczng
w poréwnaniu do préobek z jego mniejsza zawarto$cia. Wszystkie probki zawiesiny twardniejacej (z cementem
portlandzkim i cementem hutniczym) uzyskaly wymagana wartos¢ przepuszczalnosci hydraulicznej po 28 dniach
dojrzewania (<10 m/s). Zaobserwowano wzrost szczelnosci probek zawiesiny wraz ze wzrostem ilosci popiotu w ich
sktadzie. Wzrost wartosci przepuszczalno$ci hydraulicznej kilku probek wynika najprawdopodobniej z niepewnosci
pomiarowych, gdyz nie zostat on potwierdzony wzrostem porowato$ci zawiesiny.

Skiad fazowy zawiesin po 90 dniach dojrzewania wykonanych z udzialem cementu portlandzkiego i hutniczego jest
podobny: gtéwne fazy to etryngit, heksagonalne krysztaty uwodnionych glinianéw wapnia (AFm), kwarc i uwodnione

krzemiany wapnia (faza C-S-H). Zawiesiny wykonane z cementem portlandzkim zawieraja wigcej fazy AFm niz AFt
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w poréwnaniu do zawiesin wykonanych z cementem hutniczym. Ponadto im wigkszy jest wskaznik woda/spoiwo w
zawiesinie tym wigkszy wskaznik intensywnosci refleksow AFm/AFt. W zawiesinach nie zaobserwowano obecnosci
alitu, co oznacza wysoki stopien przereagowania cementu (zblizony do 100%) i wynika najprawdopodobniej z wysokiej
wartosci wskaznika woda/cement w zawiesinach.

W celu okreslenia struktury poréw zawiesiny stwardnialej wykorzystano metod¢ porozymetrii rtgciowej. W badaniach
okreslono tzw. srednic¢ progowa — parametr charakteryzujacy system poréw kapilarnych w zawiesinie. Stwierdzono, ze
w miar¢ uplywu czasu dojrzewania zawiesiny srednica progowa maleje od dwoch do trzech i pot razy, co jest
potwierdzeniem postgpujacego procesu hydratacji spoiwa popiotlowo-cementowego. Zaobserwowano, ze zawiesiny
wykonane z dodatkiem cementu hutniczego charakteryzuja si¢ nizsza wartoscia srednicy progowej, a w miar¢ obnizenia
wskaznika woda/spoiwo nastgpuje rowniez obnizenie wartosci $rednicy progowej. Ponadto zawiesiny wykonane
z cementem hutniczym wykazuja si¢ drobniejszymi porami i mniejsza wrazliwoscia na zmiany wskaznika woda/spoiwo
w poréwnaniu do zawiesin wykonanych z cementem portlandzkim.

Mikrostruktura zawiesiny po 28 i 90 dniach dojrzewania charakteryzuje si¢ glownie zawartoscia fazy uwodnionych
krzemianow wapnia (C-S-H) uformowanej na ziarnach popiotu oraz etryngitu wyksztatconego w fazie C-S-H w postaci
pojedynczych igiet lub skupisk igiet. Faza C-S-H wystepuje gtéwnie w formie witdknistej (typ I) i w formie plastra
miodu (typ II) [3]. Ponadto zaobserwowano duze heksagonalne krysztaty uwodnionych gliniandw wapnia w postaci
pojedynczych krysztatow lub aglomeratow osadzonych w matrycy cementowej. Mikrostruktura zawiesin jest ziarnista,
co wynika z wysokiego wskaznika wodno/spoiwowego. W przypadku zawiesin wykonanych z udzialem cementu

hutniczego jest ona drobniejsza i sktada si¢ z mniejszych form.

Rys. 5. Poréwnanie mikrostruktury probek zawiesiny wykonanych z cementem portlandzkim (po lewej) i cementem

hutniczym (po prawej)






