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THE INFLUENCE OF THE SYNTHETIC ZEOLITE
ON THE PROPERTIES OF ASPHALT BINDER 35/50

Abstract

The primary objective of this study was to investigate the impact of the mineral additive to Warm Mix Asphalt — the
synthetic zeolite, on the properties of the asphalt binder 35/50. A synthetic zeolite is an additive in the form of very fine
powder that — when added to the hot bitumen — generates a foaming effect and allows to increase the workability of the
asphalt mixture at lower mixing and laying temperatures. The laboratory tests, which were carried out on asphalt binder
35/50 with 3 contents of synthetic zeolite, proved that it does not significantly influence the thermal sensitivity of the
asphalt and increases the viscosity of the bitumen as a result of the mineral filling effect of the zeolite which — after initial

foaming — remains un-dissolved in the binder.

Keywords: warm mix asphalt, road pavements, synthetic zeolite, asphalt binder 35/50

1. Introduction

In modern civil engineering, environment friendly
technologies are one of the main targets for engineers.
A great progress is noticed in this area. European
countries are using technologies that appear to allow
a reduction in the temperatures at which asphalt
mixes are produced and placed. These technologies
have been labeled Warm Mix Asphalt (WMA). The
immediate benefit of production of WMA is the
reduction in energy consumption required by burning
fuels to heat traditional Hot Mix Asphalt (HMA) to
temperatures in excess of 160°C at the production
plant. These high production temperatures are needed
to allow the asphalt binder to become viscous enough
to completely coat the aggregate in the HMA, have
good workability during laying and compaction, and
durability during traffic exposure. With the decreased
production temperature comes the additional benefit
of reduced emissions of fumes and odors from burning
fuels, generated at the plant and the paving site,
longer paving ‘seasons’, longer hauling distances,
reduced ageing and oxidative hardening of binders
thus reduce cracking in the pavements [3].

Technologies that have been developed to produce
WMA can be classified by the methodology used to
improve asphalt concrete workability and two main
categories can be identified: foaming process and the
addition of dopes [6]. The foaming process that results
in a binder’s volume expansion can be obtained by

the direct injection of water to the bitumen or by the
utilization of hydro-thermally crystallized minerals
such as zeolites [7].

Zeolites can occur as natural mineral or can be
synthesized. The synthetic ones are finely powdered
hydrated sodium aluminum silicates that are principally
composed of a siliceous structure with large and
interconnected spaces. Thanks to these spaces, zeolite
can accommodate molecules of water in its structure
(approx. 20%) and remove it reversibly by the
application of heat. From a technical point of view, at
mixing temperature, synthetic zeolite gradually releases
a small amount of water and, as a consequence of
water vapor emission, generates a foaming effect in the
bitumen. This process allows to increase the workability
of the asphalt mixture at mixing and laying temperatures
about 30°C lower than traditional ones [9].

2. Objective

The usage of zeolite as a warm mix agent is relatively
new in the asphalt industry, but in some countries like
USA or Germany advanced researches are being carried
out. The scientists who are undertaking investigation,
restrict themselves to assessing the effect of zeolite on
mix asphalt. Not enough attention is paid on evaluation
of the effect of zeolite on the performance of asphalt
binder, while it has a great influence on behavior of the
mixes during the production and compaction phase.
That is why the primary objective of this study was to
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investigate the impact of the interactions between the
synthetic zeolite and the asphalt binder.

3. Materials experimental procedure

Asphalt binder 35/50 and synthetic zeolite
(structure A) were selected for the study. The output
content of the zeolite was evaluated by converting
the recommended 0.3% content of all mixture
[1-4, 6, 8, 9] and as a result the optimum content
averaged 5.5% from the quantity of asphalt binder.
To achieve authoritative results, the test were carried
out with pure asphalt binder, with the output content
(5.5%) and with one higher content (7.5%) and one
lower than the optimum one (3.5%). The following
laboratory tests were carried out:

— penetration at 25°C, according to PN-EN 1426:20009,

— softening point, according to PN-EN 1427:2009,

— Fraass breaking point, according to PN-EN
12593:2009,

— dynamic viscosity at temperatures: 60°C, 90°C,
135°C, 160°C, according to PN-EN 12596:2009.

The samples for these tests were prepared by mixing
the proper amount of the zeolite with the asphalt
heated up to 150°C with enough time to liquidize
the bitumen. To create conditions similar to ones
at the paving site, all the tests were carried out the
same day the samples were prepared, but keeping the
conditioning time demanded for the particular test.

4. Results and discussion

To determine the thermal sensitivity of the asphalt
binder, softening point test and Fraass breaking point
test were conducted with and without the addition of
the zeolite. The results are shown in Figure 1.

The Fraass breaking point test results oscillate
between —-11 and -12°C. In accordance with PN-EN
12593:2009, the acceptable difference between the
results is 3°C for the particular type of asphalt binder.
Taking that into consideration, the received results are
compatible with the norm condition and the addition
of zeolite can be acknowledged as insubstantial on
the breaking point.

A similar situation was performed for the softening
point test. The received temperatures, for each
content of the zeolite, were higher in comparison to
the pure asphalt, but still the differences were not
significant. In accordance with PN-EN 1427:2009,
that estimates 2°C as the acceptable difference
between the results for the particular type of asphalt
binder, it can be assumed that the softening point was
slightly increased but not significantly changed by the
addition of the zeolite.

6

Fig. 1. Tests results depending on the contents of synthetic
zeolite in asphalt 35/50: a) Fraass breaking point
b) Softening point

Another test that was carried out was the penetration
test to evaluate the consistency of the binder. Once
the softening point and penetration were determined,
these results were used to evaluate another thermal
sensitivity parameter — the penetration index. The
results are shown in Figure 2.

Figure 2 shows that the addition of the zeolite
dropped the penetration and the higher content of the
zeolite in the asphalt the lower value of penetration.

The penetration index, evaluated on the penetration
and softening point test data, established in a level
of —1,3 for all binders with different contents of the
zeolite. At the same time these results correlate well
with the previous tests, validating the earlier claim
that the addition of the zeolite does not affect the
thermal sensitivity of the asphalt binder.
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Fig. 2. Tests results depending on the contents of synthetic
zeolite in asphalt 35/50: a) Penetration b) Penetration index

To determine the rheological feature of the asphalt
binder, dynamic viscosity test was evaluated at 4
temperatures equivalent to production and traffic
exposure conditions: 60°C — exploitation, 90°C —
compaction, 135°C — placement, 160°C - production.
One sample, with the particular addition of the
zeolite, was used to evaluate the viscosity at every
temperature. It was first heated up to the lowest
temperature (60°C) and after the end of the test, the
heating and testing processes were continued. Figure
3 presents dynamic viscosity results at 60°C and 90°C,
while Figure 4 at 135°C and 160°C, respectively.

Fig. 3. Dynamic viscosity test results depending on the

contents of synthetic zeolite in asphalt 35/50 at:
a) 60°C, b) 90°C

Fig. 4. Dynamic viscosity test results depending on the
contents of synthetic zeolite in asphalt 35/50 at:
a) 135°C, b) 160°C

In general, it is observed that every content of the
zeolite results in a rise of the dynamic viscosity as
compared to the pure asphalt, irrespective of the test
temperature. Another tendency that can be observed
is that the lowest viscosity values were obtained
for the content of 5.5% of the zeolite at every test
temperature. Therefore, 5.5% content can be evaluated
as the optimum one, which confirms the accurate
recommended addition of 0.3% of the zeolite from the
guantity of all asphalt mix [1-4, 6, 8, 9] which equals
5.5% from the quantity of the asphalt binder. The
reason for the increase in viscosity can be attributed
to the addition of solid material in a form of a fine
powder to the binder, which — after initial foaming —
remains un-dissolved in the binder and acts as a filler.

The changes in the viscosity values of the asphalt
binder with the synthetic zeolite are still being
investigated by many scientists. There are findings
in the literature that confirm the above claim that the
zeolite causes the increase of the asphalt viscosity
[1-3], but there are also test results that proves the
opposite statement [7, 8]. Itis certain though, that such
unequivocal tendency is a result of the materials used
in the experiments: the type of the asphalt binder, its
output properties, the chemical structure and source
of the particular synthetic zeolite.
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The matter that should be evaluated in further
investigations is the impact of the synthetic zeolite
on the properties of asphalt mixes, especially on
the content of air voids and moisture sensitivity at
lower production and compaction temperatures. Such
evaluation would stand for the claim that chemical
reactions other than viscosity of the binder are behind
the positive impact of the zeolite as warm mix additive.

5. Conclusions

Based on the results from the laboratory testing
using the synthetic zeolite as warm mix additive to the
asphalt binder, the following conclusions were made:
— the addition of synthetic zeolite does not influence

the thermal sensitivity of the asphalt binder, which
was confirmed by the following tests: softening
point, Fraass breaking point and penetration index,

— the addition of synthetic zeolite slightly lowers the
penetration of the asphalt binder,

— the addition of synthetic zeolite results in a rise of
the dynamic viscosity due to the filling effect of
the additive that after the initial release of water
and foaming effect in the bitumen, remains un-
dissolved in the binder.

References

[1] Akisetty C.,Amirkhanian$S., LeeS.J.: Hightemperature
properties of rubberized binders containing warm
asphalt additives, Construction and Building Materials,
Elsevier Ltd., No. 23, 2007, pp. 565-573.

[2] Amirkhanian S., Biro S., Gandhi T.: Determination
of Zero Shear Viscosity of Warm Asphalt Binders,

(3]

Construction and Building Materials, Elsevier Ltd.,
No. 23 (5), 2009, pp. 2080-2086.

Amirkhanian S., Gandhi T.: Laboratory investigation
of warm asphalt binder properties — a preliminary
analysis, Proceedings of 5" International Conference
on Maintenance and Rehabilitation of Pavements and
Technological Control (MAIREPAV5), Park City,
USA 2007.

Barthel W., Marchand J.-P., Von Devivere M.: Warm
asphalt mixes by adding aspha-min@ a synthetic
zeolite, Proceedings of the Third Eurasphalt and
Eurobitume Conference, Book 1, Foundation
Eurasphalt, Breukelen, The Netherlands, 2004.
Castelo Branco V.T.F.: Modification of asphalt
mixtures (hot and warm) by the addition of zeolite,
Vanconcelos et al 2008.

Gallelli V., Tuele T., Vaiana R.: Warm Mix Asphalt
with Synthetic Zeolite: a Laboratory Study on
Mixes Workability, Internation Journal of Pavement
Research and Technology, Chinese Society of Paving
Engineering, Vol. 6 No. 5 Sep. 2013, pp. 562-569.
Gorkem C., Sengoz B., Topal A.. Evaluation of
natural zeolite as warm mix asphalt additive and
its comparison with other warm mix additives,
Construction and Building Materials, Elsevier Ltd.,
No. 43, Turkey 2013, pp. 242-252.

Guegan M., Selvamohan S., Wasiuddin N., Zaman M.:
Comparative Laboratory Study of Sasobit and Aspha-
Min Additives in Warm-Mix Asphalt, Transportation
Research Record: Journal of the Transportation
Research Board, 2007, pp. 82-88.

Hurley G.C., Prowell B.D.: Evaluation of Aspha-Min
zeolite for use in arm mix asphalt, National Center for
Asphalt Technology, NCAT Auburn University 2005.



THE INFLUENCE OF THE SYNTHETIC ZEOLITE ON THE PROPERTIES OF ASPHALT BINDER 35/50

structure

Agnieszka Rdg

Wptyw syntetycznego zeolitu
na wiasciwosci asfaltu 35/50

1. Wstep

Ochrona $rodowiska naturalnego jest jednym
z gltéwnych zadan w nowoczesnym budownictwie
drogowym. W tej dziedzinie notuje si¢ ostatnio znacz-
ny postep. W krajach europejskich pojawiaja si¢ nowe
technologie zmniejszajace emisj¢ gazow podczas
produkcji mieszanek mineralno-asfaltowych i budo-
wy nawierzchni. Technologie te nazywane sa WMA
— Warm Mix Asphalt (mieszanki mineralno-asfalto-
we na cieplo). Bezposrednia korzyscia wynikajaca
z budowy WMA jest redukcja energii potrzebnej do
wyprodukowania tradycyjnej mieszanki mineralno-
-asfaltowej na goraco HMA — Hot Mix Asphalt. Wyso-
kie temperatury konieczne do produkcji mieszanek na
goraco wynikaja z potrzeby obnizenia lepkosci lepisz-
cza asfaltowego, aby mogto otoczy¢ kruszywo, za-
pewnialo dobrg urabialno$¢ oraz zageszczalno$¢ pod-
czas wbudowywania mieszanki, a takze zapewniato
trwato§¢ w catym okresie eksploatacji nawierzchni.
Z obnizeniem temperatury mieszanek zwigzane sg
inne korzysci, jak: redukcja emisji gazow, wydtu-
zony sezon budowlany, dluzsze dystanse transportu
mieszanki, redukcja starzenia i utleniania si¢ asfaltu,
a tym samym zmniejszenie spgkan nawierzchni [3].

Rozwini¢te technologie WMA mozna podzieli¢ ze
wzgledu na sposob poprawy urabialnosci betonu as-
faltowego na dwie kategorie: wykorzystujace proces
spieniania i stosowania dodatkow [6]. Proces spie-
niania, ktory powoduje wzrost objetosci asfaltu moze
by¢ osiagniety dwoma sposobami: dodaniem pod ci-
$nieniem wody do goracego lepiszcza lub zastosowa-
niem hydrotermalnie krystalizowanych mineratow,
takich jak zeolity [7].

Zeolity moga by¢ naturalne lub syntetyczne. Syn-
tetyczne zeolity to krzemiany wapniowo-glinowe,
wystepujace w postaci bardzo drobnego proszku.
Odznaczaja si¢ duza zawartoscia potaczonych ze
sobg mikrokanalikow, ktore zawierajg wode (nawet
do 20% m/m) i majg zdolno$¢ oddawania jej pod
wplywem ciepta. Z technicznego punktu widzenia

pod wptywem temperatury mieszania woda z poréw
zeolitu stopniowo uwalnia si¢ i paruje, powodujac
spienianie dodanego asfaltu. Proces ten pozwala na
obnizenie temperatur, a piana asfaltowa otacza ziarna
kruszywa mineralnego, co pozwala na poprawe ura-
bialnosci mieszanki w temperaturach nizszych nawet
o ok. 30°C niz tradycyjne [9].

2. Cel opracowania

Stosowanie syntetycznego zeolitu jako $rodka ob-
nizajgcego temperaturg produkcji MMA nie jest zbyt
powszechne, ale w krajach takich jak USA czy Niem-
cy prowadzi si¢ zaawansowane badania. Naukowcy
podejmujacy sie badania wptywu tego dodatku ogra-
niczaja si¢ jednak do badania jego wplywu na wiasci-
wosci mieszanki mineralno-asfaltowej. Malo uwagi
poswieca si¢ badaniu wplywu syntetycznego zeolitu
na wilasciwos$ci samego lepiszcza asfaltowego, pod-
czas gdy ma on ogromne znaczenie na wlasciwosci
mieszanki w czasie jej produkcji i zageszczania.
Z tego wzgledu przedmiotem niniejszego opracowa-
nia byto zbadanie wptywu dodatku syntetycznego ze-
olitu na wiasciwosci asfaltu.

3. Materialy i procedury badawcze

Do badan wykorzystano asfalt zwykty 35/50 i syn-
tetyczny zeolit o strukturze A. Wyjsciowa ilo$¢ ze-
olitu wzgledem asfaltu okreslono przeliczajac zale-
cang zawartosci tego dodatku w stosunku dla masy
catej mieszanki mineralno-asfaltowej, ktéra wynosi
0,3% [1-4, 6, 8, 9], w wyniku czego uzyskano war-
to$¢ wyjsSciowa rowna 5,5% zeolitu w stosunku do
masy asfaltu. Dla uzyskania miarodajnych wynikéw
zbadano asfalt bez dodatku zeolitu, z wyjsciowa ilo-
scia (5,5%) oraz z zawartosciami mniejsza (3,5%)
1 wigksza (7,5%) od wyjsciowej. Wykonano nastepu-
jace badania:

— penetracji w 25°C zgodnie z norma PN-EN

1426:20009,

— temperatury migknienia zgodnie z norma PN-EN

1427:20009,
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— temperatury tamliwosci Fraassa zgodnie z norma
PN-EN 12593:2009,

— lepkosci dynamicznej w temperaturach: 60°C,
90°C, 135°C, 160°C zgodnie z normg PN-EN
12596:2009.

4. Wyniki i ich analiza
W celu okreslenia wrazliwosci termicznej asfaltu

bez i z roznymi zawartosciami zeolitu, przeprowa-

dzono badanie temperatury famliwosci Fraassa oraz
badanie temperatury migknienia metoda Pierscienia

i kuli, ktorych wyniki przedstawiono na rysunku 1.
Wyniki badania tamliwo$ci Fraassa oscyluja miedzy

—11 a —12°C. Zgodnie z normg PN-EN 12593:2009,
réznica migdzy wynikami uzyskanych temperatur nie
powinna by¢ wigksza niz 3°C dla danego badanego
rodzaju asfaltu. Biorgc to pod uwage uzyskane wyni-
ki spetniajg warunek r6éznicy pomiaru, a ich rozbiez-
nos$¢ jest tak mala, iz mozna uznac, ze dodatek zeolitu
do asfaltu, niezaleznie od jego zawarto$ci procento-
wej, nie ma wplywu na temperaturg tamliwosci.

Podobna tendencje zaobserwowano dla badania
temperatur migknienia. Mozna zauwazy¢, ze dla
wszystkich asfaltow z dodatkiem zeolitu uzyskano
wyzszg temperatur¢ w stosunku do czystego asfaltu
bez dodatku, ale réznice nie byty znaczace. W tym
przypadku réwniez mieszczg si¢ w zakresie rozbiez-
nosci wynikow pomiaréw podanych w stanowiacej
podstawe badania normie PN-EN 1427:2009, zgod-
nie z ktorg dopuszczalne réznice w wynikach nie
powinny by¢ wicksze niz 2°C. Mozna zatem uznac,
ze temperatura migknienia asfaltu byta delikatnie
zwigkszona, ale nie znaczgco zmieniona przez doda-
tek zeolitu.

W celu okreslenia konsystencji asfaltu z r6znymi
zawarto$ciami zeolitu przeprowadzono badanie pene-
tracji. Uzyskane wyniki tego badania oraz temperatu-
ry migknienia pozwolily na obliczenie dodatkowego
parametru charakteryzujacego wrazliwos¢ termiczng
lepiszcza — indeksu penetracji. Wyniki badania pene-
tracji oraz obliczonego indeksu penetracji przedsta-
wiono na rysunku 2.

Z analizy wykresow wynika, ze dodatek zeolitu do
asfaltu spowodowal obnizenie jego penetracji. Im
wicksza byta zawartos¢ zeolitu w asfalcie, tym nizsza
penetracja.

Indeks penetracji, obliczony na podstawie wyni-
kow badan penetracji i temperatury migknienia, usta-
bilizowat si¢ na poziomie —1,3 dla wszystkich kom-
binacji asfaltu z zeolitem. Wyniki te dobrze koreluja
z poprzednimi wynikami badan, potwierdzajac wcze-

10

$niejsze wnioski, ze dodatek zeolitu nie wptywa na
wrazliwo$¢ termiczng lepiszcza.

W celu zbadania wtasciwosci reologicznych asfal-
tu, przeprowadzono badania lepkosci dynamicznej
w 4 temperaturach odpowiadajacych temperaturom,
jakim poddany jest asfalt: 60°C —w czasie eksploatacji
nawierzchni, 90°C — w czasie zaggszczania mieszan-
ki, 135°C — w czasie wbudowywania oraz 160°C —
w czasie produkcji. Jedna prébka asfaltu z dang zawar-
toscia zeolitu byla wykorzystana do zbadania lepkosci
w kazdej temperaturze. Najpierw byta ona podgrzewa-
na do najnizszej temperatury badania i po jego zakon-
czeniu ponownie doprowadzana do kolejnych wyz-
szych temperatur badania az do ich zakonczenia. Na
rysunku 3 przedstawiono wyniki badania lepkosci w 60
i 90°C, a na rysunku 4 odpowiednio dla 135 i 160°C.

Generalnie zaobserwowano, ze kazda zawartos¢
zeolitu w asfalcie skutkuje wzrostem jego lepkosci
niezaleznie od temperatury badania. Kolejng zalez-
nos$cia jest, ze dla zawartosci 5,5% zeolitu uzyska-
no najnizsze lepkosci w kazdej temperaturze. Z tego
wzgledu dodatek 5,5% mozna uzna¢ za optymalny co
potwierdza zasadnos$¢ zalecanej ilosci zeolitu roéw-
nej 0,3% w stosunku do masy mieszanki [1-4, 6, 8,
9], co jest rowne 5,5% w stosunku do masy asfaltu.
Przyczyna wzrostu lepkos$ci asfaltu z dodatkiem ze-
olitu moze by¢ przypisana formie dodatku, ktory jest
W postaci ciala statego — drobnego proszku, ktéry po
pierwotnym spienieniu w asfalcie, pozostaje nieroz-
puszczony i zachowuje si¢ jak wypelniacz.

Zmiany lepkosci asfaltu z zeolitem nadal sg badane
przez wielu badaczy. Mozna znalez¢ dane literaturo-
we potwierdzajace powyzsze twierdzenie, ze doda-
tek zeolitu powoduje wzrost lepkosci asfaltu [1-3],
jednak sg tez wyniki badan, ktéore dowodza przeciw-
nemu twierdzeniu [7, 8]. Pewne jest jednak, ze takie
niejednoznaczne zjawisko jest wynikiem stosowa-
nych materialow, ktore wykorzystywane sg do badan:
rodzaju asfaltu, jego wyjsciowych wtasciwosci oraz
chemicznej budowy i pochodzenia konkretnego za-
stosowanego syntetycznego zeolitu.

Niewatpliwie przedmiotem dalszych badan po-
winna by¢ ocena wplywu syntetycznego zeolitu
na wilasciwosci mieszanek mineralno-asfaltowych,
w szczegodlnos$ci na zawarto$¢ wolnych przestrzeni
1 odporno$¢ na oddziatywanie wody i mrozu w niz-
szych temperaturach produkcji i zageszczania. Taka
ocena databy podstawe do stwierdzenia, ze inne re-
akcje chemiczne niz zmiana lepkosci asfaltu sa odpo-
wiedzialne za pozytywne dziatanie zeolitu jako do-
datku do mieszanek mineralno-asfaltowych na ciepto.
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5. Wnioski

Na podstawie przedstawionych wynikéw badan
z uzyciem syntetycznego zeolitu jako dodatku do as-
faltu do produkcji mieszanek mineralno-asfaltowych
na ciepto, mozna wysnu¢ nastgpujace wnioski:

— dodatek zeolitu do asfaltu nie powoduje zmian
jego wrazliwos$ci termicznej, co potwierdzito ba-
danie tamliwos$ci Fraassa, temperatury migknienia
i indeksu penetracji;

— W nieznaczny sposob dodatek zeolitu powoduje
obnizenie penetracji asfaltu;

— dodatek zeolitu do asfaltu powoduje wzrost jego
lepko$ci w rezultacie obecnosci bardzo drobnych
czagsteczek stalych zeolitu, ktore po poczatkowym
uwolnieniu wody i spowodowaniu spienienia as-
faltu, pozostaja nierozpuszczone w lepiszczu.

11



structure

TADEUSZ TURKIEWICZ

The State School of Higher Education in Chelm
e-mail: tturkiewicz@pwsz.chelm.pl

JACEK GORA

Lublin University of Technology

e-mail: j.gora@pollub.pl

WOJCIECH PIASTA

Kielce University of Technology
e-mail: wpiasta@tu kielce.pl
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OF CONCRETE

Abstract

The test results presented concern ordinary concretes containing 5 coarse crushed aggregates made from igneous rocks
and one made from gravel. The two aggregates i.e. granite and basalt were from southwest Poland and three i.e. granite,
basalt, granodiorite were from West Ukraine. Natural gravel was comparatively tested as well. The tests of aggregates
dealt with bulk density, grinding ratio, content of irregular grains and content of mineral powder. Flexural and
compressive strength of concretes were tested after 28 and 365 days. Better strength properties of concretes containing
Polish aggregates in relation to comparable petrographic Ukrainian aggregates were found.

Keywords: igneous rock crushed aggregates, Polish aggregates, Ukrainian aggregates, flexural and compressive

strength of concrete

1. Introduction

Coarse aggregate as a filler in concrete also
restrains the shrinkage of cement paste. This results
in considerable local stresses which may produce
microcracks in the interface zone if the cement paste-
aggregate bond is too weak [1]. In concrete like in
other composite materials, the difference in modulus
of elasticity of the matrix (mortar) and the filler
(coarse aggregate) contribute to stress concentration
in the interface zone, which affects the strength and
overall performance of concrete. The first microcracks
in concrete begin to propagate preferentially along
cement paste-aggregate interfaces due to shrinkage
right before loading. Low fracture strength of concrete
results among others from the occurrence of shrinkage
microcracks and low crack resistance of the interface
zone whe concrete is under load [2]. The microcracks
produced locally in the interfaces initiate crack
propagation between aggregate grains. Therefore,
the role of coarse aggregate for fracture strength and
thereby for tensile strength can be more considerable
than for compressive strength. The tensile stress
transfer mechanism depends on cement paste-
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aggregate bond strength related to the nature, mineral
composition and roughness of aggregate, as well as
elastic and strength properties of aggregate [12].

In order to select the appropriate aggregate,
its effect on tensile strength and crack resistance
requires consideration as well. In accordance with the
standards [9], tensile strength of concrete is assumed
on the ground of compressive strength. It is incorrect
to neglect the effect of coarse aggregate type on the
tensile strength. It has been confirmed by test results
[4], the tensile strength values f_ _ assumed by the
standards are often overestimated. This is a reason for
the studies of the effect of aggregate type on tensile
strength of concrete.

Moreover, due to a shortage of coarse aggregate
made form igneous rocks in the eastern regions
of Poland for universal use, including road and
bridge concrete, import of these aggregates from
deposits in western Ukraine has begun. The quality
and relevance of Ukrainian aggregates for concrete
require investigation and checking whether they may
replace the corresponding Polish aggregates.
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2. Materials and test methods

There were tested 5 coarse crushed aggregates made
from igneous rocks and one made from gravel. The
two aggregates i.e. granite (marked Bl) and basalt
(BII) were from southwest Poland and the three ones
i.e. granite (BIII), basalt (BIV), granodiorite (BV)
were from West Ukraine. Comparatively tested was
natural gravel B(V1) as well.

The tests of aggregates dealt with bulk density,
grinding ratio, content of irregular grains and content
of mineral powder.

Natural washed sand from Suwalki was used as
fine aggregate. Its bulk density and content of dust
amounted to 2.65 kg/dm? and 0.43%, respectively.

Each of the coarse aggregate tested was applied
to cast concrete. Due to different density of coarse
aggregates, their volume in each concrete type was
the same. Sand content in aggregate composition,
expressed by volume, amounted to 257 dmé,

Ordinary Portland cement CEM | 42.5R was used
for each concrete. In all concretes the content of
cement amounted to 350 kg/m® and w/c ratio was
0.55. Neither superplasticizer nor another admixture
were applied. Composition of concrete mixes is given
in Table 1.

Table 1. Composition of concrete mixes, kg/m®

Concrete

Components
of concrete

BI Bl Bl BIV BV BVI
cement, kg/m’ 350 350 350 350 350 350
coarseaggregate | g | go3 | sgs | so4 | 576 | 576
2--8 mm, kg/m’
coarse aggregate
8416 mm, kg/m’ 568 633 595 657 576 576
sand
) 0, Y 681 681 681 681 681 681
water, dm’/m? 193 193 193 193 193 193
w/c ratio 0.55

The consistency of concrete mixes, was determined
by the slump [7], which was 9 +3 cm. It corresponds
to classes of S2+S3 [10]. Air content in concrete
mixes, determined by means of a pressure method
was from 1.5 to 2.4%. The volumetric density of
concrete mixes was tested as well [8]. Detailed test
results of concrete mixes are shown in Table 2.

Table 2. Test results of concrete mixes

Concrete Slump test result, Air content, Bulk density,
m % kg/dm?
Bl 5 20 239
Bl [k 16 253
Bl 6.5 1.5 2.43
BIV 5 17 2.50
BY g 22 239
BVI 12 24 232

From each concrete mix, the following specimens
were cast: 6 beams 100 x 100 x 500 mm and 12 cubes
100 x 100 x 100 mm. The beams cured for 365 days
were used to test flexural strength and the cubes cured
for 28 and 365 days to test compressive strength.

3. Results and analysis

3.1. Aggregates

The test results of all aggregates were referred to
the requirements of the Polish standards [5] in the
first place. The requirements relating to the tested
properties of aggregates are presented in Table 3.

Table 3. Codes rules in scope of tested aggregates according
to PN-86/B-06712 [5]

Igneous and

. Gravel
metamorphic rocks

Properties of aggregates

No. (table presents maximum
permissible values)

aggregate class aggregate class

20 | 30 | 50 | 10 | 20 | 30

Resistance to crushing

and grinding ratio, % 161121 8 ) 24076 1

2 | Contentofirregular grains, % | 25 | 20 | 10 | 30 | 25 | 20

3 Content of mineral dust,% | 3.0 | 1.5 | 1.0 | 3.0 | 2.0 | 15

The research of physical and mechanical properties
was conducted both with respect to aggregates
applied, as well as concretes made with their use. The
results are shown in Table 4 and 5, respectively.
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Table 4. Tests results of aggregates properties

Tested property
Fraction . o . . . .
Aggregate type mmm Bulk density Grinding ratio Content of irregular grains Content of mineral powder
kg/dm? X, % X % Z,% Z % Z,% Z,.%
2-8 149 49 0.16
granite pl (1) 2.60 15.1 3.0 0.13
8-16 153 1.6 0.10
2-8 43 5.7 0.40
basalt pl (1) 2.94 46 42 0.35
8-16 49 2.7 0.30
2-8 5.9 35 0.27
granite uk (I1) 2.65 8.0 4.2 0.26
8-16 9.8 48 0.24
2-8 3.9 6.1 0.68
basalt uk (IV) 2.86 6.6 6.6 0.66
8-16 8.5 6.9 0.65
2-8 6.2 103 0.28
granodiorite uk (V) 2.63 6.0 83 0.26
8-16 5.8 6.7 0.24
2-8 75 0.7 0.22
gravel pl (VI) 263 9.3 3.1 0.21
8-16 10.6 5.0 0.20
Table 5. Test results of concrete strength
Mean compressive strength, MPa Mean flexural strength, MPa
Concrete s, MPa s, MPa s, MPa
28 days 365 days 365 days
v, % v, % v, %
148 2.06 0.17
Bl (granite pl) 451 51.1 4,95
33 4.0 35
1.20 1.81 0.13
BIl (basalt pl) 47.1 515 5.20
25 35 2.4
1.64 2.06 0.21
BIll (granite uk) 434 473 438
3.8 4.4 4.7
1.75 1.96 0.18
BIV (basalt uk) 46.0 50.4 4.96
3.8 39 3.7
2.26 3.37 0.24
BV (granodiorite uk) 434 485 4.60
52 6.9 5.1
239 2.2 0.17
BVI (gravel pl) 4.0 50.1 5.02
5.7 4.4 3.4

In Poland, for many vyears it has been the
compressive strength that constituted the base
for qualitative assessment of aggregate in scope
of mechanical properties, measured by means
of the grinding ratio. This was confirmed by the
requirements of PN-B-06250:1988 [6], according
to which, if not provided otherwise in the subject
standards for products, components and structures,
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it is recommended to use aggregate of a class not
worse than that of concrete. In today’s standards, one
cannot find that type of recommendations, however
it shall be taken for granted that they were created
on the basis of many years’ experience, although
scientific research suggests that there are exceptions
to this rule in some cases. Considering the results
of aggregate tests obtained, all types of aggregate



THE EFFECT OF IGNEOUS ROCK AGGREGATES ON FLEXURAL AND COMPRESSIVE STRENGTH OF CONCRETE

structure

need to be classified, with the exception of granite
pl (1), as aggregate class 50, that is as concretes of
all strength classes according to [6]. However, granite
pl (I) was classified as class 20, which means that
it should be used, according to the standards [6] in
concrete classes of C16/20 at the most. Regarding the
resistance to crushing, gravel represents the highest
class within its group that is class 30.

Analyzing test results of the content of irregular
grains and mineral dust, all tested aggregates were
classified as top class aggregates [5]. This means
that in the former case the content of 10% was not
exceeded and in the latter of 1% (for gravel 1.5%).
The biggest content of irregular grains 8.3% was
determined for the granodiorite uk (V), and in the
case of mineral dust content 0.66% for basalt uk (V).

Summarizing the aforesaid, all tested aggregates
in terms of their properties subjected to tests, can be
classified as high quality aggregates according to [5].
The exception is granite (I), classified as the lowest
class 20, due to the result of crushing strength test.

3.2. Concretes

According to the compliance criteria set out in PN-
EN 206-1:2003 [10] all concretes were classified as
concrete compressive strength class C30/37. The
difference in extreme values of average compressive
strength after 28 days of curing between concretes
(BIN) basalt pl and B (111) granite uk is 12% (Fig. 1).
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Fig. 1. Mean compressive strength of concretes cured 28
and 365 days

After 365 days, the difference was reduced to 9%,
however it no longer referred to the same concretes.
A bigger diversity was found in the case of flexural
strength between the largest (BIl) and smallest (BIII)
value, and it is 19%. The best strength properties
were found in the case of concrete made from Polish
basalt aggregate (I1), compressive strength after 365

days is 51.5 MPa and flexural strength is 5.20 MPa.
The lowest strength values, however were found in
the case of concrete with Ukrainian granite aggregate
(1), 47.3 MPa for compressive strength and 4.38
MPa (Table 5) for flexural strength, respectively.

Comparing the results of strength tests of concrete
made from relevant Polish and Ukrainian aggregates,
slightly higher values in the case of concrete made
from Polish aggregates were found. After 365 days,
concrete BII (basalt pl) had the compressive strength
of about 2% bigger than that of concrete BIV (basalt
uk), and flexural strength of about 5%. However,
differences in the strength of concrete with granite
aggregates, concretes Bl (granite pl) and BIII (granite
uk) are 8% and 13% respectively, and in the case
of granodiorite, concretes Bl (granite pl) and BV
(granodiorite uk) 5% and 8%. While considering
test results in the case of comparative concrete BVI
(gravel pl), the comparable strength properties were
achieved (concrete BIV basalt uk) or bigger than in
the case of Ukrainian aggregates. Considering better
mechanical adhesion of cement paste to crushed
aggregates than to oval and smooth gravel, these
results seem to be quite surprising. It should be further
noted that the biggest increase among all concretes
(over 8 MPa i.e. almost 20%) of strength was after
365 days. Such good strength properties of concrete
with gravel — especially after one year — are due to
mineral composition of the grains. According to the
research carried out by X-ray diffraction, about half
of the grains of gravel were from carbonate rocks and
contained calcite or a mixture of calcite and dolomite.
However, these minerals react with the paste in the
contact layer after some time, increasing adhesion of
the aggregate to the hardened paste [3, 11, 13].
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4. Conclusions

Despite the lowest resistance to crushing of granite
aggregate from Siedlimowice near Strzegom, better
strength characteristics of concrete in relation to
comparable petrographic Ukrainian aggregates were
found.

Comparing the results of concrete tests, the highest
strength were obtained using basalt aggregate from
the Winna Goéra mine, and the lowest ones with
granite aggregate from the Vyrivskij Karjer (III) mine.
Nonetheless, all kinds of concrete were assigned to
the same class of compressive strength.

High strength of concrete with gravel aggregate was
related to the content of grains of carbonate rocks,
which provided a stronger cement paste-aggregate
interface zone.
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Wptyw kruszyw ze skat magmowych na wytrzymatos¢
betonu na zginanie i Sciskanie

1. Wprowadzenie

Kruszywo grube petnigc rolg wypehiacza w beto-
nie, ogranicza takze skurcz zaczynu cementowego.
Wywotuje to lokalnie naprgzenia, ktore powoduja
powstawanie mikrorys w strefie przejsciowej zaczyn-
kruszywo, jesli przyczepno$¢ zaczynu do kruszywa
jest zbyt mata [1]. W betonie podobnie jak w innych
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materiatach kompozytowych, réznice w modutach
sprezystosci matrycy (zaprawy) i wypetniacza (kru-
szywa grubego) przyczyniaja si¢ do koncentracji na-
prezen w strefie przejsciowej, ktora wptywa na wy-
trzymatos¢ i inne cechy betonu. Mata wytrzymatos¢
betonu na rozcigganie wynika m.in. z wystepowania
mikrorys skurczowych i matej rysoodpornosci strefy
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przejsciowej [2]. Utworzone lokalnie w strefach mi-
krorysy inicjujg propagacje rys pomiedzy ziarnami
kruszywa. Dlatego rola kruszywa grubego dla ryso-
odpornosci, a poprzez to wytrzymatosci na rozcia-
ganie moze by¢ znacznie wazniejsza niz dla wytrzy-
matosci na $ciskanie. Mechanizm transferu naprezen
rozciggajacych zalezy od przyczepnosci zaczynu do
kruszywa, ktora jest zwigzana z rodzajem, sktadem
mineralnym i szorstkoscia kruszywa, a takze wtasci-
wosciami sprezystymi 1 wytrzymatosciowymi kru-
szywa [12].

Dokonujac wyboru whasciwego kruszywa do beto-
nu nalezy rowniez zwrdci¢ uwage na jego wplyw na
wytrzymalo$¢ na rozcigganie i rysoodpornos¢. Brak
uwzglednienia w zapisach normowych [9] wptywu
rodzaju kruszywa grubego na wytrzymatos¢ beto-
nu na rozcigganie i uzaleznianie jej wylacznie od
wytrzymalosci charakterystycznej na Sciskanie jest
niestuszne. W wielu przypadkach, potwierdzaja to
wyniki badan [4], normowe wartosci wytrzymatosci
f .. sa w wielu przypadkach przeszacowane. Powyz-
sze stwierdzenie jest kolejng przestanka podjecia si¢
badan wptywu kruszywa na wytrzymatos$¢ betonu na
rozcigganie.

Ze wzgledu na niedobér we wschodnich regionach
Polski kruszyw grubych ze skat magmowych o uni-
wersalnym przeznaczeniu, w tym do wykonywania
betondw drogowych i mostowych, kruszywa te za-
czeto importowac ze zt6z w zachodniej Ukrainie. Ja-
kos¢ i przydatnos¢ kruszyw ukrainskich do betonow
nalezy zbada¢ i sprawdzi¢, czy mogg zastapi¢ odpo-
wiednie kruszywa polskie.

2. Materiaty i metody badan

Badaniom poddano pi¢¢ kruszyw tamanych ze skat
magmowych i jedno zwirowe. Dwa kruszywa pocho-
dzity z poludniowo-zachodniej Polski — granit z Sie-
dlimowic k. Strzegomia (oznaczenie |) i bazalt z Win-
nej Gory k. Piotrowic (II), a trzy z zachodniej Ukrainy
— granit z kopalni Vyrivskij Karjer (III), bazalt z ko-
palni Iwaniczi (IV) oraz granodioryt z kopalni Klesov
(V). Ponadto poréwnawczo zastosowano kruszywo
naturalne otoczakowe z Sokotki k. Suwatk (VI).

Kruszywa przebadano w zakresie gestosci objeto-
Sciowej, wytrzymato$ci na miazdzenie (okreslono
wartosci wskaznikow rozkruszenia), zawartosci zia-
ren nieforemnych oraz zawartosci pylow.

Jako kruszywo drobne zastosowano piasek natural-
ny, ptukany z KSM Suwalki. Dla piasku wykonano
badania gestosci pozornej i zawartosci pylow, ktore
wyniosty odpowiednio 2,65 kg/dm?® i 0,43%.

Z kazdym z badanych kruszyw grubych wykonano
betony. Ze wzgledu na rézne ggstosci objetosciowe
poszczegblnych kruszyw grubych ich objetos¢ w kaz-
dym betonie byta taka sama. Objetosciowa zawarto$¢
piasku w sktadzie kruszywa wynosita 257,0 dm®.

Do kazdego z betonow uzyto tego samego cementu
CEM | 42,5 R. We wszystkich betonach zachowano
ten sam wspotczynnik w/c = 0,55 i state ilosci cemen-
tu wynoszace 350 kg na 1 m*® mieszanki. Do miesza-
nek betonowych nie stosowano zadnych dodatkow
1 domieszek. Sktad mieszanek betonowych zostat po-
dany w tabeli 1.

Konsystencja mieszanek betonowych badana za
pomoca metody opadu stozka [7], wyniosta 9 £3cm,
co odpowiada klasie konsystencji S2/S3 [10]. Zawar-
to$¢ powietrza mierzona metodg ci$nieniowa miesci-
fa si¢ w granicach od 1,5 do 2,4%. Zbadano rowniez
gestos$¢ objetosciowa przygotowywanych mieszanek
[8]. Szczegdtowe wyniki badan mieszanek betono-
wych zawiera tabela 2.

Z kazdego rodzaju mieszanki betonowej wykonano
6 belek o wymiarach 100 x 100 x 500 mm do bada-
nia wytrzymato$ci na zginanie i 12 probek szescien-
nych o boku 100 mm do badania wytrzymatosci na
sciskanie. Badanie zginania wykonano po 365 dniach
przechowywania probek, a badania $ciskania po 28
i 365 dniach.

3. Wyniki i analiza badan

3.1. Kruszywa

Badaniom wtasciwosci fizycznych i mechanicznych
poddano zarowno stosowane kruszywa jak i betony
wykonane z ich zastosowaniem. Wyniki zamieszczo-
no odpowiednio w tabelach 4 i 5.

Uzyskane wyniki badan wszystkich kruszyw
w pierwszej kolejnosci odniesiono do wymagan okre-
slonych w polskich normach [5]. W tabeli 3 przyto-
czono wymagania w odniesieniu do badanych wtasci-
wosci kruszyw.

W Polsce przez wiele lat w ocenie jakosciowej
kruszyw, w zakresie wlasciwosci mechanicznych
jako podstawowa przyjmowano wytrzymalos¢ na
miazdzenie, ktorej miarg jest wskaznik rozkrusze-
nia. Potwierdzono to wymaganiami normy PN-B-
06250:1988 [6], zgodnie z ktora, jesli w normach
przedmiotowych na wyroby, elementy i konstrukcje
nie postanowiono inaczej, zaleca si¢ stosowanie kru-
szywa o0 marce nie nizszej niz klasa betonu. W obec-
nych normach nie znajduje si¢ tego typu wskazan,
jednak nalezy uzna¢, ze powstaty one na podstawie
wieloletnich doSwiadczen, cho¢ badania naukowe
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wskazuja, ze w pewnych przypadkach istniejg od-
stepstwa od tej reguly. Uwzgledniajac otrzymane
wyniki badan kruszyw, nalezy sklasyfikowaé wszyst-
kie, z wylaczeniem granitu pl (I), do marki kruszywa
50, czyli do betonéw wszystkich klas wytrzymato-
Sciowych wedlug [6]. Natomiast granit pl (I) zostat
sklasyfikowany do marki 20, co oznacza, ze powinien
wedlug wymagan normy [6] by¢ stosowany do be-
tondéw klas co najwyzej C16/20. Kruszywo zwirowe
w zakresie wytrzymatosci na miazdzenie odpowiada
najwyzszej w swojej grupie marce 30.

Analizujac wyniki badan zawarto$ci ziaren niefo-
remnych oraz pytow mineralnych, wszystkie badane
kruszywa zaklasyfikowano do najwyzszej marki kru-
szywa [5]. Oznacza to, ze w pierwszym przypadku
nie zostata przekroczona zawarto$¢ 10%, a w drugim
1% (dla zwiru 1,5%). Najwyzsza zawarto$¢ ziaren
nieforemnych 8,3% okreslono dla granodiorytu uk
(V), a w przypadku zawartosci pytow mineralnych
0,66% dla bazaltu uk (1V).

Podsumowujac, wszystkie badane kruszywa w za-
kresie badanych wtasciwosci, mozna sklasyfikowac
jako wysokiej jakosci [5]. Wyjatek stanowi granit pl
(D), sklasyfikowany do najnizszej marki 20, ze wzgle-
du na wynik badania wytrzymatos$ci na miazdzenie.

3.2. Betony

Zgodnie z kryteriami zgodno$ci okre$lonymi
w PN-EN 206-1:2003 [10] wszystkie badane betony
sklasyfikowano do klasy wytrzymato$ci na $ciskanie
C30/37. Roznica w skrajnych warto$ciach $rednich
wytrzymalosci na $ciskanie po 28 dniach dojrzewa-
nia pomiedzy betonami (BII) bazalt pl i B(III) granit
uk, wynosi 12%. Po 365 dniach r6znica zmniejszyta
si¢ do 9%, ale nie dotyczy juz tych samych betonow.
Wigksze zréznicowanie stwierdzono w przypadku
wytrzymalosci na zginanie, pomie¢dzy najwieksza
(BII) i najmniejsza (BIII) warto$cia, jest to 19%. Naj-
lepsze wilasciwosci wytrzymato$ciowe stwierdzono
w przypadku betonu z kruszywem bazaltowym pol-
skim (II), wytrzymalos¢ na $ciskanie po 365 dniach
wynosi 51,5 MPa, a na zginanie 5,20 MPa. Z kolei
najmniejsze wartosci wytrzymatosci stwierdzono
w przypadku betonu z kruszywem granitowym ukra-
inskim (III), odpowiednio na $ciskanie 47,3 MPa i na
zginanie 4,38 MPa (tab. 5).

Poréwnujac wyniki badan wytrzymatosciowych be-
tonéw wykonanych z odpowiednimi kruszywami pol-
skimi i ukrainskimi, stwierdzono nieznacznie wicksze
wartosci w przypadku betonow z rodzimymi kruszy-
wami. Beton BII (bazalt pl) ma wytrzymato$¢ na $ci-
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skanie po 365 dniach o okoto 2% wieksza od betonu
BIV (bazalt uk), a na zginanie o okoto 5%. Natomiast
roznice wytrzymatosci betondéw z kruszywami grani-
towymi, betony Bl (granit pl) oraz Bl (granit uk),
wynosza odpowiednio 8% i 13%, a w przypadku gra-
nodiorytu, betony Bl (granit pl) oraz BV (granodioryt
uk), odpowiednio 5% i 8%. Rozwazajac wyniki badan
w przypadku poréwnawczego betonu BVI (zwir pl),
osiggni¢to porownywalne wytrzymatosci (beton BIV
bazalt uk) lub wieksze niz w przypadku kruszyw ukra-
inskich. Biorac pod uwagg lepsza mechaniczng przy-
czepnos¢ zaczynu cementowego do kruszyw lama-
nych niz do owalnych i gladkich zwirowych, wyniki
te wydaja si¢ dos¢ zaskakujace. W tym miejscu nalezy
dodatkowo podkresli¢ najwickszy wsrod wszystkich
betondw przyrost (ponad 8 MPa, czyli blisko 20%)
wytrzymatosci do 365 dni. Tak dobre wilasciwosci
wytrzymato$ciowe betonu ze zwirem — szczeg6lnie
w wieku 1 roku — pozwala wyjasni¢ sktad mineralny
jego ziaren. Jak wynika z badan przeprowadzonych za
pomocy dyfrakcji rentgenowskiej okoto potowy zia-
ren zwiru pochodzito ze skat weglanowych 1 zawiera-
lo kalcyt lub mieszanine kalcytu i dolomitu. Natomiast
mineraly te w warstwie kontaktowej reaguja w czasie
z zaczynem, zwigkszajac przyczepnos¢ kruszywa do
stwardniatego zaczynu [3, 11, 13].

Poréwnanie wynikéw badan wytrzymatosci na $ci-
skanie i zginanie dla betono6w wykonanych z poszcze-
g6lnych kruszyw przedstawiono na rysunkach 1 i 2.

4. Wnioski

Pomimo najnizszej wytrzymatosci na miazdzenie
kruszywa granitowego z Siedlimowic k. Strzegomia
stwierdzono lepsze charakterystyki wytrzymatoscio-
we betonow w odniesieniu do poréwnywalnych pe-
trograficznie kruszyw ukrainskich.

Porownujac wyniki badan betonow, najwigksze
wartosci uzyskano stosujac kruszywo bazaltowe
z kopalni Winna Goéra, a najmniejsze stosujac kruszy-
wo granitowe z kopalni Vyrivskij Karjer (III). Mimo
to, wszystkie betony zostaly zaliczone do tej samej
klasy wytrzymato$ci na $ciskanie.

Wysoka wytrzymato$¢ betonu z kruszywem zwiro-
wym zwigzana byla z zawartosciag w nim ziaren ze
skat weglanowych, zapewniajgcych mocniejszg war-
stwe przejsciowa kruszywo-zaczyn.
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Abstract

Concrete (reinforced) is an important measure in the process of materialization of contemporary architecture. At the core
of the new directions and the architecture of the twentieth century reinforced concrete played a special role as a material
extremely flexible, perfectly suitable for obtaining new aesthetic values, textural and structural. As a building material
architectural form, with unlimited possibilities, played a significant role in shaping lumps of contemporary sacred objects

in Poland and in the world.
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1. Introduction

After 1945, concrete (reinforced) has become an
important instrument in the creation of architectural
quality. It is an important measure in the process of
materialization of contemporary architecture. At the
core of the new directions and the architecture of the
twentieth century reinforced concrete played a special
role as a material perfectly suitable for obtaining new
aesthetic values, textural and structural. About the
unlimited possibilities of its use was influenced by
many aspects, predominantly its physical / structural
construction, economic and aesthetic value. As a
building material architectural form has played a
significant role in shaping lumps of contemporary
sacred objects in Poland and in the world.

2. Concrete (reinforced) ideal architectural material
in the shaping of forms of worship

Concrete for the first time played the role of a valuable
architectural material in church at the beginning of
the twentieth century. A special and, at the same time,
a turning point in the perception of the aesthetics of
concrete was the church of Notre Dame du Raincy of
1922. Designer Auguste Perrot applied raw concrete
consciously in a monumental building (not as before
only in factories or halls), with the imprint left behind
carefully drawing the formwork. Due to limited financial
resources allocated for the implementation of this project,
Perrot made the first example of ,,dirty concrete™ [1].

In contrast to traditional formal solutions Perrot,
modeled on the doctrines of the Violet-le-Duc, the
French architect Le Corbusier in his projects and
realizations presented in full brutality of concrete — in
the contemporary avant-garde form. To meet the new
aesthetic possibilities of concrete designed among other
things, the church of Notre-Dame-du-Haut in Ronchamp
and La Tourette monastery was founded in Eveux. In
embodiments of these it was shown how (reinforced)
loses its rigidity and becomes an organic structure.

Projects by Le Corbusier, presenting a consistent
continuation of the aestheticsof concrete, hasalsobecome
a source of inspiration for architects — representing the
Cracow school of architecture — creating projects with
its use. Concrete ceased to be perceived as a material
with the characteristics of a purely utilitarian, became
a means of expression to materialize the aesthetic
architectural thought [2]. Dariusz Kozlowski attributed
his soul: Concrete is — the soul of this metaphorical
statement recalls the first association anthropomorphic
— watching the architectural concrete exteriority
associate with her, watching her *“skin” to assess the
form. When reflection or curiosity requires insight into,
you can see the power of the material, the force running
inside the structure - sometimes taking the sensed only
system, hidden there, the steel parts. Sometimes you can
see the soul of concrete — the shape of things to reveal
it only possible connections — a beautiful, purpose,
persistence effect of the human imagination [3].
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Fig. 1. The sacral center Resurrectionis XX. Fig. 2. The sacral center Resurrectionis XX.
Zmartwychwstancoéw in Cracow, 1985-1993, project Zmartwychwstancoéw in Cracow, 19851993, project
by Dariusz Koztowski, Wactaw Stefanski, Maria by Dariusz Koztowski, Wactaw Stefanski, Maria
Misiagiewicz; view of a fragment from the street frontage. Misiagiewicz; view of the facade of the building seminar

Ks. Pawlicki, concrete wall torn stressing the main entrance from inner courtyard
Fig. 3. The sacral center Resurrectionis XX. Fig. 4. The sacral center Resurrectionis XX.
Zmartwychwstancéw in Cracow, 1985—-1993, project Zmartwychwstancoéw in Cracow, 19851993, project
by Dariusz Koztowski, Wactaw Stefanski, Maria by Dariusz Koztowski, Wactaw Stefafiski, Maria
Misiagiewicz; Emmaus, a view of the facade from the Misiggiewicz; view of the choir and a piece of concrete
chancel formwork confessions of imprint
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Raw concrete artistic qualities, inherent in his nature,
Dariusz Kozlowski used and introduced the band sacred
center of the “Zmartwychwstancy” in Zakrzowek
in Cracow, realized in stylice surrealist (by Dariusz
Koztowski, Wactaw Stefanski and Maria Misiaggiewicz).
Becomes particularly evident in the architecture of the
building and its surroundings use of the concrete, both
as construction and the finishing material.

The complex of the ”“Zmartwychwstancy” in
addition to the wealth of detail and variety of
materials, has been shown scaled to the entire facade,
torn and ragged at the edges of the huge reinforced
concrete wall, emphasizing the main entrance to the
system. In contrast, raw concrete facade of the church
Emmaus stands illusionistic relief repeating pattern
”of the chapel dome” [4]. From the street Ks. Pawlicki
and inputs, the enormous size "monastery wall” wa
designed — in the form of massive concrete arches —
surrounding the building seminar. Form arcades, is a
rhythmic, repetitive pillars and an aesthetic limitation
- the closure of the composition of the town.

Fig. 5. The sacral center Resurrectionis XX.
Zmartwychwstancoéw in Cracow, 1985—-1993, project
by Dariusz Koztowski, Wactaw Stefanski, Maria
Misiggiewicz; fragment of the interior, finish reinforced
concrete ceiling

Buildings were erected in the center of technology
and reinforced concrete masonry, reinforced concrete
floors poured wet the walls of the monastery —
reinforced concrete. The exterior finish used values
of raw reinforced concrete [5]. Inside, in addition
to simple plaster, concrete was introduced — to
"vault” and left uncovered concrete castings. Special
attention was paid to concrete floors (with traces of
formwork) in the chapels. Suspended them carrying
nothing “vault”, with irregular shapes. Inside the
house chapel of St. Joseph, suspended above the
altar dominating the whole interior, heavy irregular
reinforced concrete block, called “cloud”. In the
library, “House of the Sisters” designed vault that has
changed in the decomposed negative afterimage of
covering baroque chapel [6].

The idea of composing space with a variety of textures
used and the context of concrete with other materials,
contribute to the mood of sacred space and allow you to
specify it as poetry, and her creator highly admire him
among the poets of the concrete [7] (Fig. 1-6).

Fig. 6. The sacral center Resurrectionis XX.
Zmartwychwstancow in Cracow, 19851993, project
by Dariusz Koztowski, Wactaw Stefanski, Maria
Misiaggiewicz; fragment of the interior, finish reinforced
concrete ceiling
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An example of a work of groundbreaking, not
only in the Archdiocese of Cracow, but in the whole
country, implementing the provisions of the conciliar
functional solutions, is the church of the ”Arka Pana”
in Cracow — Nowa Huta, by Wojciech Pietrzyk
[8]. Due to the materials used (concrete, reinforced
concrete and steel and glass), the formation of
solid architectural, aesthetic forms, the use of new
technologies, the use of which has given rise to
single-space object, it is the first modern post-Vatican
Il religious building of the church and the church of
Cracow in Poland. The property was built in system
permeating the concrete shell. High cross made of
stainless steel, is a major structural component of the
structure, supports and maintains the concrete walls
consisting of eighteen steel structure spans the object.
The walls are constructed of reinforced concrete and
glass. Concrete external walls are covered with gray
stone. From inside these walls lean slightly toward
the center. Simple and logical design object has
become a support for the architectural concept and
development of its forms [9].

The Church in its form differs from the existing
rectangular sacred objects, because its implementation
was extremely complicated. This process is described
by T. Przemystaw Szafer: author and implementer of the
church (...), all based on writing project documentation
resulting from the mapping of individual points from the
model coordinate system.The basic documentation has
become in this case did not file the drawings, a set of
tens of thousands of three-digit numbers. Appointment
of them on the site followed by a simple meter and
vertical scale, which proved to be sufficiently accurate
instruments here [10].

The church is irregular and expressive. It consists
of sculptural, soft and liquid forms, as from the east,
and reaching high above the roof of a concrete wall,
while the west-dynamically detached from the earth
"wall sail”, resembling the shape of an ark. Property
in addition to the wealth of forms characterized by
a variety of materials and wealth detalli, occurring
both external as well as internal design of the temple.
Interesting and very carefully untied the designer calls
occurring in the interior of the temple of concrete with
glass and wood. One of the architectural solutions - a
combination of wood in the form of shingles on the
ceiling of the concrete wall - using steel, other wood,
glass and concrete — to contact "the bottom of the
Arka Pana” [11]. Meaningful object architecture, a
great variety of shapes, forms and amaze innovative
design solutions. Both formal solutions, organization
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of space and the way climb the temple became the
model for emerging after 1980 years later churches
(Fig. 7-10).

In the design of reinforced concrete, poured out
evenly and consistently imprinted boarded formwork,
raw texture of concrete, acting ascetic decoration of
the exterior walls and interior — church was realized.
Church St. Queen Jadwiga in Cracow, project by
Romuald Loegler and Jacek Czekaj, belongs to the
mainstream of mature, late modernism. The main
body of the object was built with pure geometric
forms of reinforced concrete as a deconstructed cube.
The whole assumption of the design was based on
the rules of geometry. By design, Romuald Loegler,
the process of creating architectural object described
as follows: (...) developed architectural blocks of the
church was based on the assumption that architecture
is interdependent on the design, the sculptural
elements are shaped by its nature, is an exponent of
detail and aesthetic values [12].

Entire place was made of reinforced concrete.
The planes carry concrete symbolic. Raw interior
is characterized by asceticism and the absence of
unnecessary ornamentation and details. Mainly
dominated by gray tone concrete walls, which gives
a very monumental nature of the object and creates a
bit chilly, but the emotional mood (Fig. 11-14).

3. Conclusions

The architecture of churches designed and
implemented in our country — after 70 years’ use
of construction material which was reinforced,
significantly influence the form of the modern temples
—increasing the scale and scope of freedom in shaping
the architecture. Reinforced concrete as a construction
material has created enormous opportunities in the
realization of contemporary architecture. It possible
to overcome the increasing span and height. Decided
to unlimited possibilities of forming any lumps. This
greatly influenced the interior spatial solutions —
enabling the execution of covers for large spans and
giving the impression of uniformity space [13].

Raw concrete (reinforced) also plays an important
role in the implementation of the plastic expression of
worship. The use of natural fingerprints formwork and
boards, with no trace of smoothing imperfections and
random residual performance, revived the concrete
surface and gave its original value. Concrete has
become such an ideal material in modern architecture
church architecture, possessing high qualities and
aesthetics.
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Fig. 7. Church ”Arka Pana” in Cracow — Nowa Huta; Fig. 8. Church ”Arka Pana” in Cracow — Nowa Huta;
1967-1977, project by Wojciech Pietrzyk; Call one of the 1967-1977, project by Wojciech Pietrzyk;
architectural concrete and glass exterior walls, the view entrance to the main level of the church, the view from
from the outside — from the north the terrace outside
Fig. 9. Church "Arka Pana” in Cracow — Nowa Huta; Fig. 10. Church ”Arka Pana” in Cracow — Nowa Huta;
1967-1977, project by Wojciech Pietrzyk; perspective 1967-1977, project by Wojciech Pietrzyk; combination
interior view of the bronze sculpture of Christ Triumphant  of glass with concrete, cover the stairs leading to the roof,
and the altar, sculpture — designed by Wojciech Pietrzyk, the view from the inside

made B. Chromy
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Fig. 11. Church of Saint Queen Jadwiga in Cracow, Fig. 12. Church of Saint Queen Jadwiga in Cracow,
1978-1988, project by Romuald Loegler, Jacek Czekaj; 1978-1988, project by Romuald Loegler, Jacek Czekaj;
perspective view of the solid from the north perspective view of the solid wall of the facade of the

main entrance from the north-east

Fig. 13. Church of Saint Queen Jadwiga in Cracow, Fig. 14. Church of Saint Queen Jadwiga in Cracow,
1978-1988, project by Romuald Loegler, Jacek Czekaj, 1978-1988, project by Romuald Loegler, Jacek Czekaj,
perspective interior view of the Fireflies dissecting perspective interior view of the wall of the altar

reinforced concrete walls
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This material in relation to both physical and
metaphorical nature, remains a universal architectural
material. Modern technologies, unlimited design
possibilities, material solutions and their availability
enabled extremely flexible abilities of its processing,
creating unlimited structural systems in the field of
solids and disposal of the interior.

In conclusion, you can stop at the words of Maria
Misiagiewicz, who wrote that the talent of the author
depends on whether the rise from it in favor of the
ordinary, unusual work, or the work of the immortal
[14]. Discussion on the concrete architecture
continues. Evidence of this sphere of architectural
events, including a series of annual edition of the
National Competition Concrete Architecture.
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Uniwersalizm betonu
we wspotczesnej architekturze sakralnej

1. Wstep

Po roku 1945 beton (zelbet) stat si¢ waznym in-
strumentem w kreowaniu jakosci architektoniczne;j.
Jest istotnym S$rodkiem w procesie materializowania
wspotczesnej mysli architektonicznej. U podstaw
nowych kierunkéw i idei architektury XX wieku
szczegolna role odegrat beton zbrojony jako tworzy-
wo znakomicie nadajace si¢ do uzyskiwania nowych
walorow plastycznych, fakturowych oraz konstruk-
cyjnych. O nieograniczonych mozliwosciach jego
wykorzystania zadecydowato wiele aspektow, przede
wszystkim jego wlasciwosci fizyczne/budowlano-
-konstrukcyjne, ekonomiczne oraz walory estetycz-
ne. Jako materiat budujacy forme architektoniczng
odegrat znaczaca role w ksztattowaniu bryt wspotcze-
snych obiektow sakralnych w Polsce oraz na §wiecie.

2. Beton (zelbet) idealne tworzywo architektoniczne
w ksztattowaniu form obiektow architektury sakralnej

Beton po raz pierwszy odegrat role cennego torzy-
wa architektonicznego w sztuce sakralnej na poczat-
ku XX wieku. Szczegdlnym a zarazem przetomowym
obiektem w postrzeganiu estetyki betonu stat si¢ ko-
$ciot Notre Dame du Raincy z 1922 roku. Projektant
Auguste Perrot $wiadomie na obiekcie monumen-
talnym (nie jak dotychczas tylko w fabrykach czy
halach) zastosowat surowy beton, z pozostawionym
starannie odci$nigtym rysunkiem deskowania. Za
sprawg ograniczonych $rodkéw finansowych prze-
znaczonych na realizacje tego przedsiewzigcia, Per-
rot zrealizowat pierwszy przyktad ,,brut betonu” [1].

W przeciwienstwie do tradycyjnych rozwigzan for-
malnych Perrota, wzorowanych na doktrynach Vio-
let-le-Duca, francuski architekt Le Corbusier w swo-
ich projektach i realizacjach zaprezentowat w peini
brutalizm betonu — we wspotczesnej awangardowej
formie. Na miar¢ nowych mozliwo$ci estetycznych
betonu zaprojektowat miedzy innymi kosciot Notre
Dame-du-Haut w Ronchamp czy klasztor dominika-
now La Tourette w Eveux. W realizacjach tych ukazat
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jak beton (zelbet) zatraca swa sztywnos$¢ i staje si¢
struktura organiczng.

Realizacje Le Corbusiera, prezentujace konse-
kwentng kontynuacje estetyki betonu, staty si¢ row-
niez zrédtem inspiracji architektow — reprezentuja-
cych krakowska szkote architektury — tworzacych
realizacje z jego zastosowaniem. Beton przestat by¢
postrzegany jako tworzywo o cechach czysto utylitar-
nych, staf sie srodkiem wyrazu estetycznego do ma-
terializowania mysli architektonicznej [2]. Dariusz
Koztowski przypisat mu dusze: Beton ma — dusze. To
metaforyczne stwierdzenie przywotuje najpierw sko-
Jjarzenie antropomorficzne — oglgdajqc rzecz archi-
tektoniczng z betonu obcujemy z jej zewnetrznosciq,
oglgdamy jej ,,skore”, by ocenic forme. Gdy refleksja
lub dociekliwos¢ nakazuje wejrze¢ w gtgb, mozna zo-
baczyé moc materiatu, sity przebiegajgce wewngtrz
konstrukcji — czasem przybierajgce przeczuwany je-
dynie ukiad, ukrytych tam, czesci stalowych. Niekiedy
mozna ujrze¢ dusze betonu — gdy ksztalt rzeczy ujaw-
ni to jedyne z mozliwych polgczen — pigkna, celowo-
sci, trwatosci wytworu ludzkiej wyobrazni [3].

Surowe walory plastyczne betonu, tkwigce w jego
naturze, Dariusz Kozlowski wykorzystal i wprowa-
dzit do zespohu sakralnego Centrum Zmartwych-
wstancow na Zakrzowku w Krakowie, zrealizowa-
nego w stylistyce surrealistycznej (autorstwa Dariu-
sza Koztowskiego, Wactawa Stefanskiego i Marii
Misiagiewicz). Szczegdlnie widoczne staje si¢ w ar-
chitekturze budowli oraz jej wnetrzach wykorzysta-
nie betonu, zarowno jako konstrukcji, jak 1 materiatu
wykonczeniowego.

W kompleksie Zmartwychwstancow oprécz bo-
gactwa detali 1 roznorodno$ci materiatowej, ukaza-
ny zostat przeskalowany na catg elewacje, rozdarty
1poszarpany na krawedziach ogromny zelbetowy mur,
akcentujacy gtéwne wejscie do zespotu. Natomiast
surowe betonowe fasady ko$ciota Emaus, wyr6znia
iluzjonistyczny relief powtarzajacy rysunek ,kapli-
cy z kopulg” [4]. Od strony ulicy Ks. Pawlickiego
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oraz wejscia, zaprojektowano ogromnych rozmiarow
”mur klasztorny” — w postaci poteznej zelbetowej ar-
kady - otaczajacy budynek seminarium. Forma arkad,
ma posta¢ zrytmizowanych, powtarzalnych stupow
1 stanowi estetyczne ograniczenie — zamknigcie kom-
pozycji od strony miasta.

Obiekty Centrum wzniesione zostaly w technologii
murowanej oraz zelbetowej, stropy zelbetowe wyle-
wane na mokro, mury klasztoru — zelbetowe. W wy-
konczeniu zewnetrznym wykorzystano walory suro-
wego zelbetu[5]. We wngtrzach oprocz prostego tyn-
ku, wprowadzony zostat beton — na ,,sklepieniu” oraz
pozostawiono niezakryte odlewy zelbetowe. Szcze-
g6lng uwage zwracajg zelbetowe stropy (ze sladami
deskowania) w kaplicach. Zawieszono na nich nic nie
niosace ,,sklepienia”, o nieregularnych ksztattach-. We
wnetrzu kaplicy domowej §w. Jézefa, nad oltarzem
zawieszono dominujaca nad catym wnetrzem, cigz-
ka nieregularng zelbetowg bryle, nazwang ,,chmurg”.
W bibliotece ,,Domu siostr” zaprojektowano sklepie-
nie, ktore zmienito sie w zdekomponowany negatyw
powidoku przekrycia barokowej kaplicy-[6].

Idea komponowania przestrzeni z réznorodnoscia
zastosowanych faktur oraz kontekstem betonu z in-
nymi materiatami, wspottworza nastrdj przestrzeni
sakralnej i pozwalaja na okreslenie jej jako poezji,
za$ jej tworce stawiajg wysoko wsrdd poetow betonu:
[7] (Fot. 1- 6).

Przyktadem i dzielem przelomowym, nie tylko na
terenie Archidiecezji Krakowskiej, ale i w skali ca-
tego kraju, realizujacym w rozwigzaniach funkcjo-
nalnych postanowienia soborowe, jest kosciot ,,Arka
Pana” w Nowej Hucie, autorstwa Wojciecha Pietrzy-
ka [8]. Ze wzgledu na zastosowane materiaty (beton,
zelbet, oraz stal i szklo), uksztattowanie bryty archi-
tektonicznej, estetyke form, wykorzystanie nowych
technologii, ktérych zastosowanie umozliwito po-
wstanie obiektu jednoprzestrzennego, jest on pierw-
szym nowoczesnym posoborowym obiektem sakral-
nym kos$ciota krakowskiego oraz kosciota w Polsce.

Obiekt wybudowany zostal w systemie przenika-
jacych sie tupin zelbetowych. Wysoki krzyz wyko-
nany ze stali nierdzewnej, jest glownym elementem
konstrukcyjnym budowli, wspiera betonowe $ciany
oraz utrzymuje sktadajaca si¢ z osiemnastu stalo-
wych przeset konstrukcje obiektu. Sciany zbudowa-
ne sg z zelbetu 1 szkla. Zewnetrzne $ciany betonowe
oblozone sg szarym kamieniem. Od wngtrza Sciany
te pochylajg sie lekko ku srodkowi. Prosta i logiczna
konstrukcja obiektu stata si¢ wsparciem dla koncepcji
architektonicznej oraz ksztaltowania jej formy [9].

Kosciot swoja forma odbiega od dotychczasowych
prostopadto$ciennych obiektow sakralnych, dlatego
jego realizacja byta niezwykle skomplikowana. Pro-
ces ten opisat T. Przemystaw Szafer nastepujaco: au-
tor i realizator kosciota (...), opart calg dokumentacje
projektowq na zapisie powstatym z odwzorowywania
z modelu poszczegolnych punktow systemem wspot-
rzednych.

Podstawowq dokumentacjq stat sie w tym wypad-
ku nie plik rysunkow, a zestaw kilkudziesieciu tysie-
cy trzycyfrowych liczb. Wyznaczenie ich na budowie
nastepowato za pomocq prostej podziatki metrowej
i pionu, ktore okazaly sie tu wystarczajgco doktadny-
mi instrumentami [10].

Bryta kosciota jest nieregularna i ekspresyjna.
Sktadaja si¢ na nig rzezbiarskie, mi¢kkie oraz ptynne
formy, jak: od strony wschodniej wysoka i si¢gajaca
ponad dach betonowa $ciana, natomiast od zachodu
- dynamicznie oderwana od ziemi ,,$ciana zaglowa”,
przypominajace ksztaltem arke. Obiekt oprocz bo-
gactwa form cechuje r6znorodno$¢ materialowa i bo-
gactwo detali, wystepujacych zar6wno na zewngtrz
jak 1 w wystroju wewnetrznym $wigtyni. Ciekawie
1 bardzo starannie projektant rozwigzal potaczenia
wystepujacego we wnetrzu Swigtyni betonu ze szklem
i drewnem. Jedno z architektonicznych rozwigzan
— to potaczenie drewna w postaci gontu na suficie
z betonem $ciany — za pomocg stali; inne: drewno,
szkto i beton — na styku ,,dna arki” [11]. Wymowna
architektura obiektu, wielka roznorodnos¢ ksztattow,
zadziwiajg nowatorskimi formami oraz rozwigzania-
mi konstrukcyjnymi. Zaréwno rozwigzania formalne,
organizacja przestrzeni, jak i sposdb wznoszenia tej
swiatyni, staly si¢ modelowe dla powstajacych po
1980 roku kosciotow (fot. 7-10).

W konstrukeji zelbetowej, wylewanej z réwno-
miernie i konsekwentnie odci$nietym deskowanym
szalunkiem, surowg fakturg betonu, stanowigcg asce-
tyczng dekoracje $cian zewnetrznych oraz wnetrza
- zrealizowany zostat kosciol sw. Krolowej Jadwigi
na Krowodrzy w Krakowie, projektu Romualda Lo-
eglera i Jacka Czekaja, zaliczany do nurtu dojrzatego,
p6znego modernizmu. Gtowna bryta obiektu zbudo-
wana zostata z czystych geometrycznych form zel-
betowych, jako zdekonstruowany sze$cian. Catos¢
zatozenia projektanci poddali regutom geometrii. Au-
tor projektu, Romuald Loegler, proces powstawania
architektury obiektu opisat nastepujaco: (...) Uksztal-
towanie architektoniczne bryly kosciola oparto
o zalozenie, Ze architektura jest wspotzalezna od kon-
strukcji, ktorej rzezbiarsko uksztattowane elementy
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stanowiq o jej charakterze, detalu i sq wyktadnikiem
estetycznych wartosci [12].

Obiekt w catosci wykonany zostal w konstrukcji zel-
betowej. Plaszczyzny betonu niosg wymiar symbolicz-
ny. Surowe wng¢trze charakteryzuje ascetyzm oraz brak
zbednych 0zdob i detali. Dominuje w nim gtownie sza-
ra tonacja betonowych $cian, ktora nadaje obiektowi
niezwykle monumentalny charakter oraz tworzy nieco
chlodny, ale emocjonalny nastdj (fot. 11-14).

3. Podsumowanie

W architekturze kosciotow projektowanych i re-
alizowanych w naszym kraju, po roku 1970 wyko-
rzystanie materialu budowlanego jakim byt Zelbet,
wplyne¢to znaczgco na forme wspotczesnych swiatyn
— zwigkszajac ich skale oraz zakres swobody w ksztat-
towaniu architektonicznym. Zelbet jako materiat kon-
strukcyjny stworzyl ogromne mozliwosci realizacyj-
ne wspotczesnej mysli architektonicznej. Umozliwit
pokonanie coraz wigkszych rozpigtosci i wysokosci.
Zadecydowal o nieograniczonych mozliwosciach
dowolnego formowania bryt. W znacznym stopniu
wplynat na rozwigzania przestrzenne wnetrz — umoz-
liwiajac wykonanie przekry¢ o duzych rozpigtosciach
i nadajac wrazenie jednolitosci przestrzeni [13].

Surowy beton (zelbet) odgrywa rowniez duze zna-
czenie w wyrazie plastycznym realizacji sakralnych.
Zastosowanie naturalnych odciskow szalunkow i de-
sek, bez wygladzania sladow niedoskonalosci i przy-
padkowych pozostatosci wykonawstwa, ozywito po-
wierzchni¢ betonu i nadato jej oryginalnych wartosci.
Beton stal si¢ wigc idealnym tworzywem architek-
tonicznym we wspotczesnej architekturze sakralne;j,
posiadajacym wysokie cechy i walory estetyczne.

Materiat ten pod wzgledem zaréwno fizycznym,
jak i natury metaforycznej, pozostaje uniwersalnym
tworzywem architektonicznym. Nowoczesne tech-
nologie, nieograniczone mozliwosci konstrukcyjne,
rozwigzania materiatowe i ich dostgpnos¢ umozliwi-
ty niezwykle elastyczne zdolnosci jego obrobki, two-
rzenie nieograniczonych uktadow konstrukcyjnych
w zakresie bryt i dyspozycji wnetrza.

Konkludujac, mozna zatrzymac si¢ przy stowach
Marii Misiagiewicz, ktora napisata ze od talentu
tworcy zalezy czy powstanie zen rzecz zwyczajna,
dzielo niecodzienne, czy tez dzieto niesmiertelne [14].

Dyskusja nad architektura betonowa trwa nadal.
Swiadczy o tym sfera wydarzen architektonicznych,
w tym cykl corocznej edycji Ogdlnopolskiego Kon-
kursu Architektura Betonowa.
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SELECTED SCIENTIFIC AND ENGINEERING
APPLICATIONS OF INFRARED TECHNOLOGY

Abstract

The paper presents applications of infrared measurements. It discusses the use of thermovision in the analysis of heat
losses in buildings, environmental monitoring, scientific research in thermal fields on different surfaces and other.
Examples of the infrared measurements are given and discussed in the text.

Keywords: heat losses, infrared measurements, visualizations

1. Introduction

Infrared technology used to be an expensive testing
method, however, nowadays even small companies
can afford to purchase simple thermovision cameras.
Their widespread use ranges from heat losses detection
in buildings (which is quite common due to the
thermal performance analysis) to complex scientific
measurements.

The fundamental basis of the infrared testing is the
detection of radiation, whose intensity in the simplest
form can be calculated according to the Stefan
-Bolzmann law. This radiation is emitted by every
body of temperature exceeding 0 K and depends
on the temperature of the analysed element to the
forth order, emissivity (taking values from 0 to 1)
and the Stefan-Boltzmann’s constant (o = 5.67x10®
W/(m?K#). Inreal measurement conditions the detector
receives radiation emitted from other sources too and
not only from the observed element. As a consequence,
correct determination of temperature requires taking
into account radiation reflected from the object and
coming from sources in the surroundings as well as
atmospheric radiation. It is done by the software of an

infrared camera when data such as temperature of the
surround objects, atmosphere, air humidity and etc.
are input to the device.

Literature provides many examples of the
application of infrared technology. In [1] the
detection of warmer and colder areas of the urban
areas is discussed with the view to provide knowledge
for proper urban planning. Determination of the
temperature of the earth itself is also vital and can be
investigated with thermovision [2]. This temperature
is a crucial parameter in environmental assessment of
e.g. plant vegetation, energy balance, soil humidity
and etc. Similarly, measurements of this kind can
be performed for the sea surface [3]. In this case the
temperature distribution can help to detect anomalies
of anthropogenic origin in the analysed areas or
obtaining knowledge on climatic conditions. Data
collected for many years can enable to create trends
of climate changes. Apart from earth, the atmosphere
can also monitored with infrared technique. For
example water vapour, carbon oxide or ozone
particles might be observed with this method [4]. The
composition of the atmosphere can be determined
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with devices located in satellites. In [5] three possible
applications have been discussed, namely: local
0zone concentration measurements, carbon oxide
monitoring and early detection of sulphur dioxide
from volcanic emissions.

Thermovision can be applied in the analysis of
biochemical activities on landfill sites. In [6] the
test results for the landfill located in Ostrowiec
Swietokrzyski were presented. Different temperatures
were recorded for fresh waste (characterised by higher
temperatures due to intense biodegradation processes)
and older — of much lower temperature. The speed of
the monitoring process and the possibility of analysis
large areas were also pointed out.

Chimneys with exhaust products of combustion are
the sources of air pollution. Gaseous and particulate
contaminants are emitted from them and the
knowledge of the spread of air pollution is crucial. In
[7] the impact of the technical condition of a cement
plant chimney on the spread of air contaminants
with regard to its thermal insulation was analised.
Thermal imaging of the chimney was used to assess
the influence of the reduction of the exhaust gases
temperature (caused by improper thermal insulation
and elevated heat losses to the surroundings) on the
propagation of contaminants in the atmosphere.

Currently, energy saving initiatives are more
and more common. On the one hand it is related to
environmental protection and emissions of carbon
dioxide and other contaminants, while on the other
to economics due to reduced costs for heating of well
insulated buildings. In this regard infrared technology
can help in the assessment of thermal insulation of
walls and other elements in buildings. The features
of thermovision measurements and their applications
for buildings were described in [8]. In [9] and [10]
the issue of infrared analysis of buildings was also
considered with the focus on heat losses from old
multi — flat residential buildings where a thermovision
camera can be very efficient in the detection of
thermal bridges that usually occur at the junctions of
the reinforced-concrete plates.

The use of thermovision is naturally much wider.
For example is covers medical applications. With
regard to sports medicine and rehabilitation, infrared
technique can help to determine the level of exhaustion
and assessment of rehabilitation effectiveness. Colder
areas due to long — term contraction of the muscle,
whose blood vessels are contracted, might be
detected with a thermovision camera. The situation
is similar in case of spinal curvature, in which colder
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areas are located opposite the curvature [11]. Infrared
imaging can also be applied in knee joints illnesses
[12]. While dental use of this technique may cover,
among others, analyses of temperature changes at
polymerization of composites thorough measuring
infrared emissions from surfaces of resin composite
restoration during photocuring [13].

This overview of the uses of thermovision is
naturally not complete since many more applications
are possible. In the following chapter of this paper
selected uses of this technique will be discussed and
examples of the authors’ research will be given.

2. Examples of the measurements

2.1. Thermal losses analysis in buildings

At the beginning of an overview of the example
applications of infrared measurements it is worth
noting that practical experience of the user of
a thermovision system and knowledge of the
measurement errors are crucial to properly conclude
about the obtained results. Producing an infrared
image itself is easy, however, its interpretation might
be challenging, at times. For instance, the radiation
can be reflected from surrounding sources and
influence the temperature reading of the analysed
surface, as presented in Figure 1. Here, the surface
on the left hand side ”seems” to have warmer areas,
while it is just a reflection phenomena of radiation
coming from the radiator. This reflective surface is
a door covered with white metal layer.

Fig. 1. Reflection phenomenon on the reflective surface

Buildings themselves consume significant amounts
of energy — both in the winter when heating is needed
and in the summer if they are air conditioned. This
consumption can be reduced, for example through
better insulation. As a result, maintenance costs
might be lower, which has both environmental and
ecological benefits.
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Thermal imaging can be used in this case to analyse
areas of increased heat losses during the winter time.
Figure 2 presents the thermal map of a modern multi-
flat building where areas of elevated heat losses are
presented in red, pink and yellow colours.

Fig. 2. Thermograph of the multi-flat building

Particularly hot might be chimneys (Fig. 3). Their
improper thermal insulation results in the reduction in
temperature of the exhaust gases due to heat losses,
which might effect the special propagation of air
pollutants in the atmosphere, as discussed in [7].

Fig. 3. Thermograph of the modern multi-flat building
with the chimney

Within the building structure some elements are
more prone to heat losses for example balconies. They
might act as fins of a heat exchanger and promote
heat losses. In this case a temperature gradient occurs
along their length as presented in Figures 4a and
4b, which shows temperature changes along line L1
on the analysed element in the analysed multi-flat
building. It is worth noting that proper construction
of balconies can help to avoid the occurrence of this
unfavourable phenomenon.

Fig. 4a. Thermograph of the balcony

O 85
= g
8,0 \-\
754
b
7,0 "y
I,
/ | ]
6'5 .\I " ] .l I%l m )\ N /\ u
YL \..-*\./'-\./‘-\__/"\_\-“-""’\__/\
[ ] '] L] \. |
6,0 | I
0 20 40 60 80 100
X, CM

Fig. 4b. Temperature changes along line L1

Heat losses can occur at different locations within
the building. Figure 5a presents a thermograph of the
old multi-flat building. In this case elevated losses can
be observed along line L2. Here pipes of the central
heating system might run within the building and
this area proves to have higher surface temperatures.
Figure 5b presents the temperature changes for the
analyses line.

Fig. 5a. Thermograph of the multi-flat building
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Fig. 5b. Temperature changes along line L2

Apart from thermal bridges the infrared technique
can be useful in the detection of humid areas in the
building as well as determination of leakage spots in
pipes transporting warm liquids.

2.2. An analysis and visualization of heating systems
streaming by the help of thermovision

To know the mechanism of the heat transfer from
the floor convector to the surrounding atmosphere
through the natural convection, it is necessary to
know the shape of the streaming and the temperature
distribution in the direct closeness to the surface.
Many visualization methods exist to visualize density
changes close to the surface of the body with the heat
transfer, starting from the shadow method, orifice
method to interferometric or holographic methods. To
visualize natural air streaming it is also possible to use
the methods with marking the streaming for example
by helium bubbles or by temperature marks. But this
method is not suitable to visualize the streaming from
the floor convector as the measurements were made
in the thermostatic chamber where it is not suitable to
install other necessary devices (a lamp, acompressor)
with high heat output.

In this case the thermovision was used to visualize
the heat output from the convector. It is known that by
the help of the thermovision it is possible to visualize
also small temperature differences. But the object
must not be diathermal and the emission coefficient
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of its surface should be close to 0.9 because the air
close to the surface of the floor convector heated
through the natural convection is also diathermal
and so it is invisible on the infra screenshots. From
this reason the method of the heating of a thin, most
often paper, foil was used for the visualization. The
foil was placed at the surface so that the orientation
of its surface was along the air streaming and so that
it does not influence the natural convection. The foil
is heated by the streaming warm air on temperatures
close to the streaming air and the temperature profile
in the closeness of the object is properly visible as
well as quantifiable. The way of placing the foil for the
visualization in the thermostatic chamber is shown at
Figure 6. On various screenshots the visualized area
of natural convection is shown. The infracam MIDAS
320L was used and the pictures were evaluated by the
help of the Pyrosoft software.

Fig. 6. Floor convector in the thermostaic chamber
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Fig. 8. Visualization of temperature fields measurement 3, 4 and 5
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Fig. 9. Visualization of temperature fields measurement 1 and 6
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From the visualization of temperature fields from
the measurement 1-6 in the thermostatic chamber,
temperature fields at three different measured states
are visible (a — convector at the wall, b — convector
from the wall, ¢ — cold front wall). From following
pictures it is evident, that with the increasing output
also the stream reach increases. From the pictures
of temperature fields it is possible to define also the
picture and a direction of the air streaming in the
thermostatic chamber. When the floor convector
is placed close to the wall, the colder air is being
sucked from the area of the chamber and the warmed
air streams along the front wall. When the floor
convector in the tube was placed farther from the
wall (Figures 7b—9b) it is visible that the air stream
from the convector sucks cold air from the wall which
causes its mild shift. Finally, it sticks to the wall with
smaller distance. At experimental measurements of
floor convectors in the thermostatic chamber there
was also visualized a state where the front wall of
the convector was cooled by the maximum output
of the cooler and the other walls were switched off,
Figure 7c — 9c. From these visualizations it is evident
that cold air falls along the front wall and it presses
warmed air from the convector in the direction into
the room. Furthermore, it is evident that the higher
the convector output is, the smaller is the shift. At the
measurement 2 Figure 7c, where the floor convector
with the highest output was measured, it is visible
that even when the front wall is undercooled the air
stream from the floor convector mildly sticks to the
wall and warms it.

3. Conclusions

Infrared measurements are more and more common in
theindustry andscience. Theavailability of thermovision
systems due to their lower prices has enabled broader
use of this technology. Possible applications range
from heat losses analysis in buildings, heating systems,
medical testing, environmental monitoring and many
other. Because of such widespread scope of uses the
infrared technology will undoubtedly be even more
commonly used in the future.
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Wybrane naukowe

i inzy

nierskie zastosowania

techniki termowizyjnej

1. Wstep

Technika termowizyjna do niedawna byla jeszcze
bardzo kosztowna, jednak dzi$ nawet niewielkie fir-
my mogg pozwoli¢ sobie na zakup systemow termo-
wizyjnych. Ich zastosowanie jest szerokie — od dos¢
prostej detekcji mostkow cieplnych w budynkach po
skomplikowane badania naukowe. Pomiary opierajg
si¢ o detekcje promieniowania, ktore jest emitowa-
ne przez obserwowane ciato. Na podstawie prawa
Stefana-Bolzmanna mozliwe jest wyznaczenie tem-
peratury analizowanego elementu. Istotnym czynni-
kiem jest wlasciwe okreslenie wspdtczynnika emisji
— przyjmujacego wartosci od 0 do 1 — i wprowadza-
nego do oprogramowania kamery.

Literatura zawiera szereg przyktadéw wykorzysta-
nia pomiarow w podczerwieni. W [1] analizowano
detekcje obszarow w wyzszej 1 nizszej temperaturze
do celow urbanistycznych, a w [2] w pomiarach tem-
peratury powierzchni ziemi w zagadnieniach $rodo-
wiskowych. Podobnie w [3] rozpatrywano pomiary
temperatury powierzchni morskich. Innym zastoso-
waniem jest monitoring stezenia pary wodnej, tlenku
wegla czy ozonu w atmosferze [4]. Podobnie w [5]
rozpatrywano wykorzystanie techniki termowizyjnej
do pomiaréw lokalnego stezenia ozonu, monitorin-
gu tlenku wegla czy wczesnego wykrywania emisji
dwutlenku wegla ze zrodet wulkanicznych.

Termowizje¢ mozna tez wykorzystywac¢ w pomiarach
aktywnosci biochemicznej sktadowisk odpadoéw [6]
czy w analizie wplywu stanu technicznego kominow
na rozprzestrzenianie si¢ zanieczyszczen [7]. Szerokie
jej zastosowanie wigze si¢ z detekcjg obszarow o pod-
wyzszonych stratach ciepta w budynkach, co opisano
w [8—10]. Pomiary w podczerwieni mozna rowniez
wykorzystywa¢ w medycynie. Temu zagadnieniu po-
Swiecono np. nastepujace publikacje [11-13].

Powyzszy przeglad nie wyczerpuje szerokiego
spektrum zastosowania pomiaréw w podczerwieni.
W kolejnym rozdziale autorzy opisza wilasne przy-
ktady wykorzystania termowiz;ji.
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2. Przyktady pomiarow
2.1. Analiza strat ciepta w budynkach

Przed przystapieniem do analizy przyktadow zastoso-
wania termowizji warto zwroci¢ uwage na konieczno$¢
posiadania odpowiedniej wiedzy i doSwiadczenia przez
osoby obstugujace kamery. Jest to zwigzane z mozliwy-
mi trudno$ciami, zwigzanymi z analizg obrazu. Na przy-
ktad powierzchnia na rysunku 1 wydaje si¢ by¢ cieplej-
sza, natomiast jest to zwigzane jedynie ze zjawiskiem
odbicia promieniowania od drzwi pokrytych blachg.

Budynki konsumujg znaczng ilo$¢ energii — w zi-
mie na cele grzewcze, a w lecie, jesli wystepuje chto-
dzenie powietrza. Ograniczenie strat ciepta moze
wplyna¢ na znaczne zmniejszenie ilosci pobieranej
energii. W tym zagadnieniu moze by¢ przydatna tech-
nika termowizyjna.

Rysunek 2 przedstawia termogram nowoczesnego
budynku wielorodzinnego z obszarami o podwyzszo-
nej temperaturze uwidocznionych w kolorze czerwo-
nym, rézowym i zo6ttym. Kominy mogg mie¢ znacz-
ng temperaturg (rys. 3), a spadek temperatury spalin
moze wplywac na rozprzestrzenianie si¢ zanieczysz-
czen, co poddano dyskusji w [7].

Niektore elementy budynku moga stanowi¢ zrodto
zwigkszonych strat ciepta. Sa to na przyktad balkony.
W tym przypadku moga one dziata¢ jak zebra czy-
li wymienniki ciepta. Wowczas na dtugosci pojawia
si¢ gradient temperatury, co zilustrowano na rysunku
4a i 4b. Rysunek 5 przedstawia termogram innego
budynku. W tym przypadku obszar o podwyzszonej
temperaturze moze odnosi¢ si¢ do niezaizolowanego
termicznie pionu instalacji c.o. Termowizja moze tak-
ze shuzy¢ do detekcji obszarow zawilgoconych czy
wykrywania nieszczelnosci w przewodach transpor-
tujacych czynnik o podwyzszonej temperaturze.

2.2. Analiza i wizualizacja efektu dziatania elementu
grzewczego przy pomocy termowizji

Wiedza na temat mechanizmu wymiany ciepla
z konwektora podtogowego do powietrza w po-
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mieszczeniu poprzez konwekcje swobodng wymaga
znajomosci ksztattu strugi i rozkladu temperatury
w bezposredniej bliskosci powierzchni. W warun-
kach prac prowadzonych w komorze termostatycznej
do badan wymiany ciepta z konwektora wykorzysta-
no pomiary termowizyjne. Obserwowano powierzch-
ni¢ umiejscowiong wzdhuz strumienia powietrza tak,
aby nie zaburzata ona konwekcji naturalnej (rys. 6).
Ciepte powietrze ogrzewalo obserwowany element,
a rozktad temperatury mierzono kamera termowi-
zyjnag MIDAS 320L. Uzyskane obrazy analizowano
oprogramowaniem Pyrosoft. Na podstawie uzyska-
nych rozktadow temperatury dla réznych lokalizacji
konwektora mozna byto wnioskowaé¢ o przeptywie
strumienia cieptego powietrza z badanego elementu
grzejnego.

3. Wnioski

Pomiary termowizyjne staja si¢ coraz powszechniej-
sze zarowno w przemysle jak i nauce. Dostepnos¢ sys-
temow do badan w podczerwieni zwigzana z nizszymi
cenami umozliwia ich szerokie zastosowanie w wielu
dziedzinach np. do analizy strat ciepta w budynkach,
pomiarow elementow systemow grzewczych, monito-
ringu $rodowiska i innych. W zwiazku z tak szerokim
spektrum aplikacji termowizji metoda ta bedzie bez
watpienia stawac si¢ coraz powszechniejsza.
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OPERATIONAL MEASUREMENT OF GROUND/WATER
HEAT PUMP IN COLD WEATHER

Abstract

Article discusses the changes in heat flows in the secondary and primary circulation ground/water heat pump to low
ambient temperature environments in winter. These results are compared with various HP power parameters. At the same
time it describes the changes in the thermal potential at the initial start-up HP.

Keywords: heat pump

1. Introduction

The term low-potential heat of the Earth means the
heat flow from the ground in the Earth’s crust with a
relatively low potential. This flow can be divided into
two basic groups:

* heat flux of solar radiation incident on the surface
of the Earth,
* radiogenic heat flow from Earth’s interior.

The heat incident on the surface of the Earth by the
action of solar radiation is very unstable and affects heat
flux to the surface to a depth of 10-20 meters (neutral
zone). Seasonal and daily changes in the intensity of
solar radiation and outside air temperatures cause
temperature fluctuations of the surface layers of the
Earth. Heat mode ground located at greater depth than
the depth of the neutral zone is formed effect of thermal
properties of the Earth’s core. Heat flow from Earth’s
interior is stable and virtually no influence of any
factor, whether seasonal or other changes in weather
and temperature. The temperature of the earth increases
with depth by geothermal gradient (about 3°C per 100
m). Size of radiogenic heat flow from Earth’s interior
for different areas is different. For Central Europe this
size is approximately 0.05 to 0.12 Wm?2,

To obtain low-potential heat from ground it is
most common to use the type of heat pump ground
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/water resp. water/ water, if we use for obtaining
groundwater heat the ground mass. Operating
conditions and performance parameters of heat
pumps affect some factors related to thermophysical
properties of heat transfer agents, weather conditions,
ground mass structure etc. These factors can greatly
affect performance of heat pumps, resp. heating water
temperature on secondary side of the heat pump. In
our case we have considered the influence of low
ambient temperatures in winter, the heat pump itself.

1.1. COPHP

When heat is taken from the ground, it leads to
cooling and reduction potential. With the gradual
drawing heat from the earth ground first a significant
decrease in performance due to cooling agents in the
evaporator and temperature drop in circulation medium
heat in an earth probe occur. Guiding performance data
for the heat pump coefficient of performance COP is
defined as a proportion of heat output and heat output
from pumped low-potential heat source.

Q,
Pk

COP = 1)

where: P, is input power,
Q, is heat performance, W.
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The equation means that the heat pump COP
proportionally affects heat output and associated power
drawn from the earth, because later the power of heat
pump was constant. The value of the heating power is
determined by factors mentioned in the introduction.
To achieve high COP values high temperatures in the
evaporator, resp. low temperatures in the secondary
circuit of the heat pump condenser must be achieved.

2. Experimental device for measuring HP

Measurement of the heat pump type ground/
water was carried out 25 days in a forced circulation
heat transfer working fluid in the primary circuit.
Variables that affect performance of acquired land
for the primary and secondary circuit heat pump have
been observed. Temperatures were also recorded in
the ground along the borehole (Fig. 1).

Fig. 1. Involvement of a primary and secondary circuit
and measuring the heat pump components

Fig. 2. The course of temperature changes working
substance of the primary and secondary circuit HP

During the first two days only a circulation pump
was in operation. Temperatures in the borehole slowly
stabilized as temperature of the working substance.
Temperature range of substances has stabilized at a
value between 16.5 to 17°C. Temperatures at different
depths, the well stabilized at values of 11.7°C in 150

meters depth, 10.8°C at 100 and 40 meters deep and
5.3°C at five meters.

Fig. 3. Temperatures of working substance of primary
circuit of entry and exit into the borehole

In the middle of the third day start heat pump and
its onset can be observed for changes in temperature.
After a full-on heat pump performance, we have seen
increased short-term performance of heat pumps
as a result of higher initial potential of accumulated
heat of the earth. Over time, the pump performance
measurement has stabilized at a constant value of about
8 kW, as indicated by the manufacturer. Temperatures
at all depths gradually decreased and it was recorded
as a reduction potential of water temperature on
secondary circuit. Due to low ambient temperature
overnight to reduce the temperature of heating water
returns to the secondary circuit HP. There were even
more marked hypothermia working substance at the
inlet and the outlet of primary circuit heat pump and a
slight increase in heat output obtained from the ground.
Improved performance on the primary side just caused
for the low temperature heat pump condenser (due to
low night temperatures dropping and the temperature
in the heated room, and thus to an increase in heat loss
of the building). The refrigerant in condenser is cooled
to a lower temperature than usual, which resulted in
an increase in heat flow evaporation of refrigerant in
evaporator heat pump.

On the other days there were significant variations
in temperature. These fluctuations cause changes in
temperatures of working substance in the primary
and secondary side (Fig. 2). In the last phase of
measurements there was a significant warming in
weather which resulted in a slight stabilization of
working substance of primary circuit and rise of
working substance secondary circuit HP. During the
measurement there was a slight descent working
temperatures of substances on the primary and
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secondary circuits. This was caused by pumping heat
from the ground and reducing potential temperature
in the immediate vicinity of borehole. On subsequent
days, the low-potential heat flow stabilized at a constant
value or value with minimum decrease output.
Measurement of the secondary (heating circuit)
measurement was carried out similarly to primary
side. They recorded temperature and heat transfer
fluid flow rate (Fig. 4). The generated output (as
presented in Fig. 5) is used to heat hall areas ZU
through heating unit FLOWAIR LEO FB 15 kW.

Fig. 4. Decrease in temperature in different depths of the
ground

Fig. 5. Changes performance of primary circuit and
overall performance of heat pump

3. Conclusions

As mentioned, the temperature of working substance
in borehole affects the thermal parameters of secondary
circuit HP. Due to low outdoor temperatures to reduce
water temperature in secondary circulation (increased
heat loss to the building). The primary circuit is
increased and performance has been re-rising water
temperature. The current outside temperature climb
to procedure day to compensate for heating water in
the system and gradually there was a leveling off of
the original value of 48/42°C. On subsequent days, the
process is repeated with decreasing night temperature,
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while a slight drop in overall temperature reduction due
to potential well on the primary side. Due to changes in
ambient temperature there is an increase in heat output
obtained from a borehole and a slight increase in the
overall performance of heat pumps. At low temperatures
there was therefore an increase in coefficient of
performance COP. This change was very small and
can not be considered significant. As confirmed by
experiments, changes in external ambient temperature
affect performance of HP at least. But more important
is the decline performance in long-term performance of
HP maximum power influence reduce of potential the
ground (Fig. 4). Over time, operating temperature bore
potential ground falls, resulting in reduction potential
temperature of heating water in the system. This change
is noticeable and significant only at very low ambient
temperatures during the winter months.
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HARMONIC REDUCTION TECHNIQUES USING
MULTI-PULSE RECTIFIERS

Abstract

AC/DC converters generate high harmonic currents and voltages into the power system, which causes
a deformation of their shapes and increases active power losses. This article gives short review about basic methods of
reduction of higher harmonics in phase currents of AC/DC converters consisting of parallel connected 6-pulse bridges.

Keywords: AC/DC converter, power quality, THD (Total Harmonic Distortion), autotransformer

1. Introduction

In recent years, the harmonics in the power
system appear due to the wide applications of
the electronic equipments in which the AC/
DC converter are usually used. Therefore, it is
very important to reduce harmonic components
in supply currents of the AC/DC converters.
The harmonic problems can be solved by using the
active filters which usually operate at high switching
frequency and are not suitable for high power
applications. The power factor and total harmonic
current distortion THD, of the input line current can
be improved by using of the multi-pulse AC/DC
converter. The total harmonic current distortion THD,
is described by formula:

o0

Iy
THD, = "% 100%=,/>1;" (1)
|1 h=2

where: Ih*— relative current component of h- harmonic
order.

Multi-pulse AC/DC converters generate odd current
harmonics order:

h=k-g=x1 )

where k — number of parallel connected 6-pulse
bridges, ¢ — number of pulses

As results from (2) an increase in pulse number
g is the basic method to eliminate high harmonic
currents. One obtains an increase in ¢ in classical
solutions by series or parallel connection of
p number of 3-phase bridges supplied by transformers
with required phase shifting.

2

(3)
qp

Another method is based on the use of rectifiers with
modulators in DC current circuits.

2. Multi-pulse AC/DC rectifiers

Figure 1 shows modified systems consisting
of 6-pulse rectifiers. They behave approximately
as 24-pulse (Fig. 1a) and 36-pulse (Fig. 1b) rectifiers
in consequence of alternate conducting of diodes and
thyritors connecting to terminals of the interphase
transformer. The depth of asymmetry in load of each
of component rectifiers depends of turn number of
reactor segments in consequence improve the power
quality.
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Fig. 2. Line currents of component bridges and rectifier and their FFT analysis in: a) 24-pulse, b) 36-pulse mode [1, 3]
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, =2 [ (05F4)|

2f

4 -cos(n 2—7[)
)

L = -(05+a)-I,- cos(n—+—)

where: a — takes values: a, -a for converter in
Figure 1a and a, -a, O for converter in Figure 1b,
g — number of pulses, 1, — DC current.

The 36-pulse rectifier offers a higher quality input
current (line current) while that of the 24-pulse
rectifier is distorted. The THD of the 24-pulse
rectifier equals 7.09% but for 36-pulse rectifier
4.66%.

Another type of modulation in DC current circuit
in the form of interphase transformer is presented in
Figure 3 [7]. Primary winding of the transformer is
supplied from AC current modulator. The shape and
magnitude of AC current transformed from primary
to secondary winding determines the depth of load
asymmetry of rectifier component bridges.
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Fig. 3. 12-pulse rectifier with modulation in DC circuit [3]

The shape of line current of the converter is close to
sinusoidal one. The total harmonic current distortion
THD,; in this case is equal to 1.03%.

3. Conclusions

Conventional AC/DC converters are developed
using diodes and thyristors to provide controlled
and uncontrolled unidirectional and bidirectional
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Fig. 4. Line currents of component bridges and rectifier and their FFT analysis [3]
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dc power, however, these converters have problems
of poor power quality in terms of injected current
harmonics, resultant voltage distortion and slowly
varying rippled DC output at load end, low efficiency,
and large size of AC an DC filters.

High-power applications use AC/DC converters
based on the concept of multipulse mode (namely:
12-, 24-, 36-pulse) to reduce the harmonics in AC
supply currents, to overcome presented drawbacks
and to fulfil contemporary power quality standards.
The variation of harmonics in the input current for
different pulse numbers is shown Table 1.

Table 1. Variation of THD with pulse number

Pulse number THD [%]
6 34.5
12 14.5
24 7.09
36 4.66

It is possible to further improve the THD using the
modulator in the DC circuit shown in Figure 3. The
value of THD for this case is 1.03%, which is a very
good result. Multi-pulse rectifiers with modulation in
DC current circuit meets the standards specified for
connecting devices I and Il quality [8].

Pawet Stawczyk
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Metody redukcji wyzszych harmonicznych
z wykorzystaniem prostownikow
multipulsowych

1. Wprowadzenie

W ostatnich latach z powodu znacznej liczby
urzadzen elektrycznych zasilonych z prostownikow
AC/DC wzrasta zawarto$¢ wyzszych harmonicznych
pradow w sieciach zasilajacych. Redukcja harmo-
nicznych, ktore pojawiaja si¢ w pradach zasilajacych
przeksztattniki AC/DC jest zatem bardzo waznym
problemem. Zmniejszenie udzialu wyzszych harmo-
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nicznych uzyskuje si¢ miedzy innymi przy pomocy
filtrow aktywnych pracujacych z wysoka czestotli-
woscia przetaczen, ktore jednak nie sa przystosowa-
ne do pracy w uktadach wysokiej mocy. Poprawienie
wspotczynnika mocy oraz catkowitego wspotczynni-
ka odksztatcenia pradu THD, mozna uzyska¢ stosu-
jac wielopulsowe przeksztattniki AC/DC. Catkowity
wspotczynnik odksztatcenia pradu okresla wzor (1).
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Wielopulsowe przeksztattniki AC/DC generuja nie-
parzysty rzad harmonicznych pradu — wzor (2).

Jak wynika z powyzszej zalezno$ci zwickszanie
liczby pulséw ¢ jest podstawowa metoda pozwala-
jaca na wyeliminowanie wyzszych harmonicznych
w pradach zasilajacych. W klasycznych rozwigza-
niach zwickszenie liczby pulsow g uzyskuje si¢ po-
przez szeregowe lub réwnolegle potaczenie p troj-
fazowych uktadow mostkowych zasilonych przez
transformator o symetrycznym uktadzie napig¢ wtor-
nych przesunietych wzgledem siebie o kat — wzor (3).

Innym rozwigzaniem jest prostownik multipulsowy
z modulatorem w obwodzie pradu statego.

2. Wielopulsowe prostowniki AC/DC

Na rysunku 1 pokazano dwa przyktadowe rozwia-
zania zawierajace dwa trojfazowe uktady mostkowe
wykazujace wlasciwosci pracy prostownika 24-pul-
sowego (rys. 1a) oraz 36-pulsowego (rys. 1b) wsku-
tek przemiennego przewodzenia diod oraz tyrysto-
réw podtaczonych do zaciskow diawika kojarzacego.
Stopien asymetrii w obcigzeniu kazdego z mostkow
zalezy od liczby odczepow dlawika kojarzacego, co
znaczaco wplywa na poprawe jakosci energii.

Prostownik 36-pulsowy oferuje mniej odksztatcone
prady zasilajace w stosunku do prostownika 24-pul-
sowego. W przypadku prostownika 24-pulsowego
catkowity wspotczynnik odksztatcenia THD wyno-
si 7,09%, natomiast dla prostownika 36-pulsowego
wspolczynnik ten wynosi 4,66%.

Innym sposobem pozwalajagcym na zmniejszenie
wspotczynnika THD, pradow pobieranych z sieci jest
transformator miedzyfazowy, ktory petni funkcje
modulatora, co pokazano na rysunku 3 [7]. Pierwotne
uzwojenie transformatora zapewnia wzajemne sko-
jarzenie sktadowych mostkow, natomiast uzwojenie
wtorne petni funkcje obwodu modulujacego. Ksztalt
oraz wartos¢ pradu przemiennego AC transformowa-
nego z uzwojenia pierwotnego do uzwojenia wtorne-
go transformatora wyznacza stopien asymetrii obcig-
zenia sktadowych mostkow.

Ksztatt pradu liniowego takiego przeksztaltnika
jest bliski sinusoidalnemu. Catkowity wspotczynnik
odksztatcenia pradu THD, wynosi 1,03%.

3. Whnioski

Klasyczne przeksztaitniki AC/DC  zbudowane
w oparciu o diody oraz tyrystory zapewniaja kon-
trolowany oraz niekontrolowany jedno lub dwukie-
runkowy przeptyw mocy. Ich wadg jest: pogorszenie
jakosci energii z powodu wyzszych harmonicznych

pradu, odksztatcenie napiecia wypadkowego, tetnie-
nie napigcia wyjsciowego DC, niska sprawnos¢ ukta-
du oraz znaczny rozmiar filtrow AC oraz DC.

Przeksztaltniki bazujace na koncepcji pracy wie-
lopulsowej (mianowicie: 12-, 24-, 36-pulsowe) sta-
nowigce zasilanie uktadow wysokiej mocy redukuja
wyzsze harmoniczne pradoéw zasilajacych, wptywaja
na wyeliminowanie przedstawionych wyzej wad oraz
zapewniajg spetnienie aktualnych standardéw jakosci
energii. W tabeli 1 pokazano przyktady wspotczyn-
nika odksztatcenia THD dla r6znej liczby pulsow g.

Dalsze zmniejszenie wspdtczynnika THD mozliwe
jest dzigki zastosowaniu modulatora w obwodzie pra-
du statego, co pokazano na rysunku 3. W przypadku
powyzszego rozwigzania wspotczynnik THD wynosi
1,03%, co jest bardzo niska wartoscia. Przeksztattniki
wielopulsowe z modulacjag w obwodzie pradu statego
spetniajg wysokie standardy przewidziane dla urza-
dzen przytaczeniowych klasy I oraz II.
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