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Abstract: The durability of building composites with polymer matrix, such as polymer concretes,

is considered high or excellent. However, very few studies are available that show the properties of

such composites tested long after the specimens’ preparation, especially composites with fillers

other than traditional rock aggregates. The paper presents the long-term compressive strength of

polymer concrete containing common and alternative fine fillers, including quartz powder (ground

sand) and by-products of the combustion of Polish fossil fuels (coal and lignite), tested nine or 9.5

years after preparation. The results were compiled with the data for respective specimens tested

after  14 days,  as well  as 1.5 and 7 years.  Data  analysis confirmed the excellent  durability  of

concrete-like  composites  with  various  fillers  in  terms  of  compressive  strength.  Density

measurements of selected composites showed that the increase in strength was accompanied by an

increase in volumetric density. This showed that the opinion that the development of the strength

of composites with polymer matrices taking place within a few to several days was not always

justified.  In  the  case  of  a  group  of  tested  concrete-like  composites  with  vinyl-ester  matrices

saturated with fly ashes of various origins, there was a further significant increase in strength over

time.

Keywords: long-term compressive strength; durability;  polymer composites; polymer concrete;

mineral fillers; fossil fuel combustion by-products; fly ash

1. Introduction

Polymer  concrete-like  composites  are  similar  to  ordinary  concretes,  but  with  completely
cement-free polymer matrices or matrices of two co-binders, i.e., mineral cement and a significant
amount of polymer. The examples of such composites are polymer concretes (PC) and mortars with
fillers of various sizes and polymer-cement concretes (PCC) with complementing polymer-cement
mortars and pastes [1–4].

Each time, presenting the concept of polymer concrete-like composites and their advantages to

researchers familiar only with traditional concrete (that is often slightly modified with polymers,

e.g.,  through  the  use  of  polymer-based  admixtures),  at  some  point,  high  durability  [1–4]  was

indicated. The high or excellent durability of these composites is mainly the consequence of the

presence of a significant amount of polymer, which allows obtaining tighter matrices. Therefore,

such  matrices  are  more  resistant  to  external  environmental  onslaughts,  including  destructive

chemical processes (acid and alkaline corrosion, leaching of easily soluble compounds, etc.) [5–8],

as well as physical processes (freezing and thawing of penetrating water, thermal shock or, in the

case of PCC, destruction resulting from increasing the volume of crystallization products, etc.) [2,9–

11]. At the same time, the matrices present higher adhesion to fillers. As a result, composites with
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such matrices are mechanically stronger [2,6]. However, not much of the published data concerned

polymer  concrete-like  composites  tested  at  a  later  age,  confirming  their  ability  to  maintain

mechanical properties over time, i.e., confirming their durability due to this criterion. The issue of

durability  requires  even  more  clarification  when  wastes  or  by-products  are  applied  to  the

aforementioned composites as the substitutes of the regular components. Such composites have been

recently eagerly designed and produced, following the assumptions of the sustainable development

concept, i.e., a concept strongly promoted for the past few years. Composites containing such wastes

and/or by-products (e.g., fly ash, perlite powder, recycled glass, aggregate leftover mineral dust,

etc.) are subjected to various tests [5–7,9–13], but usually only at the early stage of their service-life.

The level of mechanical properties of such composites after a long period of use remains unclear.

The aim of the paper is to discuss the “long-term compressive strength” of polymer concretes

with  traditional  quartz  fillers  (including  coarse  and fine  aggregates,  the  same as  those  used  in

ordinary  Portland  cement  concrete  and  very  fine  quartz  powders)  and  sustainable  secondary

materials, namely the by-products of the combustion of two kinds of fossil fuels, i.e., coal (or so-

called  “hard  coal”)  and  lignite  (or  “brown  coal”),  mined  in  deposits  located  in  Poland.  The

combustion  processes  are  intended  to  produce  electricity  or  heat.  Due  to  di  erences  in  the

construction of furnaces and associated combustion installations, the remaining fly ashes di er in

terms of morphology and granulation, so they di erently a ect the consistency of PC mix [13] which,

among others, influences the microstructure and, therefore, the properties of hardened composites

containing such fly ashes.

The tested composites are cement-free (the binder consists solely of vinyl-ester resin). There is
also no water in the composition of these composites. Water disturbs or prevents setting of the
vinyl-ester resin (to avoid the negative e ect of moisture from the aggregate on the binder setting,
aggregates  are  usually  dried before  dispensing them into the  mix).  In  the  case  of  this  type  of
concrete, there is no hydration reaction, and the fly ashes present in the composite, despite the fact
that they contain amorphous silica, do not participate in the pozzolanic reaction. Therefore, fly ashes
in PC are only a very fine filler/aggregate fraction.

The  influence  of  the  presence  of  siliceous  fly  ash  (the  by-product  of  conventional  coal

combustion) on the properties of polymer mortars and concretes is relatively well recognized. Such

composites may present better mechanical properties and workability [5,6,14,15], which is partly

due  to  the  almost  perfectly  spherical  shape  of  the  siliceous  fly  ash  particles.  The e  ect  of  the

presence of by-products of coal FBC (fluidized bed combustion), their granulation, and morphology

on  the  properties  of  PC  is  less  recognized.  The  fly  ash  remaining  after  hard  coal  fluidized

combustion consists of much finer irregular particles, and its chemical composition contains more

calcium  compounds  (up  to  over  20%  by  mass).  The  fly  ash  remaining  after  lignite  fluidized

combustion is a mixture of spherical and irregular particles and contains less calcium compounds

(but still more than siliceous fly ash). It can be found that the use of microfillers of an increased

content of calcium compounds as substitutes for quartz fillers may lead to a greater increase in the

compressive and flexural strength of polymer composites [16].

2. Genesis of Research

The results presented in the paper were obtained by the continuation of research conducted in

2010–2011 [7,17,18] that was focused on assessing the possibility of using various fly ashes as

substitutes  for  regular  microfillers  (i.e.,  fillers  of  a  size  usually  up  to  120 m [19])  in  polymer

composites, and later research on the durability of such composites conducted in 2018 [20]. In the

framework of the second study, the author carried out a series of mechanical tests of vinyl-ester
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concretes 1.5 and seven years after  production.  The results  of  tests  carried out  on 1.5-year-old

specimens showed a clear increase in compressive strength in comparison to the strength of 14-day-

old specimens. The increase ranged from 8.6% to 36.2% (on average, by 18.4%). The tests carried

out on seven-year-old specimens also showed a noticeable increase in compressive strength. The

upward trend was observed in the case of polymer composites containing both types of fly ash:

siliceous fly ash (the by-product of conventional coal combustion) and FBC fly ash. In the case of

the composite with fluidized fly ash, strength gain values were even higher (a maximum of 60.4%,

22% on average). The conclusion from that research was that for polymer concretes containing fly

ash being a coal combustion product (CCP), the development of compressive strength occurs for a

long time [20].
Such a conclusion contradicts the opinion that the development of the strength of composites

with polymer matrices takes place within a relatively short time, or at least indicates that it is not the
correct opinion in every case. Figure 1a presents the general concept of the development of Such a
conclusion 

humidity and ambient temperature; the abovementioned model assumed temperature no lower than

15  C).  Generally,  after  14  days,  further  significant  development  of  mechanical  strength  is  not
expected.
allowed indicating the moment of achieving potentially full (100%) compressive strength as 52 days.

(a) (b)

Figure 1. Development of the compressive strength of polymer composites expressed as the
relative1.oftheofasthe
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FigureFigure2.Development2.ofofthethestrength of polymerconcretestes
withwithvariousvariousmassmasscontentscontents(0.4%(0–20.4–.1%)20.1%) of Figure 2.
Development of the strength of polymer concretes with various mass contents (0.4%–
20.1%) fly  ashof  flyin  a shmicrofillerinamicrofillerfractionfractionintime;in FAtime;,
flyFAashF,flyfromash  fromfluidizedfluidizbed combustionbed(FBC);(FBC);FA
FA,siliceousS,

F S
of fly ash in a microfiller fraction in time; FAF, fly ash from fluidized bed combustion
(FBC);  FAS,  fly  ashsilicefromus
flyconventionalashfromconventionalcombustioncombustion(chartbased(chartonbaseddata
onpublisheddatapublishedbythe byauthoreauthorin[20in]compared[20]
siliceous fly ash from conventional  combustion (chart  based on data published by the

author in [20] comparmodeld to the model calculated on the basis of [2]).
to the calculated on the basis of [2]).
compared to the model calculated on the basis of [2]).

values of maximum particle size, Dmax (67.52 µm and 58.95 µm), were registered in the
case of quartz powders (Q1 and Q2). On the contrary, siliceous fly ash (FAS) contained
the largest particles (size up to 200 µm), and its particle size distribution showed the
highest values of the mode and median (4.96 µm and 25.30 µm, respectively). In the case
of fly ashes from fluidized combustion (FAF and FAF2), the mode was 0.25 µm, which
was 20 times lower compared to siliceous fly ash, while the median

Materials 2020, 13, 1207 5 of 12 was 0.26 µm or 0.27 µm—values two orders of magnitude lower
than in the case of siliceous fly ash.
It  is  worth  noting  that  the  grading  of  both  fluidized  fly  ashes  was  described  by  a  bimodal
distribution.
The abovementioned mode value applied to the increased number of particles smaller than 1
µm.  A  Figure 4 presents  the  particle  size  distribution  plots  and  SEM micrographs  of  all
microfillers listed

1936 standard. The results of density are given in Table 1.

FigureFigure4.Particle4.Particlesize  distributionsizedistributionplotsplotsand  SEMand
micrographsSEMmicrographs(magnification:(magnification:6000 6000×))oftheofconsideredthe



fillersconsidered(Q1,Q2,
fillersquartz(Qpowders;,Q,quartzFApowders;S,siliceousFAfly,siliceousash;FAflyF,
fluidizedash;FA,fluidizedflyashfromflyashhardfromcoalhardcombustion;coal12SF

Table 1. Statistical parameters describing the particle size distribution and specific surface
area (SSA) of fillers; Q1, Q2, quartz powders; FAS, siliceous fly ash; FAF, FAF2, fluidized
fly ashes.

Raw Material Quartz Sand Quartz Sand Coal Coal Lignite

Production Grinding Grinding
Conventional FBC FBC

Combustion Combustion Combustion

Parameter Filler Q1 [20] Filler Q2 Filler FAS [20] Filler FAF [20] Filler FAF2

D min,  m 0.26 1.32 0.17 0.12 0.17
Mode,  m 0.28 2.45 4.96 0.25 0.25
Median,  m 2.44 7.18 25.30 0.27 0.26
D max,  m 67.52 58.95 200.00 77.34 101.46
SSA 1, m2/m3 8 701 5 857 18 294 14 825 12 215
Density, kg/m3 2650 2650 2110 2440 2550
1SSA was calculated from the particle size distribution, making an assumption about the

spherical shape.

The microfillers were characterized by di erent particle morphologies and grading. The lowest
values of maximum particle size, Dmax (67.52 m and 58.95 m), were registered in the case of quartz
powders (Q1 and Q2). On the contrary, siliceous fly ash (FAS) contained the largest particles (size up
to 200 m), and its particle size distribution showed the highest values of the mode and median (4.96
m and 25.30 m, respectively). In the case of fly ashes from fluidized combustion (FAF and FAF2), the
mode was 0.25 m, which was 20 times lower compared to siliceous fly ash, while the median
 was 0.26 m or 0.27 m—values two orders of magnitude lower than in the case of siliceous fly ash.
It  is  worthTablenoting1.Statisticalthatthe
pargradingmetersofdescribingbothfluidizedtheparticleflysizeashesdistributionwasdescribedandspecificbysurfacebimodareal
distribution.

(SSA) of fillers; Q , Q , quartz powders; FA , siliceous fly ash; FA , FA , fluidized fly
ashes.

The abovementioned mode1 2value applied to theS increased numberFF2 of particles smaller than 1
m.  A  similarRawMaterialmode  valueQuartz(0.28Sandm)  wasQuartzobservedSand in  the  caseCoalof  quartz
powderCoal Q1, whichLignitewas why fly

ashes  from FBC seemed to  be  more  similar  to  this  conventionalConventionalquartz  fillerFBCin
terms of gradingFBC. The fly

Production Grinding Grinding
ash  originating  from  lignite  fluidized  bed  combustionCombustion(FA)was
Combustionslightlythicker Combustionandhadasmaller

F2
specific surface area thanFillerthe fly ash fromFillerhard coal fluFillerdized bed combustionFiller
(FAF). FillerBoth, however,

Parameter
had a more developedQspecific1[20] surface areaQ2 than quartzFApowdersS[20].  Meanwhile,FAF[20] in
terms ofFAmorphology,F2
D min, µm 0.26 1.32 0.17 0.12 0.17siliceous fly ash containing spherical grains was more similar to quartz powders, which contained
Mode, µm 0.28 2.45 4.96 0.25 0.25angular grains resulting from mechanical milling of quartz.

0.27 0.26Median, µm 2.44 7.18 25.30
The density was also determined for all microfillers. The test was performed in a Le Chatelier

D max, µm 67.52 58.95 200.00 77.34 101.46
volumenometer (consisting of a flat-bottomed flask) according to the procedure described in the EN

SSA 1, m2/m3 8 701 5 857 18 294 14 825 12 215
1936  standard.
The3 results of density are given in Table 1.

2440 2550Density, kg/m 2650 2650 2110
Polymer1

concrete-like  composites  prepared  for  testing  contained  vinyl-ester  binder,conventional



SSA was  calculated  from the  particle  size  distribution,  making  an  assumption  about  the
spherical shape.

fine (S) and coarse (G) aggregate, and a mix of quartz powder (Q1 or Q2) and chosen fly ash (FAS,
FAF, or Polymer concrete-like composites prepared for testing contained vinyl-ester binder,
conventional

FAF2).  The  quantitative  compositions  of  tested  composites  are  presented  on  Figure 5.  The
compositions  fine (S) and coarse (G) aggregate, and a mix of quartz powder (Q1 or Q2) and
chosen fly ash (FAS, FAF,

were determined according to the statistical Box design (variant of the CCD design [24]) assuming
or FAF2). The quantitative compositions of tested composites are presented on Figure 5. The

three factors that were expressed as the mass ratios of the components. The first variable was the
ratio compositions were determined according to the statistical Box design (variant of the CCD
design [24])

of  theassumingamountthreeof factorsbinderthatandweretheexpressedamount asof

thebasicmassaggregateratiosofthe(i.ecomponents.,graveland.Thesand),firstvariableB/(G+wasS), in the rangethe 6ratio.0–

10of.0the.Theamountsecondofbindervariablendthewasamounttheratioofbasicoftheaggregateamount(

i.e.of,gravelbinderandandsand),theB/(Gtotal+ S),amountin of

microfillertherangefraction6.0–10.0(including.Thesecondquvariabletzpowasdertheandratioflyofash),theamountB/
(FA+ofQ),bindertheandrangethetotalof0.amount4–0.6.Theof third

microfiller fraction (including quartz powder and fly ash), B/(FA + Q), in the range of 0.4–0.6.
The third  variable was the ratio of the amount of fly ash and the amount of microfiller fraction,
FA/(FA + Q),

variable was the ratio of the amount of fly ash and the amount of microfiller fraction, FA/(FA +
Q), in

in the range of 0.0–1.0. The use of such a design allowed obtaining composites of various quantitative
the  range  of  0.0–1.0.  The  use  of  such  a  design  allowed  obtaining  composites  of  various

quantitative  composition,  which  were  predestined  for  statistical  analysis.  The  quantitative
compositions were

composition, which were predestined for statistical analysis. The quantitative compositions were
identical to the compositions of concretes tested in previously mentioned studies, so it was possible
to

identical  to  the  compositions  of  concretes  tested  in  previously  mentioned studies,  so  it  was
possible to

compare the results.
compare the results.

FigureFigure5. 5.VinylVinyl-ester- concretescretes compositions(%(%by bymass)mass)basedbasedon

theon statisticalthestatisticalBoxdesignBoxdesign (experimentalCCD  design

ofthreefactorsfactorsexpressedexpressedastheasmassthe ratiosmass

ofratioscomponents:fcomponents:B/(G+S)in B/(G +

S)inrangerangeof  6of.0–610..–010,B/(FA.0,/(FA+Q)  +in  Q)theinrangeth  ofrange0.4–0of.6,
0and.4–0FA/(FA.6,and+ FAQ)/in(FAthe+rangeQ)inofthe0.0–range1.0). of 0.0–1.0).

Specimenstested inthepresentedresearchwere the
alves  of  prisms  with
dimensdimensionsof40×40 ×

403 in were the halves of prisms with of 40
160 mm3 after the flexural test -poi bendi   test). The presented compressive
160 mm remaining after the flexural test(there-point bending test). The presented compressive



strength values were the average (of 4 or 2 results). Specimens were stored in the laboratory
conditions  strength  values  were  the  average  (of  4  or  2  results).  Specimens  were  stored  in  the
laboratory conditions

for periods of 14 days (time of curing of the polymer concretes recommended in the EN 1542
standard),

for periods of 14 days (time of curing of the polymer concretes recommended in the EN 1542
standard), 9 years in the case of concretes with fly ashes remaining from hard coal combustion (FA F

and FAS),  or 9.5 years in the case of concretes with fly ash remaining from lignite combustion
(FAF2).

9 years in the case of concretes with fly ashes remaining from hard coal combustion (FA and
FA ), or

The change in the compressive strength in time was considered the measureF of theS long-term
9.5 years in the case of concretes with fly ash remaining from lignite combustion (FAF2).

performance. It was legitimate to speak of “change” in compressive strength, because the specimens
The change in the compressive strength in time was considered the measure of the long-term

originated from the same prisms, and the results obtained for the halves of the same prisms were
performance.  It  was  legitimate  to  speak  of  “change”  in  compressive  strength,  because  the

specimens compared. Each time, one half of a prism was compressed after 14 days, and the other
half was stored

originated from the same prisms,  and the results  obtained for the  halves  of  the  same
prisms were and destroyed after 9 or 9.5 years.

compared. Each time, one half of a prism was compressed after 14 days, and the other half was
stored

Before the destructive tests were carried out, the specimens were also examined in terms of the
and destroyed after 9 or 9.5 years.

volumetricBeforedensitythedestructive.Thedensitytestswasweredeterminedcarriedout,

accordingthespecimenstotheweremethodalsoexamineddescribedin  termsintheofENthe12390-7

standardvolumetric.Thedensity.Thewasdensitycalculatedwasdeterminedonthebasisaccordingofmeas

urementstothethoddescribedofmass inandthevolumeEN12390obtained-7

by  waterstandarddisplacement.Thedensity (iwas.e., calculatedthemethodon  thefor
basisdeterminingofmeasurementsthedensityofmassofirregularlyandvolume-shapedobtainedspecimens;by

water displacement (i.e.,  the method for determining the density of irregularly-shaped
specimens; in  in this particular case, the abovementioned halves of prisms remaining after
flexural test).

this particular case, the abovementioned halves of prisms remaining after flexural test).
4. Results and discussion
4.1. Compressive Strength of Vinyl-ester Concretes with Fly Ash from Lignite Combustion

4.1. Compressive Strength of Vinyl-ester Concretes with Fly Ash from Lignite Combustion
The results of compressive strength tests of concretes containing various contents of vinyl-ester

The results of compressive strength tests of concretes containing various contents of vinyl-
ester

binder and particular fillers, including quartz powder Q2 and fly ash of lignite FAF2 (in amounts
binder and particular fillers, including quartz powder Q2 and fly ash of lignite FAF2 (in amounts
as

as shown in the Figure 5), are given in the Figure 6. For an easier discussion, the composites were
shown in the Figure 5), are given in the Figure 6. For an easier discussion, the composites were

grouped in  terms  of  the  share  of fly  ash  in  the  microfiller  (values  in  the  round brackets)  and,
generally, grouped in terms of the share fly ash in the microfiller (values in the round brackets)
and, generally,

the theamountamountof offlyflyashashininthecomposite..



Figure 6. Compressive strength of vinyl-ester concretes of various mass contents of fly
ash remaining Figure 6. Compressive strength of vinyl-ester concretes of various mass
contents of fly ash remaining

from lignite FBC obtained after 14 days and 9.5 years; FA, fly ash; PC, polymer concrete.
from lignite FBC obtained after 14 days and 9.5 years; FA, fly ash; PC, polymer concrete.

As  in  the  case  of  vinyl-ester  concretes  containing  fly  ashes  remaining  from  hard  coal
combustion, As in the case of vinyl-ester concretes containing fly ashes remaining from hard
coal combustion,

also  in  the  case  of  analogous  composites  containing  identical  amounts  of  fly  ash  from lignite
combustion,  also in the case of analogous composites containing identical amounts of fly ash
from lignite

and in the case of a number of composites with even more diverse  quantitative compositions, it was
combustion, and in the case of a number of composites with even more d erse quantitative

confirmedcompositions,that  theitwascompressiveconfirmed strengththatthe
ofcompressivesuchconcretestrength-likeofpolymersuchconcretecomposites-likepolymersignificantly

increasedcompositeswithsignificantlytime. increased with time.
TheTheincreaseincreaseininstrength of the testedcompositcompositesrangedrangedfromfrom9.5 MPa9.5MPatoevento
even27.5MPa27.5(onMPa (on

average by 16.6 MPa), which corresponded to percentage changes in the range of 9.1%–28.8%.
In the average by 16.6 MPa), which corresponded to percentage changes in the range of 9.1–28.8%.
In the

case of  initially  very weak concrete  containing a  small  amount  of  vinyl-ester  resin (10% by
composite

case of initially very weak concrete containing a small amount of vinyl-ester resin (10% by composite
mass) and almost 80% of fluidized fly ash in the microfiller (Composition ID No. 8), which after

14 mass) and almost 80% of fluidized fly ash in the microfiller (Composition ID No. 8), which after
14
days of curing as characterized with compressive strength of 14.8 MPa, after 9.5 years, it turned out
to be twice as strong (31.9 MPa).

There  was  no  clear  explanation  as  to  how the  development  of  compressive  strength  was

progressing for all  the composites of various quantitative compositions. However, analyzing the

obtained data,

days of curing as characterized with compressive strength of 14.8 MPa, after 9.5 years, it turned out

to be twice as strong (31.9 MPa).
There was no clear explanation as to how the development of compressive strength was

progressing for all the composites of various quantitative compositions. However, analyzing the one
could recognize that vinyl-ester concretes of the same range of substitution quartz microfiller with
obtained data,  one could recognize that  vinyl-ester  concretes  of  the  same range of  substitution
quartz fly ash (FA/M = 21% or FA/M = 50%) showed similar tendencies (with the test probability
p-value =
microfiller with fly ash (FA/M = 21% or FA/M = 50%) showed similar tendencies (with the test
0.95, = 0.05) with a good correlation (R > 0.8): the more fly ash in the composite, the smaller the
probability  p-value = 0.95, α = 0.05) with a good correlation (R > 0.8): the more fly ash in the
composite, increase in strength over time (Figure 7).
the smaller the increase in strength over time (Figure 7).



Figure  7. The  increase  in  compressive  strength  of  vinyl-ester  concretes  with  various
content of fly ash Figure 7. The increase in compressive strength of vinyl-ester concretes
with various content of fly ash
of lignite FBC registered after 9.5 years in relation to fly ash mass content; the tendencies
(statistical of lignite FBC registered after 9.5 years in relation to fly ash mass content; the
tendencies (statistical
significance level  = 0.05) were determined separately for concretes where 21% of the
quartz microfiller  significance level α = 0.05) were determined separately for concretes
where 21% of the quartz
was  substituted  by  fly  ash  (FA/M  =  21%)  and  concretes  where  half  of  the  quartz
microfiller was microfiller was substituted by fly ash (FA/M = 21%) and concretes where
half of the quartz microfiller
substituted by fly ash (FA/M = 50%).
was substituted by fly ash (FA/M = 50%).

This e ect,  however,  could be easily explained.  Fly ash FAF2 was much finer than quartz
powder  This effect, however, could be easily explained. Fly ash FAF2 was much finer than
quartz powder

Q2, which it replaced (compare the appropriate median and mode values listed in Table  1), and
therefore, Q2, which it replaced (compare the appropriate median and mode values listed in Table
1), and
the fly ash was a component with the finest grains. Thus, the more the fly ash was in the composite,
therefore, the fly ash was a component with the finest grains. Thus, the more the fly ash was in the
the  easier  it  filled  the  inter-grain  voids  of  the  other  fillers’  fractions.  This  meant  that  the
microstructure composite, the easier it filled the inter-grain voids of the other fillers’ fractions. This
meant that the of concrete with a higher content of fly ash was tighter at the start and left  less
possibility for its physical microstructure of concrete with a higher content of fly ash was tighter at
the start and left less
densification of the structure in later times, so the increase in compressive strength over time should
possibility for its physical densification of the structure in later times, so the increase in compressive
also be smaller.
strength over time should also be smaller.
Figure 8 presents the micrographs of two vinyl-ester concretes with di erent fluidized fly ash Figure
8 presents the micrographs of two vinyl-ester concretes with different fluidized fly ash  contents
(21% and 79%) in microfiller  fraction taken shortly after  the specimens’ preparation (in 2010).
contents (21% and 79%) in microfiller fraction taken shortly after the specimens’ preparation (in
2010). The SEM micrographs were made with a Hitachi TM-1000 Scanning Electron Microscope
using a The SEM micrographs were made with a Hitachi TM-1000 Scanning Electron Microscope
using a BSE
BSE detector. Before making the micrographs, the specimens were impregnated in epoxy resin (in a
detector.  Before making the micrographs,  the specimens were impregnated in epoxy resin (in a
vacuum chamber) and prepared by multi-stage grinding (in the presence of diamond suspensions)
vacuum chamber) and prepared by multi-stage grinding (in the presence of diamond suspensions)
and polishing. Surface preparation was carried out using the Struers TegraPol-21 grinding-polishing
and polishing. Surface preparation was carried out using the Struers TegraPol-21 grinding-polishing
machine and the Struers TegraDoser-5 diamond suspension dispensing kit.
machine and the Struers TegraDoser-5 diamond suspension dispensing kit.

The SEM micrographs showed that the microstructure of vinyl-ester concrete with a higher
content  The SEM micrographs showed that the microstructure of vinyl-ester concrete with a
higher

of fly ash and lower content of quartz powder in the microfiller fraction (FA/M = 79%, Q/M = 21%)
content of fly ash and lower content of quartz powder in the microfiller fraction (FA/M = 79%, Q/M
was well compacted, and very fine particles of fly ash were regularly distributed in the polymer
phase. = 21%) was well compacted, and very fine particles of fly ash were regularly distributed in
the In the  case  of  vinyl-ester  concrete  in  which quartz  powder  predominated in  the  microfiller
(FA/M = polymer phase. In the case of vinyl-ester concrete in which quartz powder predominated in
the
21%, Q/M = 79%), one could see that between the large angular grains of quartz, there were spaces
microfiller (FA/M = 21%, Q/M = 79%), one could see that between the large angular grains of
quartz,
filled with a polymer less saturated with mineral filler.
there were spaces filled with a polymer less saturated with mineral filler.



(a) (b)
Figure  8. SEM  micrographs  (magnification:  6000×)  of  vinyl-ester  compositeswith  various
contents of

Figure 8. SEM micrographs (magnification: 6000 ) of vinyl-ester with various contents of
fly ash FAF: (a) composite with 21% content of fly ash in the microfiller (ID: No. 3 acc. to
Figure 5); (b)

fly ash FAF: (a) composite with 21% content of fly ash in the microfiller (ID: No. 3 acc. to Figure 5);
composite with 79% content of fly ash in microfiller (ID: Np. 7 acc. to Figure 5)

(b) composite with 79% content of fly ash in microfiller (ID: Np. 7 acc. to Figure 5)

4.2.  Development4.2.Developmentof  CompressiveofCompressiveStrengthStrength ofof  Vinyl--
esteresterConcretesConcreteswithwithVariousVariousFly FlyAshesAshes

The mechanical tests results obtained for concrete with fly ash of lignite FBC (Figure 6)
clearly

The mechanical tests results obtained for concrete with fly ash of lignite FBC (Figure 6) clearly
showed that in the case of such a filler, the increase of the compressive strength of polymer

concrete showed that in the case of such a filler, the increase of the compressive strength of polymer
concrete

proceeded for a longer time. However, these results did not answer the question about when
there

proceeded for a longer time. However, these results did not answer the question about when there
was  was a progressive increase in the compressive strength of vinyl-ester concretes with fly
ashes and

a  progressive  increase  in  the  compressive  strength  of  vinyl-ester  concretes  with  fly  ashes  and
whether whether it ended before the test date (i.e., earlier than 9.5 years after the composites
were made). To

it ended before the test date (i.e., earlier than 9.5 years after the composites were made). To explore
explore this issue, it is worth looking at the additional results recently obtained for identical

this composiissue,itesis (inworthqualitativelookingandat
quantitattheadditionalvecomposition)resultsrecentlyasdiscussedobtainedtheforarticleidenticalted
compositesinthe

(in  qualitativeIntroductionand.Forquantitativeviyl-ester  conccomporetesition)with asfly
discussedahesorigiinatingthe afromticlehardcitedcoalin thecombustionIntroduction.

(specifically, Specimen ID No. 3 and No. 7 according to Figure 5), new compressive strength
tests

For  vinyl-ester  concretes  with  fly  ashes  originating  from  hard  coal  combustion  (specifically,
Specimen

were carried out nine years after the specimens’ preparation, and the results were compared with
the

ID No. 3 and No. 7 according to Figure 5), new compressive strength tests were carried out nine years
data obtained after 14 days and after seven years (data published in [20]). Table 2 contains such

a after the specimens’ preparation, and the results were compared with the data obtained after 14
days

data sheet. Moreover, the table contains data obtained for concrete with the same quantitative
and after seven years (data published in [20]). Table 2 contains such a data sheet. Moreover, the table

composition, but with fly ash remaining from lignite combustion.
contains  data  obtained  for  concrete  with  the  same  quantitative  composition,  but  with  fly  ash
remaining from lignite combustion.



Table 2. Compressive strength of chosen vinyl-ester composites (ID: No. 3 and
No. 7 acc. to Figure 5) with various types of fly ash (FAS, siliceous fly ash; FAF,
fly ash from hard coal FBC; FAF2, fly ash from

Tablelignite2.CompressiveFBC)obtainedstrengthafter14 ofdays,chosen7years,vinyland-
ester9yearscompositesorafter14 (ID:daysNoand. 39.and5yearsNo.. 7 acc. to Figure 5)

with various types of fly ash
(FA

S

,  siliceous  fly  ash;
FA

F

, fly ash from hard coal FBC;
FA F

2

,  fly  ash
from

Age: Age: Age:
lignite FBC) obtained after 14 days, 7 years, and 9 years or after 14 days and
9.5 years. Δ7/

Δ9/9.5,Fly
ID

FA/M, FA/PC, 14 Days
7
Years

9  or  9.5
Years

Ash %
kg/
kg fc, CV, fc, CV, fc, Age

:

CV
, %

Age: Age:

Fly
Ash

FA/M,
%

FA/PC,

MPa 14  Days
%

MPa 7 Years
%

MPa9or  9.5
Years%

/D9 9.5, %ID
94.2 3.3 103.20.0

120.
0 3.3

D7

FAS 9.6/27.4
kg/kg fc, CV, fc, CV, fc, CV,

FAF № 3 21 5.3

MP
a %

MP
a % MPa %

3.4/14.2101.0 1.2 104.40.5 115.3 7.1
F2 104.3 8.4 - -

122.
4 1 1.4- .4

FAS 94.2 3.3 103.2 0.0 120.0 3.3 9/17.627.4

FAFS
3 21 5.3 101.0 1.2

104.
4 0.5 115.3

7.
1 3.4/14.2

96.6 3.6 - - 105.0

1

4.7 - /8.7

FAF2
№ 7 79 20.1

104.3 8.4 - -
122.
4

1.
4

-
/17.4

FAF 90.7 4.8 110.80.0 107.5 1.9 22.2/18.5
FAF2S 94.0 3.5 -

-
-
-

105.2 9.7 - /11.9
96.6 3.6 105.01 4. - 8.7

FAF 7 791 20.1 90.7 4.8 110.8 0.0 107.5 1.9 22.2/18.5

FAF2

Specimens with fly ash from lignite FBC tested after 9.5years.

194.0 3.5 - -
105.
2

9.
7

-
/11.9

In the case of the 1first series of composites (ID: No. 3 acc. to Figure 5) of identical
quantitative Specimens with fly ash from lignite FBC tested after 9.5
years.

composition differing only in the type of fly ash, a greater increase in strength (both after
seven and nine years), was found when using siliceous fly ash FAS (Δ7 = 9.6%, Δ9 =
27.4%) than in case of fly ash
In the case of the first series of composites (ID: No. 3 acc. to Figure 5) of identical quantitative
from fluidized hard coal combustion, FAF (Δ7 = 3.4%, Δ9 = 14.2%) . However, it should be
noted that

composition di ering only in the type of fly ash, a greater increase in strength (both after seven and
nine years), was found when using siliceous fly ash FAS (D7 = 9.6%, D9 = 27.4%) than in case of fly
ash from fluidized hard coal combustion, FAF (D7 = 3.4%, D9 = 14.2%). However, it should be
noted that the strength values of composites determined after the same longer time were almost
identical, both after seven years (103.2 MPa and 104.4 MPa) and after nine years (120.0 MPa and
115.3 MPa). An analogous concrete with FA2 fly ash from lignite combustion tested after 9.5 years
was characterized with practically imperceptibly higher strength of 122.4 MPa.

In  case  of  the  second  series  of  composites  (Specimen  ID  No.  7  acc.  to  Figure 5),  the
compressive strength determined after nine or 9.5 years for composites with various fly ashes also
adopted very close values (di erences up to 2.5 MPa). This may indicate that a period of nine years
was su cient to obtain a full range of strength.



When it came to the period of seven years, it was di cult to formulate one conclusion. Again,
the  amount  of  the  finest  fraction—the  fly  ash—should  be  taken  into  account.  For  a  series  of
composites containing less fly ash, i.e., 21% fly ash in the general microfiller fraction (5.3% of the
total composite mass, Specimen ID No. 3), the di erence between strength tested after seven and
nine years was significant. Meanwhile, for concrete containing much fluidized fly ash, i.e., 79% of
microfiller fraction (20.1% of the composite mass, Specimen ID No. 7),  no increase in strength
between seven and nine years was noted (the values were very close—110.8 MPa and 107.5 MPa).
Thus, in the last case, seven years seemed to be su cient time to achieve a full strength.

For each polymer concrete compressive strength test, the coe cient of variation (within-batch
variation) was calculated. The CV ranged from 1.4–7.1% for composites containing less fly ash and
1.9–9.7% for concretes richer in fly ash. Such values could be considered satisfactory if they were
assessed in the context of ordinary concrete with a similar strength, whereas given other composite
material and specimens sizes, there are no particular guidelines for such an assessment [25,26].

One can expect that the numerous grains of the finest fillers,  thus the smallest particles of
microfiller  fraction,  could  be  the  physical  obstacles  to  the  free  formation  of  structures  of
polymerized chains of the binder; thus, the polymerization proceeded slower, and therefore, the
polymer matrix strengthened for a longer time before the composite obtained its final properties.
Moreover,  the  additional  cross-linking  of  the  polymer  could  have  been  initialized  by  calcium
compounds, which were present in significant amounts in the by-products of fluidized combustion.
This would explain why, in the case of a composite richer in fluidized fly ash, compressive strength
stabilized faster.

4.3. Volumetric Density

Conclusions regarding the potential densification of the microstructure deduced on the basis of
the compressive strength gain in time were confirmed by the results of the measurement of the
density of composites. Table 3 contains data regarding the change in volumetric density over time
of the abovementioned composites with fly ashes remaining after coal combustion (FAS and FAF) at
the age of 14 days and nine years. One can observe that in the case of composites in which more
quartz powder (with a density of 2650 kg/m3) was replaced by lighter siliceous fly ash (with density
of 2110 kg/m3) or fluidized fly ash (with a density of 2440 kg/m3), i.e., composites with a lower
initial volumetric density, the increase in density was greater.

Table  3. Density  of  composites  with  various  fly  ashes  (FAS,  siliceous  fly  ash;  FAF,
fluidized fly ash) determined after 14 days and 9 years.

Age: Age: Gai
n

FA/PC,

14 Days 9 Years

Fly Ash FA/M, %ID
D, CV, D, CV, DD, DD,kg/kg
kg/m3% kg/m3 % kg/m3 %

FAS

3 21.0 5.3
2149 0.7 2201 3.7 52 2.4

FAF 2162 0.24 2185 0.5 23 1.1
FAS

7 79.0 20.1
2112 2.3 2201 2.2 89 4.2

FAF 2102 1.4 2188 0.8 86 4.1



5. Conclusions

The  following  conclusions  emerged  from the  investigations  of  the  long-term compressive

strength of vinyl-ester concretes with various microfillers:

1. The results confirmed that in the case of tested polymer concretes prepared with the use of

commercially available vinyl-ester resin as a binder, a significant improvement of compressive

strength after a period of several years was noted. This was evidence that vinyl-ester concretes

were durable polymer composites when analyzed in terms of mechanical strength criterion.

2. The increase in compressive strength was noted regardless of the characteristic or origin of the
microfiller used, i.e.,  in the case of commonly used commercial quartz powders and when
using by-products remaining after combustion of various fossil fuels in various installations
(including  fly  ashes  from  FBC,  whose  impact  on  the  long-term  properties  of  polymer
composites had not been recognized until this point).

3. As  shown,  the  increase in  compressive strength continued for  several  years;  however,  the
values of strength stabilized for di erent composites after di erent times, depending on the
amount of microfiller the vinyl-ester binder was saturated with: the less fly ash, the longer the
time until strength stabilization. Nonetheless, the obtained results indicated that the period of
nine years was su cient to obtain a full range of strength of tested PC. Moreover, in cases of
composite rich in fluidized fly ash, the shorter period of seven years seemed to be su cient.

4. The  morphology,  particles  size  distribution,  and  density  of  the  microfillers  used  a  ected
microstructure and, as a consequence, the volumetric density of hardened composites: the more
fly ash in the composite, the lower the initial volumetric density of PC, but the greater the
increase in density with time. After nine years, the density of all tested concretes adopted had
very similar values of ca. 2200 kg/m3.

To explain the phenomena, the physical e ects of which were the subject of this paper, the
author  plans  additional  long-term  research  focused  on  changes  in  the  internal  structure  and
microstructure of polymer concretes for the various stages of their service-life.
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