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INFLUENCE OF HIGH CALCIUM AND LOW CALCIUM
FLY ASHES ON STRENGTH AND WATER ABSORPTION
OF MORTARS

Abstract

The research was carried out to evaluate water absorption and strength of cement mortars with admixture of fly ashes.
There have been presented experimental results of high and low calcium fly ashes content and their combination on the
physical properties of cement mortars. The tests were carried out using samples 4 x 4 x 16 cm in accordance to standard

procedures.

Keywords: fly ash, mortars, water absorption

1. Introduction

Fly ashes play significant role in contemporary
concrete technology, and their application allows
obtaining economical and ecological benefits. High
calcium and low calcium fly ashes, as components
of concrete modify the properties of both concrete
mixture, as well as concrete [1]. Physical properties
of cement composites, such as water absorption
and strength above all depend on microstructure of
cement mortar, and further, on capillary porosity,
distribution of pores sizes and phase composition of
mortar. These properties are in turn tightly connected
with w/c ratio and the degree of cement hydration,
which is considerably influenced by content and
type of mineral admixture in cement mortar. To a
considerable degree, high calcium and low calcium
fly ashes delay hydration of a binder, influencing the
strength and other physical properties of composites
[3, 4]. Giergiczny [5] points to positive influence of
high calcium ash on 28-day strength of concretes. On
the other hand, replacement of part of cement volume
with low calcium fly ash causes reduction in strength
in tender age of cement mortar [6].

Water absorption may be described as the ability
to “suck up” water through capillaries [8]. With a
constant w/cm ratio, water absorption increases,

approximately, lineally with content of cement
mortar [9]. It has to be specifically taken into account
with composites with large amount of binder. Water
absorption may also be influenced by the application
of mineral additive that replaces part of Portland
cement volume (similarly, like the change in cement
type). In connection with slower hydration and due
to longer pozzolanic reaction, concrete’s water
absorption may be increased when binder contains fly
ashes. According to Rusin [10], replacement of part
of cement volume with low calcium fly ash boosts
up water absorption of mortars. The influence of
high calcium fly ashes and their amounts on water
absorption is not fully explained.

2. Own surveys

Conducted surveys aimed at determining influence
of two fly ashes on strength and water absorption of
mortars. Survey agenda assumed determination of
relationship between strength and water absorption
and the type and amount of used fly ash. Low calcium
and high calcium fly ashes were considered.

2.1. Characteristics of surveyed mortars

Portland cement CEM 1 42,5 R, silica(V) and
high calcium(PW) fly ashes were used. Experiment
covered 7 types of mortars made of cement or cement
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Fig. 1. Influence of fly ash content on strength of cement mortars

and fly ashes or their mixture. Table 1 lists the content
of ashes in binder and mortars’ compositions. W/s
ratio was constant and amounted to: 0.6. Weight ratio
of components, cement : sand : water was 1 : 3 : 0.6.
Mortars were prepared according to unified procedure
in terms of dosage, mixing and samples’ forming.

Table 1. Gravimetric composition of surveyed mortars

Cement Content Content

Content [%] cor[I;(]ent Vigl PW [q]
CEM1100% 1000 0 0
CEM180% +V20% 400 100 0
CEM160% +V40% 300 200 0
CEM180% + PW20% 400 0 100
CEM160% + PW40% 300 0 200
CEM160% +V20% + PW20% 300 100 100
(EM173.3% + 13.3%V + 13.3%PW 370 65 65

2.2. Survey methodology

Compressive strength test was conducted according
to PN-EN 196-1:2005. Every compressive strength
test was conducted for six 40 x 40 x 160 mm mortar
samples, after 28 days of curing in water. Water
absorption of every mortar was determined with the
use of three standardized samples, which after 28 days
of curing in water were dried for 48 h in temperature
of 105°C.

3. Analysis of test results

Table 2 contains results of compressive strength
test. The influence of fly ash admixtures on strength
of cement composites was shown in Figure 1.

Table 2. Results of mortars’ strength tests, f .

Mortar — ash content Avera?&;;r]ength
0% 46.27
20%V 36.95
40%V 26.87
20%PW 42.88
40%PW 30.84
20%V + 20%PW 25.61
13.3%PW-+13.3%V 36,12

Relationships illustrated in Figures 1 and 3 prove
that fly ash admixture considerably affects strength of
cement composites. Mortar strength lowers together
with the increase of fly ash amount in binder. Mortars
containing high calcium ash showed much higher
compressive strength than mortars with low calcium
ash. Samples containing 20% of high calcium ash
reached almost the same strength, as mortars prepared
with CEM 1. Strength of mortars containing low
calcium ash decreases proportionally to its content
and is lower than the strength of mortars with high
calcium ash. Figure 3 shows that strength clearly
tends to decline with the rise in fly ash contents.
Beyond of strength diminishing together with
rising content of each of the ashes or their mixture
qualitative effect which is connected with type of
fly ash. This effect was marked in Figure 3 with two
straight lines (marked blue and red), which clearly
show that strength of mortars with an addition of high
calcium ash is higher than low calcium ash.

Results of water absorption test were presented in
Table 3 and Figure 2.
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Fig. 2. Influence of fly ashes on water absorption of cement mortars

Fig. 3. Relationship between strength and water absorption of cement mortars and amount of fly ashes in binder

Fig. 4. Relationship between strength and water absorption of cement mortars
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Table 3. Results of mortars’ gravimetric water absorption,

Mortar — ash content Average water absorption

[%]
0% 9.35
20%V 9.20
40%V 10.6
20%PW 11.0
40%PW 121
20%V20%PW 1.5
13.3%PW13.3%V 11.0

Results of gravimetric water absorption are in the range
from 9.20% for mortars with 20% of low calcium ash
addition to 12.1% for mortars in which 40% of Portland
cement was replaced with high calcium ash. The mortars
containing low calcium ash in the amount of 20% have
almost the same water absorption, as mortars of plain
Portland cement. In the case of mortars with 20% addition
of high calcium ash, as well as mortars, in which the
amount of ashes reached 26.6%, water absorption was
the same, equalling to 11%, that is much less than that of
mortars with Portland cement and mortars with binder
containing low calcium ash alone. Cement composites
in binder of which 40% Portland cement was replaced
with fly ashes showed among surveyed samples the
highest ability to absorb water. Aside quantitative effect,
connected with replacing cement with fly ashes, very
clear qualitative influence was identified. It means that
the rise in water absorption of mortars with high calcium
ash added is much higher than that in the case of mortars
with low calcium ash added, which was illustrated with
straight (green) lines in Figure 3.

Figure 4 illustrates relationship between strength and
water absorption of hardened mortars. The increase in
strength is accompanied by the fall of water absorption
of cement composites. It was noted that despite higher
strengths of mortars containing high calcium ash,
water absorption is significantly higher than in the case
of mortars containing low calcium ash or mixture of
both ashes.

4. Conclusions

On the basis of test results following conclusions

have been drawn:

e Fly ashes exercise significant impact on physical
properties of cement mortars. Clear quantitative,
as well as qualitative influence of applied fly
ashes and their mixtures was found.

e Strength of mortar containing high calcium ash
added is higher than the strength in the case of
low calcium ash mortar.

e Despite higher strengths of mortars containing
high calcium ash, water absorption is distinctly
higher than that of mortars containing low
calcium ash and mixture of both ashes.

e [f more than 20% of cement is replaced with low
calcium or high calcium ash or their mixtures,
physical properties of cement composites are
substantially influenced.
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Wptyw wapiennego i krzemionkowego popiotu
lotnego na wytrzymatos¢ i nasiakliwos$¢ zapraw

1. Wprowadzenie

Popioty lotne odgrywaja bardzo wazna role we
wspolczesnej technologii betonu, a ich stosowa-
nie pozwala na uzyskanie korzysci ekonomicznych
i ekologicznych. Popioly lotne wapienne i krzemion-
kowe jako sktadnik betonu modyfikuja zaro6wno wta-
Sciwosci mieszanki betonowej, jak i stwardniatego
betonu [1]. Wiasciwosci fizyczne kompozytow ce-
mentowych, takie jak nasigkliwo$¢ i wytrzymatos¢ sa
przede wszystkim zalezne od mikrostruktury zaczy-
nu cementowego, a w tym od porowatosci kapilar-
nej, rozktadu wielkosci poréw oraz sktadu fazowe-
go zaczynu. Cechy te z kolei s3 mocno zwigzane ze
stosunkiem w/c oraz stopniem hydratacji cementu,
na ktory w sposob bardzo istotny wplywa zawartos¢
i rodzaj dodatkow mineralnych w zaczynie cemen-
towym. Popioty lotne: krzemionkowy i wapienny,
W znacznym stopniu opdzniaja hydratacje spoiwa
wplywajac na wytrzymato$¢ i inne wlasciwosci fi-
zyczne kompozytow [3, 4]. Giergiczny [5] wskazuje
na korzystny wptyw popiolu wapiennego na wytrzy-
mato$¢ 28-dniowa betondéw. Natomiast zastgpienie
czesci cementu popiolem lotnym krzemionkowym
powoduje redukcje wytrzymatosci w mtodym wieku
zaczynu cementowego [6].

Nasigkliwos¢ mozna opisa¢ jako zdolnos¢ do pod-
ciggania wody przez kapilary [8]. Przy statym stosun-
ku w/c absorpcja wody zwigksza si¢ w przyblizeniu
liniowo wraz z zawartoscig zaczynu cementowego
[9]. Nalezy zwroci¢ szczeg6lng uwage przy kompo-
zytach zawierajacych duza ilo§¢ spoiwa. Wptyw na
nasigkliwo$¢ moze mie¢ takze wprowadzany rodzaj
dodatku mineralnego zastgpujacego cze$¢ cementu
portlandzkiego (podobnie jak zmiana rodzaju cemen-
tu). W zwiazku z wolniejszg hydratacja z powodu wy-
dluzonej w czasie reakcji pucolanowej, nasigkliwos¢
betonu moze by¢ zwigkszona w przypadku gdy spo-
iwo zawiera popioty lotne. Wedlug Rusina [10] za-
stapienie czesci cementu popiotem krzemionkowym

zwieksza nasigkliwos$¢ zapraw. Nie do konca jest wy-
jasniony wptyw popiotdow wapiennych oraz ich ilosci
zastepujacych czegsci cementu na nasigkliwos$¢.

2. Badania wtasne

Zrealizowane badania miaty na celu okreslenie
wplywu dwoch popiotow lotnych na wytrzymatos¢
inasigkliwos$¢ zapraw. Plan badan zaktadat okreslenie
zaleznos$ci wytrzymalosci i nasigkliwosci od rodzaju
1 ilosci stosowanego popiotu lotnego. Stosowane po-
pioty lotne to popidt krzemionkowy i wapienny.

2.1. Charakterystyka badanych zapraw

Do badan zastosowano cement portlandzki CEM [
42,5 R, popioly: krzemionkowy(V) i wapienny(PW).
Doswiadczenie objeto 7 rodzajow zapraw wykony-
wanych z cementu lub cementu i popiotu lotnego Iub
ich mieszanki. W tabeli 1 zostata podana zawartos¢
popiolow w spoiwie oraz sktad zapraw. Wspolczynnik
w/s byt staty i wynosit 0,6. Stosunek wagowy sktad-
nikow, cement : piasek : woda wynosit 1 : 3 : 0,6.
Zaprawy zostaly przygotowane wedtug ujednoliconej
procedury dotyczacej dozowania, mieszania i formo-
wania probek.

2.2. Metody badan

Probe wytrzymatosci na $ciskanie wykonano zgod-
nie z normg PN-EN 196-1:2005. Kazdemu badaniu
wytrzymalosci na $ciskanie poddano sze$¢ probek
zapraw 40 x 40 x 160 mm po 28 dniach dojrzewania
w wodzie. Nasigkliwos¢ kazdej zaprawy okre$lono
na trzech probkach normowych, ktore po 28 dniach
dojrzewania w wodzie wysuszono w temperaturze
105°C, przez 48 h.

3. Analiza wynikow badan

Z przedstawionych zaleznos$ci na rysunku 11 3 wy-
nika, ze dodatek popiotéw lotnych w znaczacy spo-
sob wplywa na wytrzymato$¢ kompozytéw cemen-
towych. Wraz ze wzrostem ilosci popiolu lotnego
w spoiwie wytrzymato$¢ zaprawy maleje. Zaprawy



structure

Wojciech Piasta, Monika Jaworska, Agnieszka Bucik

zawierajace popiot wapienny wykazaty znacznie
wickszg wytrzymato$§¢ na S$ciskanie niz zaprawy
z popiotem krzemionkowym. Probki, w ktérych uzy-
to 20% popiolu wapiennego, uzyskaty prawie taka
samg wytrzymalo$¢ po 28 dniach jak zaprawy wy-
konane z CEM 1. Wytrzymalo§¢ zapraw z cementu
zawierajacego popiot krzemionkowy maleje propor-
cjonalnie do jego zawarto$ci i jest mniejsza niz wy-
trzymalo$¢ zapraw z popiotem wapiennym. Rysunek
3 pokazuje. ze wytrzymato$s¢ ma wyrazng tendencje
malejaca wraz ze wzrostem zawartosci popiotéw lot-
nych. Jednak oprocz zmniejszania si¢ wytrzymatosci
wraz z coraz wieksza iloscig kazdego z popiotow lub
ich mieszaniny zaznacza si¢ wyraznie wplyw jako-
Sciowy zwigzany z rodzajem popiotu lotnego. Wptyw
ten na rysunku 3 zasygnalizowano dwiema prostymi
(oznaczone kolorem niebieskim i czerwonym), ktore
wyraznie pokazuja, ze wytrzymato$¢ zaprawy z do-
datkiem popiotu wapiennego jest wyzsza, niz z do-
datkiem popiotu krzemionkowego.

Wyniki nasigkliwo$ci wagowej mieszczg si¢ w za-
kresie od 9,20% dla zapraw z 20% dodatkiem popiotu
krzemionkowego do 12,1% dla zapraw, w ktorych za-
stapiono 40% cementu portlandzkiego popiotem wa-
piennym. Zaprawy zawierajace popiodt krzemionkowy
w ilosci do 20% maja prawie taka sama nasigkliwo$¢
jak zaprawy wykonane z czystego cementu portlandz-
kiego. W przypadku zapraw z 20% dodatkiem popiotu
wapiennego jak i zaprawy, w ktorych ilo$¢ popiotow
lotnych wynosita 26,6% nasigkliwo$¢ byta taka sama
1 wynosita 11%, a wiec byta duzo nizsza niz zapraw
z cementem portlandzkim i zaprawy z spoiwem zawie-
rajagcym sam popidt krzemionkowy. Kompozyty ce-
mentowe, w ktorych spoiwie zastgpiono 40% cementu
portlandzkiego popiotami lotnymi wykazaty najwigk-
sza zdolno$¢ do wchtaniania wody sposrod badanych
prébek. Oprocz wplywu ilo§ciowego zwigzanego z za-
stapieniem cementu przez popioly lotne, stwierdzono
bardzo wyrazny wptyw jakosciowy. Polega on na tym,
ze wzrost nasigkliwosci zapraw z dodatkiem popiotu
wapiennego jest znacznie wigkszy niz zapraw z dodat-
kiem popiotu krzemionkowego, co oznaczono prosty-
mi (koloru zielonego) na rysunku 3.

Rysunek 4 przedstawia relacje miedzy wytrzymato-
$cig inasigkliwoscig stwardniatych zapraw. Wzrostowi
wytrzymatosci towarzyszy spadek nasigkliwosci kom-
pozytow cementowych. Zaobserwowano, ze mimo
wyzszych wytrzymato$ci zapraw z popiotem wapien-
nym nasigkliwo$¢ jest wyraznie wicksza niz zapraw
z popiotem krzemionkowym i mieszaning obydwoch
popiotow.

10

4. Wnioski

Na podstawie wynikow badan stwierdzono naste-

pujace wnioski:

e Popioly lotne maja znaczacy wptyw na wiasciwo-
sci fizyczne zapraw cementowych. Stwierdzono
wyrazny wpltyw ilosciowy i jakoS$ciowy stosowa-
nych popiotow lotnych i ich mieszanin.

e Wytrzymalo$¢ zaprawy z dodatkiem popiotu wa-
piennego jest wyzsza niz z dodatkiem popiotu
krzemionkowego.

e Mimo wyzszych wytrzymatosci zapraw z popio-
fem wapiennym, nasigkliwos¢ jest wyraznie wiek-
sza niz zapraw z popiotem krzemionkowym i mie-
szaning obydwoch popiotow.

e Zastgpienie o wigcej niz 20% cementu przez po-
pioty: krzemionkowy i wapienny lub ich mie-
szanki ma istotny wplyw na wiasciwosci fizyczne
kompozytow cementowych.
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THE PROPERTIES OF SILICATE PRODUCTS
MODIFIED BY LDPE GRANULES

Abstract

The following article presents the results obtained through the modification of sand-lime matter. The modifying filler is
a low-density polyethylene granules (hereinafter referred to as LDPE), formed as a result of the recycling process. The
main purpose of the research was to receive a lightweight, recyclable product with physical and mechanical properties
similar to abovementioned traditional sand-lime products. The filler has given the desired effect, however the compressive
strength of newly created elements has significantly decreased. It is therefore concluded that from the building operation
point of view, modified products that contain less than 9% of LDPE filler are relevant. The paper describes the examination
methodology and the results in the form of tables and graphs.

Keywords: sand-lime products, silicates, masonry elements, polyethylene LDPE, recycling, compressive strength,

density, absorption, modification, experiments, lightweight fillers

1. Introduction

Silicate products are construction materials, in
which the basic ingredient is a sand-lime matter.
These products are primarily characterized by high
compressive strength (to about 20 MPa). Furthermore,
silicates are commonly considered to be environment-
friendly, because unlike cellular concrete, do not
contain cement, characterized by high content of
radioactive isotopes, such as radium, potassium and
thorium. Nevertheless, high bulk density tends to
seek production methods and recipes of lighter blocks
with properties similar to traditional products.

Methods of modification of these products are
not widely known in the literature. More tests are
subjected to cement and silica cement products.

The first known in the literature attempts to modify
mentioned above construction products took place
at the turn of the 19 and 20™ century. A cement-
gypsum mortar was modified. Then, a few years
later, as a result of combination of curing and air
bubbles formation process was obtained the first
modern lightweight concrete, called then a cellular
concrete [1]. In the following years, to the cement-
silica matter many other additives were introduced,
such as polystyrene granules [2], polystyrene foam
[3], comminuted glass foam comes from glass cullet
or blast furnace slag [4], the resin foam particles with
foaming agent [5], or glass foam aggregate reinforced

i.a. by glass, steel, titanium or carbon fibers and with
addition of fly ash [6].

From a practical point of view, in building operating
those silicate products are relevant whose compressive
strength is higher than 10 MPa [7]. Having regard
to environmentally sustainable development and
the progress in science in the field of masonry units
modification, the main purpose of research was
obtaining a light product, which can be recycled and
has a physical and mechanical properties similar to
a.n. traditional sand-lime products.

Among the many products available on the market
that might be helpful in reducing bulk density of
sand-lime elements, special attention is paid to
the low-density polyethylene (LDPE) in granulate
form, which is a result of recycling process. So far
this material has found application mainly in the
electronic, electrical and food industry, household
appliances as well as in civil engineering (in the
manufacture of foam insulations, gas, central heating
and air conditioning pipes, etc.)

Polyethylene referred to in the paper is characterized
by low bulk density (up to 0.91 g/cm®) and water
absorption after 24 hours lower than 0.03%. These
properties have prompted to use this product as a filler
in the silicate matter in order to reduce the density of
the obtained products.

11
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2. Examination methodology

The starting material to conduct the preliminary
tests was a sand-lime mixture, which consisted of
quartz sand (approx. 90-92% by weight), calcined
lime (about 5-8% by weight) and water. In the
following steps formed by recycling LDPE granules,
in order 3, 6, 9, 12 and 15% of the weight were used
as a filler. The resulting matter was formed in a
rectangular blocks with dimensions of 4 x 4 x 16 cm,
compacted and then autoclaved for 8 hours at 203°C.
The product prepared in this way was weighted and
then subjected to a compressive strength test.

Each of made elements was desiccated in a dryer
with air circulation in order to achieve dry matter
in accordance with the guidelines of the norm EN
772-13/2001 [8]. In the next stage the samples
were weighted and then immersed in water to
determine water absorption (according to EN 771-
2:2003+A1:2005, [9)).

3. Results of research

Tests and calculations of selected physical
parameters were performed on each of the six
samples with identical composition. Further studies
were carried out on separate samples of silicates.
The results obtained were averaged and shown
in Table 1.

Table 1. The average physical properties of modified
silicate products

Granules mass Gross Water Compressive
percentage in sample density absorption strength
[%] [g/cm’] [%] [MPa]
0 1.72 15.90 20.51
3 1.68 15.10 18.4
6 1.58 14.49 163
9 1.5 13.04 10.23
12 127 12.07 9.35
15 1.08 11.40 8.51

Fig. 1. Impact of LDPE granules on gross density of
received sand-lime product

The obtained values of gross density confirm the
assumption that the partial modification of lime-
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cement mixture by the used filler affects (reduces) the
mass of the product, which clearly presents Figure 1.

Interference in the composition of the mixture has
not shown the expected results, because together with
the decrease in density decreases the compressive
strength of tested silicate product (Fig. 2).

Fig. 2. Impact of LDPE granules on gross density of
received sand-lime product

The absorption of the silicate material was
calculated according to the procedure laid in the norm
PN-EN 771-2:2003+A1:2005 [10] and presented in
Table 1.

From the obtained results a growing trend in water
absorption of the received product with decreasing
compressive strength was noticed (Fig. 3).

Fig. 3. The relationship between water absorption and
compressive strength of the modified silicate material

4. Conclusions

The additive in form of low-density polyethylene
granules (LDPE) to the silicate matter, applied in the
study, is a recycling product. The partial, increasing
share of'the filler in sand-lime mixture has contributed
to achieving the desired reduction in gross density.
Unfortunately, despite the high compressive strength
of LDPE, with increasing content of granules, there
is a decrease in compressive strength in relation to
the standard samples. In building operating only these
modified products may be applied which contain no
more than 9% by weight of LDPE.

Furthermore, it is noted that the series of obtained
products is characterized by a significantly lower than
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traditional products water absorption, which means a
smaller amount of absorbed water in the examined
materials.

To summarize the above observation, there is an
implication that further research in order to achieve
the highest possible strength with the lowest bulk
density, should be carried out with other fillers,
which improve the compressive strength of the newly
manufactured products.
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elementow

Wtasciwosci uzytkowe wyrobow silikatowych
modyfikowanych granulatem LDPE

1. Wprowadzenie

Elementy silikatowe to materiaty budowlane, ktorych
podstawowy sktadnik stanowi masa wapienno-piasko-
wa. Wyroby te charakteryzuje wysoka wytrzymatosé
na $ciskanie, osiggajaca nawet 35 MPa. Niemniej duza
masa objetosciowa sktania do poszukiwania metod
1 receptury wytwarzania lzejszych bloczkow o witasci-
wosciach podobnych do wyrobow tradycyjnych.

W literaturze nie sa powszechnie znane metody mo-
dyfikacji tych wyrobow. Czgséciej badaniom podda-
wane s3 wyroby cementowe i cementowo-silikatowe.
Pierwsze znane w literaturze proby modyfikacji tych
wyrobow miaty miejsce na przetomie XIX i XX w.,
kiedy to modyfikacji poddano zaprawe cementowo-
-gipsowa. Nastepnie kilkanascie lat pozniej w wyniku
potaczenia procesow utwardzania z procesami powsta-
wania pecherzykdéw powietrza po raz pierwszy uzy-
skano nowoczesny lekki beton, zwany 6wczesnie be-
tonem komorkowym [1]. W latach kolejnych do masy
cementowo-silikatowej wprowadzano wiele innych
dodatkow, np.: granulki styropianowe [2], pianki po-
listyrenowe [3], rozdrobniong piank¢ szklang pocho-
dzaca ze sthuczki szkta lub zuzla wielkopiecowego [4].

Z praktycznego punktu widzenia w eksploatacji bu-
dowli wtasciwymi wyrobami sg te elementy silikato-

we, ktorych wytrzymato$¢ na Sciskanie jest wicksza
niz 10 MPa. Celem wykonanych do$wiadczen byto
uzyskanie lekkiego bloczku o wlasciwosciach fizyko-
mechanicznych podobnych do wtasciwych wyrobow
wapienno-piaskowych.

Wsrod wielu produktow oferowanych na rynku
mogacych stuzy¢ obnizeniu gestosci objgtosciowe;
wyrobow wapienno-piaskowych szczegolng uwage
zwraca si¢ na polietylen o malej gestosci (LDPE)
w postaci granulatu, powstaty w wyniku recyklingu.

Polietylen, o ktorym mowa w niniejszym artykule,
charakteryzuje mata ggsto$¢ objetosciowa oraz niska
chlonnos$¢ wody. Wiasciwosci te zadecydowaly o wy-
korzystaniu tego produktu jako wypetiacza w masie
silikatowej w celu zmniejszenia ggstosci otrzymywa-
nych produktow.

2. Metodyka badan eksperymentalnych

Materiatem wyjSciowym do wykonania badan
wstepnych byta mieszanka wapienno-piaskowa,
w ktorej sktad wchodzi piasek kwarcowy (ok. 90—
92% masy), wapno kalcynowane (ok. 5-8% masy)
oraz woda. W kolejnych krokach jako wypetiacz
wprowadzono granulat LDPE powstaty w wyniku re-
cyklingu, stanowigcy kolejno 3, 6,9, 12 1 15% udzia-
hu masy.
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Zarowno dla tradycyjnych, jak i modyfikowanych
wyrobow wapienno-piaskowych okreslono nastepu-
jace wilasciwosci uzytkowe zgodnie z polskimi nor-
mami [8, 9]:

— gestos¢ brutto,

— absorpcja wody,

— wytrzymato$¢ na $ciskanie.

3. Wyniki badan

Badania i obliczenia wybranych parametrow fi-
zycznych wykonano na kazdej z szeSciu probek
o identycznym sktadzie jakosciowym. Kolejne bada-
nia wykonywane byly na odrgbnych prébkach sili-
katowych. Otrzymane wyniki usredniono i przedsta-
wiono w tabeli 1.

Otrzymane warto$ci gestosci brutto potwierdza-
ja zalozenie, ze czgsciowa modyfikacja mieszanki
wapienno-cementowej stosowanym wypelniaczem
wplywa redukcyjnie na mas¢ wytworzonego elemen-
tu, co wyraznie przedstawiono na rysunku 1.

Ingerencja w sktad mieszanki nie wykazata zakta-
danych rezultatow, poniewaz wraz ze spadkiem gg-
stosci maleje wytrzymalos¢ na $ciskanie badanych
elementow silikatowych (rys. 2).

Absorpcja elementu silikatowego zostala obliczona
zgodnie z procedura zawarta w normie PN-EN 771-
2:2003+A1:2005 [9]. Na podstawie otrzymanych
wynikéw zauwazono rosnacy trend absorpcji wody
przez otrzymany wyrob silikatowy wraz z malejaca
wytrzymatoscia na $ciskanie (rys. 3).
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4. Wnioski

Czesciowy, wzrastajacy udziat wypetniacza (granu-
latu LDPE) w mieszance wapienno-piaskowej przy-
czynil si¢ do zamierzonego zmniejszenia gestosci
brutto. Niestety, pomimo wysokiej wytrzymatosci na
sciskanie LDPE, wraz ze wzrostem zawartosci granu-
latu zauwaza si¢ spadek wytrzymatosci na $ciskanie
w stosunku do probek wyjsciowych. W eksploatacji
budowli zastosowanie mogg mie¢ jedynie te wyroby
modyfikowane, ktore zawieraja nie wigcej niz 9%
udziatu w masie.

Ponadto zauwaza si¢, ze seria uzyskanych wyro-
bow charakteryzuje si¢ wyraznie mniejsza absorpcja
wody niz tradycyjne wyroby, co oznacza mniejszg
ilo$¢ pochtanianej wody w badanych wyrobach.

Reasumujac powyzsze spostrzezenia nasuwa si¢
stwierdzenie, ze dalsze badania, w celu osiagnigcia
mozliwie wysokiej wytrzymato$ci przy mozliwie
najnizszej gestosci objetosciowej, nalezy prowadzic¢
z udziatlem innych wypehiaczy, wptywajacych na
poprawe wytrzymatosci na $ciskanie nowo wytwa-
rzanych elementow.
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THE IMPACT OF EBA AND ECB POLYMER
MODIFICATION OF 50/70 BITUMEN

Abstract

This paper presents the results of research concerning the EBA (ethylene-butyl acrylate copolymer) and the ECB (ethylene
copolymer bitumen) modifications on 50/70 bitumen in contents of 2%, 4% and 6%. The research area included the
tests for determination of penetration at 25°C, softening temperature (according to the “Ring and Ball” method) and
Fraass breaking point. The research has shown visible impact of both modifiers on the properties of the base 50/70
bitumen significantly reducing the penetration, reducing ductility and increasing softening point. It was also found that
the modification slightly increased the breaking point temperature. Analysis of penetration index PI and the temperature
range of plasticity (TZP) have shown that the ECB modification has a more positive effect on properties of the bitumen.

Keywords: modification, polymer, plastomer, ECB, EBA, 50/70 bitumen

1. Introduction

The rapid increase in traffic together with
simultaneous increase in axle loads demands the
designed pavements to be more resistant to the
damaging effects caused by the moving vehicles. The
improvement of the road surface quality is achieved
by the use of new technologies, new materials and
modifications of existing technologies and materials.

Many years of research have shown that the quality
of the binder has a large impact on the durability and
quality of the whole pavement. The requirements for
asphalt have been increasing regularly along with the
increase in road requirements. Currently, the asphalt
modifications are used to fulfill stringent requirements
for asphalt mixes in a wide range of temperatures
[2, 6]. The first attempts to use polymers as asphalt
modification agents were held in the fifties of the 20™
century [1]. The purpose of this modification is to
extend the lifespan and improve the performance of
asphalt mixes. This requires an increase in resistance
of asphalt mixtures to permanent deformation, fracture,
fatigue, aging and the influence of external factors [2].

Asphalt modification can be performed by the use of
different agents, for example: elastomers, plastomers,
synthetic resins, rubber granules from waste tires or

natural asphalt [5]. One of the most popular modifiers
are plastomers, which are characterized by a higher
proportion of the permanent deformations compared to
elastomers and increased stiffness at high temperatures,
compared to base asphalt. Plastomers do not improve
the low temperature properties of the binder [2].

The research concerned the modification of the 50/70
binder using two plastomers: low crystality ethylene
copolymer with acrylate butyl (EBA) and ethylene
copolymer with a special type of bitumen (ECB).

The low crystality ethylene copolymer with
acrylate butyl (EBA) is usually used for production
of construction and horticultural films, hotmelt
adhesives and coloring agents for plastics. Thanks
to its properties related with the low glass transition
temperature and good properties at low temperatures it
is also used in the modification of plastics and binders.
Ethylene copolymer with a special type of bitumen
(ECB) is usually used in production of modified
bitumen membranes, waterproof membranes and in
the production of roofing. Due to the use of the special
bitumen type reaching up to 50% it is easily mixed
with the asphalt.

This paper presents the results of asphalt
modification using ECB and EBA polymers an the
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assessment of the asphalt quality in terms of its basic
parameters.

2. Protocol and methodology

The base material for this research was the 50/70
bitumen. To investigate the influence of the ECB and
EBA modifiers on the bitumen they were added in
amounts of 2%, 4% and 6%. This gave six types of
specimens:

— base asphalt 50/70, marked “A”

— modified asphalt 50/70 + 2% EBA, marked “B”

— modified asphalt 50/70 + 4% EBA, marked “C”

— modified asphalt 50/70 + 6% EBA, marked “D”

— modified asphalt 50/70 + 2% ECB, marked “E”

— modified asphalt 50/70 + 4% ECB, marked “F”

— modified asphalt 50/70 + 6% ECB, marked “G”.

The polymers were added to the base asphalt in
order to achieve the expected content through mixing
at the temperature of 170°C and stirring speed 400
rpm, for the time of 15 min.
To determine how the modification affected the
bitumen properties the following tests were performed:
= Penetration at 25°C, in accordance with PN-EN
1426.

= Ductility at 25°C, in accordance with PN-
85/C-04132.

= Softening point “Ring and Ball”, in accordance
with PN-EN 1427.

= Fraass breaking point, in accordance with BS EN
12593.

To complement the analysis, the Authors determined
the penetration index (PI) and temperature range
of plasticity (TZP [°C]) based on the test results of
penetration at 25°C, the softening point and breaking
point using the formulas [3, 5]:

20 -T -lg P — 1952
o _ 20 Tpy +500 -lg 95 0
Te =50 -1g P + 120
where: T, — softening point, °C, P — penetration

grade at 25°C, 10" mm.
TZP = TPIK - Tlam 2)

where: T, —softening point ,,Ring and Ball”, °C, T,

— Fraass breaking point, °C.

3. Results

3.1. Penetration at 25°C

The results of penetration for all samples are shown
in Figure 1.
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Fig. 1. Penetration value at 25°C

As seen above, both polymers decrease the value
of penetration from 55-10"'mm (base binder “A”) to
28 - 10" mm (EBA) and 33-10" mm (ECB). In the
concentration range between 2% and 6%, the EBA
polymer gives a nearly linear response in decreasing the
penetration. The ECB additive acts very similarly until
added in the highest concentration, when it shows to be
less effective, giving a strong non-linear relationship.

3.2. Softening point, “Ring and Ball” method

The results of softening point designation for all
samples are shown in Figure 2.

Fig. 2. Softening point, “Ring and Ball” method results

Considering the softening point of the modified
bitumen, both polymers clearly increase the softening
point temperature. The EBA modification is effective
even in the concentration of 6% when it changes the
softening point from 49°C to 75°C. The difference in
the measured parameter for the ECB modification in
concentrations of 4% and 6% is negligible (64°C and
65°C respectively), showing again a non-linear response.

3.3. Ductility

The introduction of the polymers caused visible
decrease in ductility of tested specimens and increase
in the peak measured force. The addition of 2% of the
EBA polymer resulted in a change of ductility from
~1370 mm to ~407 mm. The further modification of the
asphalt resulted in a reduction of ductility approximately
by half for every 2% of the polymer added.
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The tests conducted using the ECB polymer show that
in low concentrations (2%) it has a smaller effect on the
ductility of the 50/70 asphalt (decreasing it to 767 mm),
but when added in amounts of 4% and 6%, the ductility
decreases to 239 mm and 174 mm respectively.

The results of ductility tests are shown in Figure 3.

Fig. 3. Ductility

3.4. Fraass breaking point

Based on the research it can be concluded that the
use of both additives has a small impact on the raise
of the breaking point. The change of this parameter is
not significant enough to be considered as if the EBA
and the ECB had a negative impact on the cracking
surface at low temperatures.

Fig. 4. Fraass breaking point value

3.5. Penetration index and temperature range of plasticity

To complement the analysis, the values of the
penetration index and temperature ranges of plasticity
of all tested specimens were calculated according to
the formulas (1) and (2). The results are shown in
Figures 5 and 6.

Fig. 5. Penetration index PI

Fig. 6. Temperature range of plasticity

The computed results of penetration index (PI)
show that the addition of EBA and the ECB affects
noticeably the vulnerability to temperature changes
of tested specimens. For samples “C” and “D” the
penetration index value exceeds 2 indicating a poor
result. The penetration index of other samples is
acceptable, fitting roughly in the range between -1
and +1 (desired values are between 0.5 and +1) [4].
The penetration index of ECB modified bitumen has
acceptable values in all concentrations of the modifier.

Regarding the temperature range of plasticity (TZP)
it can be concluded that the increase of the modifier
content results in an increase of the temperature
range in which the bitumen retains its viscoelastic
properties. For the maximum content of the modifier
(6%) TZP increases from 65°C to 86°C (sample “D”
—EBA) and to 77°C (sample “G” — ECB).

4. Conclusions

Based on the tests performed on the EBA and ECB
modified 50/70 bitumen, the following conclusions
can be drawn:

— In each of the quantitative variants of the used
EBA and ECB modifiers, the penetration of
bitumen is reduced in relation to the base 50/70
bitumen, with an increase in the softening point
at the same time.

— Application of EBA and the ECB does not have
a significant influence on the breaking point
temperature of bitumen, which is consistent with
the adopted plastomer definition.

— Both polymers have great effect on the ductility
of the considered bitumen. The 2% modification
results in a significant decrease of this parameter.
At higher concentrations, the polymers cause
further noticeable decrease in ductility, but
relatively less dramatic.

— Performed modifications affect the temperature
vulnerability of asphalt. In accordance with the
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designated penetration index, better results were
obtained for the ECB modified bitumen.
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Wplyw zastosowania modyfikacji polimerami EBA
i ECB na wtasciwosci ponaftowego asfaltu
drogowego 50/70

1. Wstep

Gwaltowny wzrost nat¢zenia ruchu samochodowe-
g0 oraz réwnoczesny wzrost obcigzenia na osie po-
jazdow wymusza stosowanie konstrukcji nawierzch-
ni, ktére s coraz bardziej odporne na czynniki nisz-
czace wywolane ruchem pojazdow. Poprawa jakosci
wykonanych nawierzchni drogowych uzyskiwana
jest poprzez zastosowanie nowych technologii, sto-
sowanie nowych materiatow oraz modyfikacj¢ juz
istniejacych technologii i materiatow.

Wieloletnie badania dowodza, iz duzy wplyw na
trwato$¢ 1 jakos¢ wykonanej nawierzchni wywie-
ra jakos$¢ stosowanego lepiszcza. Wraz ze wzrostem
wymagan stawianych konstrukcja nawierzchni, syste-
matycznie zwigkszano rowniez wymagania dla asfal-
tow drogowych. Obecnie, aby speti¢ rygorystyczne
wymagania dla mieszanek mineralno-asfaltowych
w szerokim zakresie temperatur, stosuje si¢ modyfikacje
asfaltow drogowych [2, 6]. Pierwsze proby z zastoso-
waniem modyfikacji polimerami cechuje si¢ na lata 50.
XX w. [1]. Celem modyfikacji jest wydtuzenie okresu
eksploatacji oraz poprawa wlasciwosci uzytkowych dla
mieszanek mineralno-asfaltowych. Wymaga to zwigk-
szenia odpornosci mieszanki mineralno-asfaltowej na
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deformacje trwale, pekanie, zmeczenie, starzenie oraz
oddzialywanie czynnikow zewnetrznych [2].

Modyfikacji asfaltéw dokonuje si¢ stosujac m.in.:
elastomery, plastomery zywice syntetyczne, granulat
gumowy z utylizacji opon, asfalt naturalny [5]. Jed-
nymi z najpopularniejszych modyfikatoréw sa pla-
stomery, ktore charakteryzuja si¢ wickszym udzialem
odksztatcenia trwatego od elastomerow i zwigekszona
sztywnoscig w wysokiej temperaturze, w porOwnaniu
do asfaltu bazowego. Nie poprawiaja wlasciwosci ni-
skotemperaturowych lepiszcza [2].

W badaniach wykorzystano dwa plastomery do
modyfikacji lepiszcza drogowego 50/70, kopolimer
etylen z akrylanem butylu (EBA) oraz kopolimeru
etylenu z dodatkiem bitumu (ECB).

Kopolimer etylenu z akrylanem butylu (EBA) po-
wszechnie znajduje zastosowanie do produkcji folii
budowlanych oraz ogrodniczych, klejéw termoto-
pliwych, modyfikatorow barwigcych do tworzyw
sztucznych. Poprzez swoje wlasciwosci zwigzane
z niskg temperaturg zeszklenia oraz dobrymi wia-
sciwosciami w niskich temperaturach zastosowanie
znajduje réwniez w modyfikacji tworzyw sztucznych
oraz lepiszczy asfaltowych.
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Kopolimer etylenu z dodatkiem bitumu (ECB) po-
wszechnie zastosowanie znajduje w produkcji mo-
dyfikowanych pap bitumicznych, wodoodpornych
membran oraz przy produkcji pokry¢ dachowych. Ze
wzgledu na zastosowanie dodatku specjalnego bitu-
mu siggajacego do 50% mozna go fatwo wymieszac
z asfaltem.

W artykule przedstawiono wyniki badan modyfi-
kacji asfaltu drogowego z zastosowaniem polimerow
ECB oraz EBA dokonujac oceny jakosci takiego as-
faltu pod wzgledem podstawowych parametrow.

2. Plan badan i metodologia

W badaniach jako materiat wyjsciowy zastosowano
asfalt drogowych 50/70. Jako modyfikatoréw uzyto
polimeréw EBA oraz ECB w ilosciach 2%, 4% i 6%
tworzac szes¢ asfaltow modyfikowanych:

— asfalt 50/70, oznaczony jako ,,A”,

— asfalt modyfikowany 50/70 + 2% EBA, oznaczony

jako ,,B”,

— asfalt modyfikowany 50/70 + 4% EBA, oznaczony

jako ,,C”,

— asfalt modyfikowany 50/70 + 6% EBA, oznaczony

jako ,,D”,

— asfalt modyfikowany 50/70 + 2% ECB, oznaczony

jako ,,E”,

— asfalt modyfikowany 50/70 + 4% ECB, oznaczony

jako ,,F”,

— asfalt modyfikowany 50/70 + 6% ECB ,oznaczony

jako ,,G”.
W celu okreslenia wplywu zastosowanego modyfi-
katora oraz jego ilos¢ na wlasciwosci asfaltu drogo-
wego 50/70 wykonano nastgpujace badania:
= penetracja w temperaturze 25°C, zgodnie z PN-
-EN 1426,

= temperatura migknienia wedtug metody pierscie-
nia i kuli, zgodnie z PN-EN 1427,

= ciggliwo$¢ w 25°C, zgodnie z PN85/C-04132,

= temperatura tamliwo$ci wg Fraassa, zgodnie
z PN-EN 12593.

W celu uzupetnienia analizy obliczono na podsta-
wie wynikOw oznaczenia penetracji w temperaturze
25°C, temperatury migknienia oraz temperatury tam-
liwo$ci wartosci indeksu penetracji PI oraz tempera-
turowy zakres plastycznosci TZP korzystajac ze wzo-
row 1 oraz 2 [3, 5]:

3. Wyniki badan

3.1. Penetracja

Zmiany penetracji w zaleznosci od ilosci oraz rodza-
ju uzytego modyfikatora przedstawiono na rysunku 1.

Analizujac wyniki badan mozna stwierdzi¢, iz
polimer EBA powoduje zmniejszenie penetracji le-
piszcza ,,A” z 55-10"' mm do 28-10 'mm dla asfaltu
,D”. Dodanie modyfikatora ECB rowniez powoduje
zmniejszenie si¢ wartosci penetracji, dla asfaltu ,,G”
33-10"' mm.

3.2. Temperatura mieknienia

Zmiany temperatury migknienia w zaleznosci od
iloéci oraz rodzaju uzytego modyfikatora przedsta-
wiono na rysunku 2.

Wptyw obu modyfikatorow zauwazalny jest row-
niez w wynikach badania temperatury migknienia.
Wraz ze wzrostem ilosci stosowanego modyfikatora
nastepuje zmiana wartos$ci temperatury migknienia
z 49°C dla ,,A” do odpowiednio dla lepiszcza ,,D”
75°C oraz ,,G” 65°C.

Przebieg zmian obu parametrow (penetracji oraz
temperatury migknienia) $wiadczy o tym, iz zasto-
sowanie EBA oraz ECB powoduje zwickszenie si¢
twardosci asfaltu w stosunku do lepiszcza bazowego,
a zarazem zmniejszenie podatno$ci na rozmigkanie,
deformacje oraz zniszczenia nawierzchni wywolane
wysokimi temperaturami.

3.3. Ciagliwos¢

Modyfikacja badanych asfaltow polimerami
w sposob widoczny wplyneta na zmniejszenie ich
ciaggliwos$ci oraz wzrost rejestrowanej sity. Modyfi-
kacja polimerem EBA w wielko$ci 2% spowodowata
ponad dwukrotny spadek tego parametru. Badanie
wyzszych koncentracji tego srodka wykazato zalez-
no$¢ spadku ciggliwosci o 50% na kazde kolejne 2%
polimeru.

Modyfikator ECB w stezeniu 2% ma mniejszy
wplyw na badany parametr (spadek ciagliwosci nie-
mal o potowe). Najwiekszy efekt w stosunku do ilo-
sci uzytego Srodka obserwuje si¢ dla zawartosci 4%
polimeru, kiedy to zmierzona warto$¢ ciagliwosci
wynosi 239 mm (dla asfaltu niemodyfikowanego —
1370 mm).

3.4. Temperatura tamliwosci wedtug Fraassa

Wyniki oznaczenia temperatury tamliwosci wedlug
Fraassa przedstawiono na rysunku 3. Na podstawie
badania mozna stwierdzi¢, iz zastosowanie obu do-
datkow w nieznaczny sposéb wptywa na podniesie-
nie warto$ci temperatury tamliwo$ci. Zmiana tego
parametru nie jest jednak az tak duza, aby mozna
byto uzna¢, iz EBA oraz ECB wptywaja negatywnie
na spekania nawierzchni w niskich temperaturach.
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3.5. Indeks penetracji i temperaturowy zakres plastycznosci

Obliczone wedlug wzoru (1) i (2) wartosci indek-
su penetracji oraz temperaturowy zakres plastyczno-
sci asfaltu 50/70 modyfikowanego EBA oraz ECB
przedstawiono na rysunkach 4 i 5.

Porownujac wyniki otrzymane z obliczenia indeksu
penetracji PI mozna stwierdzi¢, iz dodatek EBA oraz
ECB wplywa na zmiany wrazliwos$ci temperaturo-
wej. Dla asfaltu ,,C” oraz ,,D” warto$¢ indeksu pene-
tracji przekracza 2, co jest wynikiem zdecydowanie
niekorzystnym. Dla pozostatych lepiszczy wartos¢
wskaznika przyjmuje korzystne wartosci w prze-
dziale —1 do +1 (zalecane —0,5 do +1) [4]. Dla mo-
dyfikacji ECB indeks penetracji przyjmuje korzystne
warto$ci dla wszystkich zastosowanych koncentracji
modyfikatora.

Analizujac temperaturowy zakres plastycznosci TZP
mozna stwierdzi¢, iz wraz ze wzrostem zawartosci do-
datkéw modyfikujacych zwigksza sie zakres tempera-
tur, w ktorych asfalt zachowuje wtasciwosci lepkospre-
zyste. Dla asfaltu bazowego ,,A” TZP wynosi 65°C,
dla maksymalnych zawarto$ci modyfikatora wartosci
wynosza odpowiednio ,,D” 86°C oraz ,,G” 77°C.
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4. Wnioski

Na podstawie wykonanych badan asfaltu drogowe-
g0 50/70 z dodatkiem EBA oraz ECB mozna sformu-
lowac nastepujace wnioski:

— w kazdym z zastosowanych wariantow ilo$cio-
wych zastosowanie modyfikatorow EBA oraz ECB
powoduje zmniejszenie penetracji w stosunku do
asfaltu wyjsciowego 50/70 przy jednoczesnym
zwiekszeniu warto$ci temperatury migknienia;

— zastosowanie EBA oraz ECB nie wywiera znacz-
nego wplywy na wartos¢ temperatury tamliwos$ci
asfaltu, co zgodne jest z zalozonym dziataniem
plastomeru;

— zastosowanie obu $rodkow ma duzy wplyw na
ciagliwos¢ badanego asfaltu. Juz dodatek 2% po-
limeréw skutkuje bardzo znaczaca zmiang tego
parametru;

Badane modyfikacje asfaltow wptywaja na ich po-
datno$¢ na dziatanie temperatury. Dodatek 2% obu
polimeréw powoduje spetnienie wymagan w zakre-
sie indeksu penetracji. Wraz ze wzrostem zawartosci
modyfikatorow zwieksza si¢ zakres, w ktorych bada-
ne asfalty zachowuja wtasciwosci lepkosprezyste.
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INFLUENCE OF SYNTHETIC FIBRES
ON THE PROPERTIES OF ASPHALT CONCRETE
PRODUCED AT REDUCED TEMPERATURE

Abstract

This paper presents the effects of synthetic fibers from car tire recycling on the properties of binder course asphalt concrete.
The asphalt concrete was produced in conventional hot mix asphalt technology as well as in lowered temperatures as warm
mix (WMA) and half-warm mix asphalt (HWMA). The aim of the research was to analyze the influence of fiber content
and the production technique on the air void content, moisture resistance (ITSR), resistance to permanent deformation
(WTS ), stiffness modulus at 20°C and fatigue resistance under indirect tension test. The performed analyses have
proven the influence of synthetic fibers on the characteristics of asphalt concrete produced in WMA technology (with
synthetic F-T wax modified bitumen) and HWMA technology (with foamed bitumen) to be significant.

Keywords: synthetics fibers, asphalt concrete, foamed bitumen, WMA, HWMA, reduced temperature

1. Introduction

The dynamic increase in traffic and the rising share
of heavy goods vehicles in its structure are the reasons
for the rise of new requirements for road structure
design and development for new road materials so
that those new challenges can be met.

The structure of a road surface must bear increasing
loads, so the fatigue resistance of materials (especially
those forwearing course layers) hastobeimproved[10].
The processes associated with the production of those
materials are highly energy intensive. Bitumen road
construction materials are produced at temperatures
ranging from 160°C to 180°C (depending on the
bitumen type used), which is a source of wide critique
throughout the world because of the negative impact
on the environment. Low carbon dioxide emission
processes are preferred to reduce the greenhouse
effect and research have been carried out to lower
the mineral-bitumen mix production temperatures
[4,5,7,8,9, 12]. A new warm mix asphalt (WMA)
technology was developed to lower the production
temperatures by 20°C to 30°C. However this decrease
does not allow to achieve the expected environmental
effects in emission reduction. To resolve this problem,

studies are performed to implement the half warm mix
asphalt technology which permits the production of
the mineral-bitumen mix at ca. 100°C, resulting in up
to 80°C temperature reduction.

Another important issue in modern road engineering
is the problem of recycling. Cold recycling of asphalt
pavements with the use of bituminous emulsion
and foamed bitumen binder is widely used [1, 2,
3, 6]. New structural materials, in which recycled
substances from other branches of industry could
be used, are under development. In this way,
waste materials which are a product of almost any
production industry instead of being stored could
be incorporated into road structure. What is more,
new strict environmental regulations are inducted,
according to which every existing actions and future
developments must realize criteria of: economic
efficiency, environmental protection and safety of
human health.

The idea of recycling in civil engineering has recently
flowered under the slogan of “Environmentally
Friendly Roads”. One of the ways to realize this goal
is by the use of worn tires, which due to increasing
wheel transport and increasing quantities of this

21



structure

Mateusz M. Iwariski, Anna Chomicz-Kowalska

Table 1. Properties of base 35/50 bitumen and the 35/50 F-T wax modified bitumen (3% modification)

Characteristic Unit of measurement Test method Binder
35/50 35/5043.0% F-T
Penetration grade at 25°C 0.1mm EN 1426 4 29
Ring and Ball temperature °C EN 1427 55.6 725
Breaking point temperature °C EN 12593 -8 -6

waste, are difficult to dispose or to store [11]. Besides
the techniques that use tires as a whole and so called
energy recycling (heat recovery during combustion of
rubber) are available. A new innovative solution to this
problem is to use the ground tire cord. This technology
is meant to provide fibers with an addition of rubber
granules by grinding whole tires. The introduction of
such a material into mineral-bitumen mixes creates
a possibility of achieving a pavement with increased
durability, rubber modification of the binder and
improvement of the mix’ rheological characteristics.

Recently, the fiber acquired from processing of the
textile tire cord has become especially appealing.
This material is composed of synthetic polymer fibers
approximately 30 mm long accompanied by rubber
granules (40% by mass) characterized by granulation
below 8 mm.

Taking those properties into account, the
introduction of the recycled tire material may have
a significant effect on the characteristics of asphalt
concrete produced at lowered temperature range
of production and paving. By combining the waste
material — recycled tires — and production of the
mineral-bitumen mix at lowered temperatures, it
may be possible to increase the durability of asphalt
concrete along with a significant decrease in the
environmental impact of the bituminous pavements.

2. Asphalt concrete mix design

The evaluation of the impact of synthetic fibers and
production technology (HMA, WMA, HWMA) was
conducted on asphalt concrete mix for binder course
layer under traffic load KR3 — KR4. The asphalt
concrete mix was designed according to technical
guidelines WT-2 2010 [13]. The fiber additive was
composed of 20% rubber granules and 80% fibers.
One of the effects of the presence of rubber is an
increase in fatigue resistance of the asphalt concrete.

2.1. Properties of the bitumen

In the laboratory investigations for the asphalt
concrete in the conventional HMA technology for
binder course layer according to guidelines WT-2 2010
[13] and European standard EN 13108-1, the 35/50
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bitumen was used. For the use in the WMA technology,
the bitumen was modified with synthetic Fisher-
Tropsh wax (3% content in relationship to the binder).
For the HWMA the bitumen was additionally foamed.
The modifier used in the research (F-T wax) is an odor-
free, granular, milk-like color substance, solidifying
at the temperature range from 70 to 100°C. One of
the properties of the F-T wax that permit production
of asphalt concrete at lower temperatures, is the fact
that it decreases the viscosity of bitumen. Selected
properties of the base 35/50 bitumen and the 35/50 F-T
wax modified bitumen are presented in Table 1.

The synthetic F-T wax is a hard-crystalline long
chain aliphatic-polymer paraffin obtained in coal
gasification. It is produced by heating coal or natural
gas up to 280°C in a presence of catalyst. During
this process, the wax solidifies in a form of regular
disjointed bars. This form provides the structure
that increases the viscosity of bitumen in operation
temperatures of a bitumen pavement, which increases
its resistance to permanent deformations.

The HWMA technology with foamed bitumen has
been under rapid development since the first decade of
XXI century. The fundamental parameters of foamed
bitumen that decide about its usefulness for this
technology, are the expansion ratio (ER) and half-life
time (t,,). Those parameters are conditioned, among
other things, by the initial temperature of the binder
(before foaming) and the amount of foaming water. The
characteristics of the foamed 35/50 bitumen modified
by 3% content of F-T wax are shown in Figure 1.

Fig. 1. Characteristics of foamed 35/50 bitumen
(with 3% F-T wax content)
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Optimum foaming water content of FWC = 2.5%
was determined based on the relationship shown in
figure 1. The obtained bitumen foam parameters at
this point were: ER = 18.6 and t, ,= 16.3 s.

2.2. Mix design procedure

The binder course asphalt concrete (AC 16 W)
mineral-bitumen mix for KR3 — KR4 traffic load
was designed according to European standard EN
13108-1 and technical guidelines WT-2 2010 [13].
The general composition of the mineral mix (MM)
is presented in table 2. The grading of the designed
mineral mix for the asphalt concrete is presented in
Table 3 and Figure 2.

Table 2. The composition of the mineral mix for asphalt
concrete AC 16 W

bitumen binder content. The mixes M1 and M2 were
produced in warm technology and the M3 and M4
samples were produced as half warm mixes with
the use of foamed bitumen. The binder used for all
samples produced at lowered temperatures (WMA,
HWMA) was a 35/50 bitumen modified by 3%
addition of F-T wax. To achieve required void ratio,
it was necessary to increase the binder content up to
5.3%. This was a result of more difficult compaction
conditions at lower temperatures and the presence of
the introduced fibers. Table 4 presents the contents of
bituminous binder and synthetic fibers in the designed
mixes, relating to the production method.

Table 4. Bituminous binder and synthetic fiber content in
the designed asphalt concrete mixes

Fig. 2. The designed mineral mix for the asphalt concrete
ACl6 W

Table 3. Mineral mix grading for the AC16 W

Sive#[mm] | 0.063 | 0.125 | 025 | 050 | 2.0 | 40 | 80 | 112 | 160 | 224
Content[%] | 69 | 85 |[13.7]21.2 |409| 494 | 59.1 | 71.3 | 97.4 | 100.0

The control mix used to verify the findings was
an asphalt concrete mix with 35/50 bitumen (4.8%
binder content according to WT-2 2010 [13])
produced in HMA technology (label: MO0). Four
different types of mineral-bitumen mixes at lowered
production temperatures (labels: M1, M2, M3, M4)
were designed for the experiment. The mixes differed
in synthetic fiber content (0.3% and 0.6%) and in

: Mix Production Bitumen Bitumen Fiber
Materials MM [%] signature | technology type content [%] | content [%]
Limestone, granulated 16/22 15.0 MO HMA 35/50 4.8 _
Limestone, granulated 8/16 20.0 M1 WMA 35/50 +3.0% F-T 48 0.3
Limestone, granulated 2/8 20.0 M2 WMA 35/50 4+ 3.0% F-T 48 0.6
Lime crushed sand 0/2 26.0 M3 HWMA 35/50 +3.0% F-T 53 0.3
Reclaimed asphalt pavement 15.0 Ma HWMA 35/50+3.0% FT 53 06
Lime filler 40 . .
3. Results and discussion
Total 100.0

A set of parameters were determined (according
to guidelines WT-2 2010 [13] and EN 13108-1) to
analyze the influence of the synthetic fiber content
and the production technique (HMA, WMA, HWMA)
on the characteristics of the asphalt concrete mix for
binder course layer (AC 16 W) under traffic load KR3
- KR4. These parameters were:

— air void content (V ),

— moisture damage resistance, according to WT-2

2010 (Appendix 1) and EN 12697-12, based on:

e indirect tensile strength of wet (ITS ) and dry
(ITS,) samples,

e indirect tensile strength ratio (ITSR),

— resistance to permanent deformation (rutting test
in small apparatus, method B in air), according
to EN 12697-22 (WTSAIR),

— stiffness modulus in an indirect tensile test
(IT-CY) at 20°C, according to EN 12397-26
(Appendix C),

— fatigue resistance in an indirect tensile test (IT-FT),
according to EN 12697-24 (Appendix E).

The authors did not observe any negative effect of
the introduced fibers on the coating of aggregate by
the binder during the asphalt concrete mix production
in both WMA and HWMA techniques. What is more,
the synthetic fibers were dispersed evenly and correctly
during the production and compaction of all the
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a)

b)

Fig. 3. Inner structure of Marshall samples — asphalt concrete with synthetic fiber content of 0.6%
produced in: a) WMA technology with 4.8% binder content, b) HWMA technology with 5.3% binder content

samples. The example of achieved Marshall samples’
inner structure in warm and half warm techniques with
the synthetic fibers content of 0.6% is presented in
Figure 3.

Average values for air void content in the asphalt
concrete related to the type of production technology
are shown in Figure 4.

Fig. 4. Air void content in the asphalt concrete AC 16 W
related to the type of production technology

The analysis of results, shown in Figure 4, leads to
a conclusion that the highest air void contents were
observed in samples produced in WMA technology
(M1 and M2). Air void contents of HWMA samples
are comparable to those obtained from control
mixes (MO). This is a result of increased share of
the bituminous binder in mixes M3 and M4. The
introduction of synthetic fibers in the amount of 0.6%
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led to the lowest air void content (V_= 4.35%). It
must be clearly stated that all investigated mixes have
met the requirements for air void content according to
WT-2 2010 (required values: 4.0 — 7.0%).

Indirect tension tests were conducted to assess the
moisture damage resistance of the designed asphalt
concretes. The average results of dry samples (ITS))
and samples conditioned in water and frost (ITS ) are
presented in Figure 5. The indirect tensile strength
ratios obtained for the concretes are given in Figure 6.

Fig. 5. Indirect tensile strengths of asphalt concrete AC
16 W samples depending on the production process: dry
samples (ITS,) and samples conditioned in water and frost
(ITS,)
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Fig. 6. Moisture damage resistance of asphalt concrete AC
16 W depending on the production process

The obtained results suggest that asphalt concrete
M1 has the highest indirect tensile strength after dry
conditioning. Results for the M2 mix and HWMA
foamed bitumen mixes (M3 and M4) were comparable
to those of M1. As for the ITS  parameter measured
after conditioning in water and frost: best results
were recorded for the M3 asphalt concrete, but the
performance of M4 and M1 mixes were comparable.

The highest resistance to moisture damage (measured
by the ITSR parameter) was recorded for HWMA
asphalt concrete with foamed bitumen and 0.3%
synthetic fiber content. Similar results were obtained
for M4 asphalt concrete with 0.6% fiber content. The
superior performance of HWMA concretes in this
domain is an effect of increased binder content which
improves the moisture damage resistance. It is worth
noting that the WMA M1 asphalt concrete yielded
a lower ITSR ratio than the MO control mix and
according to technical guidelines WT-2 2010 it was
on the limit (ITSR > 80) of filling this criterion. The
M2 mix did not met the requirements (ITSR = 79%).

Another important parameter in the assessment of
pavement durability is its resistance to permanent
deformations measured by the rate of rut development
WTS, . (Fig. 7).

Fig. 7. Permanent deformation resistance of asphalt
concrete AC 16 W in relation to production technique —

proportional rut development WTS, . [mm/10° cycles]

Based on the test results presented in Figure 7 it
can be stated that the WMA M2 asphalt concrete
with 0.6% fiber content was the most resistant one to
permanent strain development. The test outcome was
WTS, .= 0.105 mm/10°cycles. The HWMA samples:
M3 and M4 resulted to perform slightly worse, with
the WTS, parameter ranging from 0.1 to 0.12
mm/103 cycles. The M1 asphalt concrete shown to be
the least resistant to rutting. However, in terms of the
requirements (WTS, - < 0.3 mm/10°cycles according
to [13]) all tested specimens, regardless of the amount
of synthetic fibers used and production technique,
yielded to be resistant to rutting.

The fundamental parameterreflectingthemechanical
properties of asphalt concrete is the stiffness modulus
which is the primary material characteristic used in
the mechanistic pavement design. The results for
stiffness modulus are presented in Figure 8 and the
fatigue damage of assessed materials is shown in
Figure 9.

Fig. 8. Stiffness moduli of asphalt concrete, measured in
indirect tensile test in relations to production technology

The results of stiffness modulus, measured in
indirect tension test, which are presented in Figure
8, show that the conventional HMA MO control
samples yielded highest stiffness moduli at a value
of 7131 MPa. Comparable results were obtained for
the WMA M1 asphalt concrete samples containing
0.3% addition of synthetic fibers. The use of HWMA
technology implied the decrease in the stiffness
modulus of 1000 to 1500 MPa in relation to the control
asphalt concrete. Also it can be stated that an increase
of the synthetic fiber content in asphalt concrete mix
results in a decrease of stiffness modulus measured in
indirect tension test.

25



structure

Mateusz M. Iwariski, Anna Chomicz-Kowalska

Fig. 9. Fatigue damage of asphalt concrete, measured in
indirect tensile test in relations to production technology

The performed analyses show that both factors: the
amount of bitumen and synthetic fibers, influence the
durability of asphalt concrete measured by a decrease
of stiffness modulus in initial phase of fatigue testing
according to IT-FT method. The increase of fiber
content in asphalt concrete mixes has a positive effect
on the magnitude of fatigue, which was observed best
in M2 samples with 0.6% fiber content

4. Conclusions

Based on the performed investigations, the

following conclusions were drawn:

— there are potential possibilities for the use
of synthetic fibers from tire recycling in the
technology of asphalt concrete,

— synthetic fibers have a significant influence on
the investigated properties of asphalt concrete
produced at lowered temperatures (WMA and
HWMA with foamed bitumen),

— positive influence of the synthetic fiber on the
rutting resistance was particularly observed in
the M2 warm mix asphalt concrete and half warm
mix asphalt concretes with foamed bitumen (M3
and M4 which had air void contents similar to
HMA control samples),

— the use of a fiber from worn tire cord may be a
promising application which could contribute to
disposing of this waste material and protecting
the environment,

— the results presented in this paper show that
those fibers can be used in WMA and HWMA
production of asphalt concrete but further
investigations are needed to clearly assess the
influence of this material on the parameters of
asphalt concrete and its performance in field tests.

26

References

[1] Iwanski M.: Podbudowa z asfaltem spieniony.
Drogownictwo 3, 2006, s. 97-106.

[2] Iwanski M., Chomicz A.: Przydatnos¢ stosowanych
w Polsce asfaltow do spieniania. Drogownictwo 8,
2006 s. 267-27.

[3] Iwanski M., Chowicz-Kowalska A.: Wiasciwosci
recyklowanej podbudowy z asfaltem spienionym.
Drogownictwo Nr 9, 2011, s. 271-277.

[4] Iwanski M., Mazurek G.: Synthetic Wax Effect on
the Resilient Stiffness Modulus of Asphalt Concrete.
Road and Bridges No 3, Vol. 11. Warszawa, 2012,
pp. 233-248.

[5] Iwanski M., Mrugata J.: Beton asfaltowy w technologii
na polcieplo z asfaltem spienianym. Drogownictwo
Nr 4, 2013, s. 110-115.

[6] Jenkins K.J., Collings D.C, Thesey H.L., Long F.M.:
Interim Technical Guideline Design and Use of
Foamed Bitumen Treated Materials. Edited by Les
Sampson of Asphalt Academy. ISBN 0-7988-7743-6.
Asphalt Academy, Pretoria, South Africa, 2003.

[7] Judyckil., Stienss M.: Badania mieszanek mineralno-
asfaltowych o obnizonej temperaturze otaczania
— raport koncowy, Politechnika Gdanska, Wydziat
Inzynierii Ladowej i Srodowiska, Gdansk 2011.

[8] Judyckil., Stienss M.: Mieszanki mineralno-asfaltowe
na cieplo — przeglgd dodatkéw. Drogownictwo
7-8/2010, s. 227-232.

[9] Krol J., Matraszek K., Pitat J., Radziszewki P.,
Kowalski K.J.: Wiasciwosci lepiszczy asfaltowych
modyfikowanych parafinami nowej generacji. Projekt
MMA — cz. 1, Autostrady, 5/2011, s. 72-76.

[10] Pitat J., Radziszewski P.: Nawierzchnie asfaltowe.
WKL, Warszawa 2010.

[11] Sybilski D.: Zastosowanie odpadow gumowych
w  budownictwie drogowym. Przeglad budowlany
5/2009, s. 37-44.

[12] Thorsten Butz: Warm Asphalt Mix — Technologies,
Research and Experience, Sasol Wax GmbH. Warm
Mix Asphalt technology, AASHTO standing committee
on highways technical meeting, Nashville, 2005.

[13] Wymagania techniczne — Nawierzchnie asfaltowe na
drogach krajowych. Mieszanki mineralno-asfaltowe
(WT-2 2010). IBDiM, Warszawa 2010.



INFLUENCE OF SYNTHETIC FIBRES ON THE PROPERTIES OF ASPHALT CONCRETE PRODUCED AT REDUCED TEMPERATURE

structure

Mateusz M. Iwarski
Anna Chomicz-Kowalska

Wplyw wiokien syntetycznych na wiasciwosci
betonu asfaltowego wytwarzanego
w obnizonej temperaturze

1. Wprowadzenie

Konstrukcja nawierzchni drogowej przenosi co-
raz to wicksze obciazenia. W zwiazku z tym, nie-
zbedne jest zwigkszenie trwalo$ci zmeczeniowej
materiatow stosowanych do jej wykonania, a przede
wszystkim wykorzystywanych do budowy asfalto-
wych warstw jezdnych [10]. Technologie zwigzane
z wykonawstwem tego rodzaju materiatow charak-
teryzuja sie duzg energochtonnoscig. Wytwarzane sg
one bowiem w temperaturze od 160°C do 180°C,
ktora uzalezniona jest od rodzaju asfaltu stosowane-
go do mieszanki mineralno-asfaltowej. Tego rodzaju
technologie na catym Swiecie poddawane sg krytyce,
poniewaz wplywaja negatywnie na §rodowisko na-
turalne. Dlatego tez podjeto prace badawcze w dro-
gownictwie w celu obnizenia temperatury wytwa-
rzania mieszanki mineralno-asfaltowej [4, 5, 7, 8, 9,
12]. Opracowano technologie pozwalajaca zmniej-
szy¢ temperature jej produkcji i wbudowywania w
konstrukcje nawierzchni drogowej o okoto 20-30°C,
ktorag nazwano technologia na ciepto (WMA — Warm
Mix Asphalt). Prowadzone sg rowniez badania oraz
prace wdrozeniowe dotyczace technologii na pot-
cieplo (HWMA — Half Warm Mix Asphalt), ktora
pozwala wytwarza¢ mieszanke mineralno-asfaltowa
w temperaturze okoto 100°C.

Réwniez bardzo istotnym wspotczesnym proble-
mem jest stosowanie recyklingu w drogownictwie.
Dos¢ powszechnie stosowana jest technologia recy-
klingu na zimno konstrukcji nawierzchni z wykorzy-
staniem jako lepiszcza emulsji asfaltowej lub asfaltu
spienionego [1, 2, 3, 6].

Technologie recyklingu szczego6lnie silnie rozwija-
ja sie ostatnio w budownictwie, gdzie migdzy innymi
wykorzystuje si¢ zuzyte opony, ktorych sktadowanie
staje si¢ coraz powazniejszym problemem z uwagi na
dynamiczny rozwoj motoryzacji i wzrost liczby po-
jazdow [11]. Technologia wykorzystujaca zmielony
kord z opon samochodowych ma na celu uzyskanie

z opony witokien z dodatkiem granulatu gumowego.
Wprowadzenie takiego wtokna do mieszanek mine-
ralno-asfaltowych stwarza potencjalne mozliwosci
m.in.: uzyskania nawierzchni o podwyzszonej trwa-
tosci, modyfikacji lepiszcza obecng w dodatku guma
oraz poprawe¢ wlasciwosci reologicznych mieszanki.

Szczegolnie interesujace jest ostatnio pozyskiwane
wlokno powstale z przerobki kordu tekstylnego opon
sktadajace sie z syntetycznych wiokien polimerowych
o dhugosci okoto 30 mm. Ponadto w materiale wtokni-
stym wystepuje granulat gumowy w iloéci 40% (m/m)
0 uziarnieniu do 8 mm.

W zwigzku z tym, potaczenie wykorzystania mate-
riatu odpadowego — recyklowanych opon samocho-
dowych oraz technologii produkcji mieszanki mi-
neralno-asfaltowej w obnizonej temperaturze moze
przyczyni¢ si¢ do podwyzszenia trwato$ci betonu
asfaltowego oraz znacznej ochrony srodowiska

2. Projekt betonu asfaltowego

Oceng wptywu wtokien syntetycznych oraz techno-
logii wytwarzani (HMA, WMA, HWMA) wykonano
dla betonu asfaltowego przeznaczonego na warstwe
wiazaca konstrukcji nawierzchni obcigzonej ruchem
KR 3-4. Beton asfaltowy zaprojektowano zgodnie
z Wytycznymi Technicznymi WT-2 z 2010 roku [13].
Zastosowany dodatek widknisty zawiera w swoim
sktadzie okolo 20% granulatu gumowego. Obecnosé¢
gumy powoduje m.in. podwyzszenie trwatosci zme-
czeniowej betonu asfaltowego.

2.1. Wiasciwosci asfaltu

W badaniach laboratoryjnych do mieszanki beto-
nu asfaltowego wytwarzanej w tradycyjnej techno-
logii na goraco przeznaczonej na warstwe wiazaca
nawierzchni obcigzonej ruchem KR 3-4 zgodnie
z Wytycznymi WT-2 2010 [13] oraz PN-EN-13108-1
,Mieszanki mineralno-asfaltowe. Wymagania. Czgs¢
1: Beton asfaltowy” zastosowano asfalt 35/50. Asfalt
ten w celu wykorzystania go w technologii WMA

27



structure

Mateusz M. Iwariski, Anna Chomicz-Kowalska

modyfikowany byt woskiem syntetycznym F-T (Fi-
sher-Tropsha) w ilosci 3% w stosunku do masy le-
piszcza. Natomiast w celu zastosowania go w tech-
nologii HWMA poddany byt dodatkowo procesowi
spieniania (rys. 1).

Na podstawie przedstawionej zalezno$ci ustalono
optymalng zawarto$¢ wody spieniajacej na poziomie
FWC = 2,5% (Foaming Water Content), przy ktorej
piana asfaltowa cechuje si¢ nastgpujacymi parame-
trami: WE = 18,6 1t1/2 = 16,3s.

2.2. Projekt mieszanki mineralnej

Mieszanka mineralna betonu asfaltowego na war-
stwe wigzaca (AC 16 W) nawierzchni obcigzonej ru-
chem KR 3-4 zaprojektowana zostata zgodnie z nor-
ma PN-E-13108-1 oraz Wytycznymi WT-2 2010 [13].
Sktad ramowy mieszanki mineralnej (MM) zestawio-
no w tabeli 2. Uziarnienie zaprojektowanej mieszanki
mineralnej betonu asfaltowego zestawiono w tabeli 3
oraz graficznie przedstawiono na rysunku 2.

2.3. Projekt mieszanki mineralno-asfaltowej

W badaniach laboratoryjnych kontrolng mieszanke
stanowit beton asfaltowy wytwarzany w tradycyjnej
technologii na goragco (MO0), w ktérym stosowano as-
falt 35/50. Nastepnie zaprojektowano 4 rodzaje mie-
szanek mineralno-asfaltowych o obnizonych tem-
peraturach wytwarzania (M1, M2, M3, M4), ktore
zawieralty wtokna syntetyczne w ilosci 0,3% 1 0,6%
oraz roznity si¢ zawartoscig lepiszcza asfaltowego.
Mieszanki oznaczone symbolem M1 i M2 produko-
wano w technologii na ciepto, natomiast mieszanki
M3 i M4 wytwarzano w technologii na potciepto
z zastosowaniem asfaltu spienionego. W mieszan-
kach o obnizonych temperaturach produkcji (WMA,
HWMA) stosowano lepiszcze 35/50 z zawartoscia
3,0% modyfikatora F-T. Zawarto$¢ asfaltu w kon-
trolnej mieszance ustalono na poziomie 4,8% zgod-
nie z Wymaganiami Technicznymi WT-2 2010 [13].
Ze wzgledu na nizsza temperatur¢ wytwarzania mie-
szanki w technologii na potciepto wplywajaca na po-
gorszenie warunkow jej zagegszczania oraz dodatko-
wo ze wzgledu na obecno$¢ materiatu wtoknistego
w sktadzie betonu asfaltowego istniata koniecznosé
stosowania wigkszej ilosci lepiszcza asfaltowego
(5,3%) w celu uzyskania wymaganego poziomu za-
wartosci wolnych przestrzeni. W tabeli 4 zestawiono
zawartosci lepiszcza asfaltowego oraz wiokien syn-
tetycznych w zaprojektowanych mieszankach beto-
nu asfaltowego w zaleznosci od stosowanej techno-
logii ich produkcji.
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3. Wyniki badan i ich analiza

W celu oceny wptywu widkien syntetycznych oraz
technologii wytwarzania (HMA, WMA, HWMA) na
zmiany wilasciwosci betonu asfaltowego do warstwy
wigzacej (AC 16 W) nawierzchni obcigzonej ruchem
KR 3-4 zgodnie z procedurami badawczymi przed-
stawionymi w Wymaganiach Technicznych WT-2
2010 [13] oraz PN-EN 13108-1 oznaczono:

— zawartosci wolnych przestrzeni Vm (rys. 4),

— odporno$¢ na dziatanie wody na podstawie oceny:

e wytrzymato$ci na posrednie rozcigganie dla
grupy probek mokrych ITSw i suchych ITSs
(rys. 5),

e wskaznika wytrzymatosci na rozcigganie po-
srednie ITSR (rys. 6),

— odpornos¢ na powstawanie deformacji trwatych

na podstawie pomiaru predkosci przyrostu kole-

iny w 60°C WTSAIR (rys. 7),

— modut sztywno$ci w schemacie posredniego roz-

ciggania (IT-CY) w temperaturze 20°C (rys. 8),

— odporno$¢ na zmegczenie metodg posredniego

rozciggania (IT-FT) (rys. 9).

W czasie wytarzania betonu asfaltowego zarowno
w technologii WMA, jak i HWMA z asfaltem spie-
nionym, nie zaobserwowano negatywnego wplywu
wldkien syntetycznych na proces obtaczania lepisz-
czem ziaren kruszywa mieszanki mineralnej. Wtok-
na syntetyczne rozktadaly si¢ prawidlowo w czasie
wytarzania mieszanki mineralno-asfaltowej oraz
podczas procesu jej zageszczania niezaleznie od za-
stosowanej technologii, ich ilo$ci oraz zawartos$ci as-
faltu. Widok struktury wewnetrznej probek Marshalla
z betonu asfaltowego wytwarzanego w technologii na
cieplo i potcieplo z zawartoscia 0,6% witdkien synte-
tycznych przedstawiono na rysunku 3.

Na podstawie wykonanych badan mozna stwier-
dzi¢ istotny wptyw widkien syntetycznych zawartych
w skladzie betonu asfaltowego wytwarzanego w obni-
zonej temperaturze (WMA i HWMA) na analizowane
jego wlasciwosci. Szczegdlnie istotny jest wzrost od-
pornosci na powstawanie deformacji trwatych betonu
asfaltowego wytwarzanego w technologii HWMA
z asfaltem spienionym.

4. Wnioski

Na podstawie analizy uzyskanych wynikéw badan

mozna sformutowac nastepujace wnioski:

— istniejg potencjalne mozliwosci wykorzystania
wlokien syntetycznych powstatych w procesie
recyklingu opon samochodowych w technologii
betonu asfaltowego;
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— wilokna syntetyczne w istotny sposob wplywaja
na analizowane wtasciwosci betonu asfaltowe-
g0 wytwarzanego w obnizonej temperaturze, to
jest w technologii WMA i HWMA z asfaltem
spienionym;

— szczegodlnie korzystny jest wpltyw widkien syn-
tetycznych na odporno$¢ na koleinowanie be-
tonu asfaltowego M2 wytwarzanego w techno-
logii WMA oraz betonu asfaltowego (M3 1 M4)
otrzymanego w technologii HWMA z asfaltem
spienionym; przy czym beton asfaltowy M3 i M4
charakteryzuje si¢ zawarto$cig wolnych prze-
strzeni na poziomie kontrolnego betonu asfalto-
wego wytwarzanego w tradycyjnej technologii
na goraco;

— stosowanie wiokna powstatego z kordu zuzy-
tych opon samochodowych do betonu asfalto-
wego moze by¢ istotng propozycja w znacznym
stopniu przyczyniajaca si¢ do rozwigzania pro-
blemu utylizacji tego rodzaju materialu i wpty-
wajgcg w istotny sposob na ochrong¢ srodowiska
naturalnego;

— przedstawione w opracowaniu wyniki pozwala-
ja stwierdzié¢, ze wykorzystanie widkien moze
by¢ rozszerzone o stosowanie ich w techno-
logii wytwarzania betonu asfaltowego WMA
lub HWMA. Niezbedne jest jednak wykonanie
dodatkowych badan pozwalajacych na jedno-
znaczng ocen¢ wptywu wiokien syntetycznych
na wlasciwosci betonu asfaltowego oraz jego
pracy w konstrukcji nawierzchni w warunkach
terenowych.
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THE INFRARED MEASUREMENT METHOD
INTHE AIR IN SMALL CLOSED AREAS

Abstract

The article is focused on the infrared measurement method in the air in small closed areas. This method is based on
the visualization of temperature fields on an auxiliary material which is inserted into the non-isothermal air flow in a
research area. In small closed spaces where is impossible to put the measuring equipment due to various reasons, it is
necessary to visualize the temperature fields through a window. This window must be permeable for infrared radiation
of known properties, especially the transmissivity. As an auxiliary material for the visualization of temperature fields in
these experiments, the ordinary office paper with high emissivity value was chosen and the viewing window was made
of a polyethylene. The presented method for the measurement of temperature fields in the air can be applied mainly in
closed spaces where is difficult to situate the infrared camera (due to field of view), in spaces where the infrared camera
restricts the flowing air or where is aggressive or too hot environment (a potential damage of infrared camera), etc.
In this article the parameter analysis, which is important for a particular application, is performed and an example of
temperature fields measurement in closed space is presented. This method can be used in cooling and heating design
of means of transport, mostly for cabins of cars and trucks.

Keywords: temperature field, infrared camera, small closed space, transmissivity

1. Introduction

The thermography is a technique for creating images
for a noncontact measurement of temperature fields
in many scientific disciplines by the very effective
device — the infrared camera [1]. The camera detects
surface temperatures and converts this information to
an image which we can call as a thermogram. In the
thermogram, the surface temperatures are indicated
by different colours or shades. One huge advantage
of an infrared camera usage is the monitoring speed
[2]. This measuring technique provides almost
immediately a visual image records and we can show
the information in actual time for deeper knowledge
of thermal states and processes in research areas. The
thermography is being used mainly for determining
surface temperatures, but this article tries to extend
the possibilities of monitoring and the measurement
of temperature fields in the air in small closed spaces
through the viewing window.

Immediate knowledge of the distribution of
temperature field in the airflow can allow to quickly

identify a possible problem in the design or adjustment
of air conditioning or hot-air heating.

2. The measuring method description

It is impossible to make the air temperature visible
directly by the infrared camera because the air is a
transparent material in infrared radiation [3]. For
visualization the air temperatures in non-isothermal
air flows, an auxiliary material, which has to be
inserted into airstreams, is necessary to be used. The
hot airflow produces the convective heat transfer
to the auxiliary material surface that changes the
surface temperature which is measured through the
surface temperature by the infrared camera [4].
The infrared camera is ordinary used for the non-
contact measurement, but this explained method for
measuring temperature field in the air is a contact
method. For measuring temperature fields where the
streamlines are situated parallelly to the auxiliary
material, a spacious sheet of this material is suitable
to be used.
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The device for measuring temperature fields in a
closed small space is compounded of the compact
sheet of the auxiliary material which is situated at
a right angle to the air-conditioning mouth outlet
which serves airstreams to be visible into the space.
The next part is the infrared camera on the tripod
base stand in front of the window, which is made of
the transmissive material. This window closes the
inside environment (the small closed space) to the
outside air in space where the measuring is done.

3. The determination of auxiliary material properties

For a proper usage of this measuring method,
it is necessary to determine the temperature in the
nonisothermal airstream using the planar office paper
which serves the visibility of temperature fields. The
next important support material is the polyethylene
plastic foil which closes the small space to outside
airstream noninfluence.

All measurements were performed by the infrared
camera Jenoptik, type VarioCam that has the spectral
sensitivity from 8 to 13 pm with the resolution of
320 x 240 pixels. The radiation ambient temperature
for all measuring was determined by the radiation
thermometer Testo 830-T2 as the arithmetic average
of surrounding radiation temperatures where the
measuring was done.

3.1. The emissivity determination of auxiliary material

The auxiliary material, on which the temperature
field is visualized, must have suitable static properties,
mainly high emissivity € [-] in order to maximize the
accuracy and for noninfluence of ambient radiation
temperature.

The emissivity of the auxiliary material for the
suitable wavelength range of infrared camera
VarioCam (8 to 13 pm) and for the investigated
temperature range [5] by the infrared camera was
measured. For this measuring it was necessary to
determine the temperature from thermogram (with
setting of emissivity of infrared camera to value 1),
the sample surface temperature measured by the
thermocouple and the radiation ambient temperature
determined by the radiation thermometer. The
emissivity of planar office paper was measured on
heated samples in a cooler environment. The paper
sheet was fixed to a steel plate. On the plate the
calibrated thermocouple was placed, which measured
the actual temperature (Fig. 1).

The resulting emissivity of the planar office paper
80 g/m? was calculated to the 0.96 value [6].
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Fig. 1. The stand and the thermogram from the office
paper emissivity measuring. The area 1 is a temperature
measuring by thermocouple sensor and the area 2 is area

of temperature measuring by thermovision

3.2. The transmissivity determination of auxiliary material

For correct measuring of temperature fields in
small closes spaces through a transparent material,
the viewing window material properties is necessary
to know. The main important property of transparent
material is its transmissivity, the ability to transmit
an infrared radiation that the infrared camera detects.
The polyethylene foil, in a thickness 0.05 mm as the
viewing material, was chosen. The polyethylene foil
transmissivity for the suitable wavelength range was
determined likewise by the same infrared camera.
The resulting transmissivity of this polyethylene foil
was calculated to the 0.90 value.

The transmissivity of polyethylene viewing
window together with the emissivity of an auxiliary
material, mean radiation temperature inside the small
closed space and the mean radiation temperature
in the outside space where the device is placed are
crucial values that they have a major influence on the
measurement. These values can be entered directly
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into the infrared camera before the measurement
of temperature fields, or subsequently after the
measurement to Irbis Professional program.

4. The measuring of temperature field in the car cabin

One of possible examples, where is possible to use
the method of measurement of temperature fields in
the air in small closed spaces through the transmissive
material using an infrared camera, is the measuring in
the car cabin. Measurements were carried out in a car
of brand name Skoda. Specifically, it was the Octavia
Combi II, 2.0 TDi with dual air conditioning. For the
experiment the ventilation outlet of the center console
for air conditioning of rear seat was chosen.

The size of auxiliary material was modified
according to the geometry of the rear row of seats
(Fig. 2). The geometric shape of the paper sheet has
the shape of a rectangular trapezium with the bases
of lengths of 60 and 80 cm and the height of 80 cm.
The paper sheet was attached to the car cabin roof
and the bottom was equipped by weights to its perfect
plane balancing. The measuring of temperature fields
was carried out by the left rear car door. The car glass
window was rolled down into the door and the free
visor was equipped by the polyethylene sheet for the
closing the inside space from the space where the car
was placed. The plastic foil on the door was attached
by an adhesive tape.

The measurements were performed in the space
with a homogeneous radiation temperature. The
room was closed and the exhaust outlet was drained
away from the room through a flexible air duct. The
infrared camera was set up in front of the side door to
the best view inside the car. Only the outlet for rear
row of seats in a car was opened and from possible
air conditioning modes only this outlet was selected
(leg conditioning or windshield was not used). The
value of the temperature to which the cabin should
be air-conditioned was always set to the same value
for the right and the left half of the car (duality of air
conditioning was not used).

The infrared measuring was done in the infrared
camera stable state and after the auto calibration of the
camera. At the same time the radiating temperature in
the car cabin and in the room were measured by the
infrared thermometer Testo. The temperature fields
were shown directly on the display of the infrared
camera or on the display of connected laptop in Irbis
Online program.

Fig. 2. The photo of air-conditioning mouth outlet for
back row of seats in Skoda Octavia II and the photo of
auxiliary material position before this mouth outlet

5. Results

Temperature fields in the car cabin was scanned
from several viewing angles and different distances
of the infrared camera in front of the polyethylene
window including the case the camera lens was
pressed directly to the window of polyethylene
(during the handheld measuring) to prevent the non-
uniform picture of the outside environment which
could be shown on the polyethylene window. In the
handheld measuring also the polyethylene foil in
viewing window at maximum stretch is ensured (Fig.
3). The measuring in several different settings of
mouth outlet air flowing was done. The visualization
of hot airflow (heating) and cool airflow (cooling)
was recorded.
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Fig. 3. Thermograms of measured temperature field in
2D airstream (left-cold and right-hot) in a car cabin using
the method of measuring temperature field on the sheet of

planar office paper through the polyethylene window

6. Conclusion

The experiment results show that the measurement
of temperature fields in the air on the auxiliary
material through a partially transmissive viewing
window is possible and results are very illustrative.
The temperature fields of isolated air outlet for rear
seats of Skoda Octavia II Combi was visualized on
the planar office paper through the polyethylene foil
using the infrared camera. This measuring method of
visualization was used because air streamlines from
mouth outlet was practically situated parallelly to the
planar sheet of an auxiliary material (the temperature
fields measuring method in 2D airstream).

For measuring temperature fields in front seats
in the car cabin or during the measuring with more
outlets together is necessary to use the measuring net
with measuring targets. Moreover, measuring targets
are necessary use in measuring temperature fields in
3D airstreams.
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THERMOMODERNIZATION A BUILDING AND ITS
IMPACT ON THE INDOOR MICROCLIMATE

Abstract

Analysis of indoor climate conditions showed problems with the proper operation of ventilation systems in the
thermomodernization building. Thermomodernization was to seal the roof. The result of the study is a proposal for a
global view of the building instead of narrowly targeted on thermal insulation and sealing the building envelope. Such
an approach will prevent the feeling of discomfort inside the flats and provide an appropriate level of microclimate

parameters.

Keywords: ventilating, thermomodernization, moisture condensation

1. Introduction

Modernization of buildings concentrates on the
protection of heat within them. It is often related to
disturbances in functioning of the building. Here
the problems arise with, among others, the correct
operation of ventilation, occurring fungus, etc., which
results in “sick building syndrome”. Accordingly,
before making any changes in the object, the manager
of the building should look at the building as a whole
i.e. the structure together with existing installations
and the users. A helpful tool in the preliminary study
of the building before modernization is the use of the
thermovision technique to assess, among others, the
condition of thermal insulation [2].

Thermomodernization by an additional warming
of the building and the replacement of windows and
doors has a direct impact on the airflow in the building.
Reduction of heat loss associated with reduced,
or even block, the inflow of air into the interior. A
further consequence of such action is to increase
the concentration of carbon dioxide and humidity
of indoor air. This, in turn, leads to appearing of the
fungus on the internal walls.

2. Study subject

The subject of analysis was a flat located on the
last floor of a multifamily building. It was equipped
with natural ventilation. The research was conducted
in two phases before and after thermomodernization.
Each time it was in the winter at very low external
temperatures when the work of natural ventilation
should be correct due to the large differences in the
parameter inside and outside.

The study included the measurement of the
concentration of carbon dioxide (CO,), internal
and external air temperature, walls temperature and
humidity of indoor air.

3. Analysis of indoor air parameters

3.1. The concentration of carbon dioxide

For the measurement of the concentration of carbon
dioxide (CO,) a double-beam sensor using strictly
defined relationship band attenuation of infrared
radiation is used. Measuring range: 0-5000 ppm.

Figure 1 shows the course of the excess carbon
dioxide in time for one day in different rooms. The
highest values were observed in the nursery, the lowest
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were in the hall. High values of CO, concentration in
the kitchen occurred during daylight hours when the
gas-stove was used. In each of the rooms the limit
of carbon dioxide concentration (700 ppm above the
value in ambient air [1]) was exceeded.

The measurement was done with the windows
closed. The micro-opening did not result in
improvement of the microclimate. Not till then when
the windows were opened the analyzed parameter
were lowered. The observed results are the same as
those obtained in other studies presented in [3].

Fig. 1. Changes of the concentration of carbon dioxide in
time for different rooms

It should be noted that the last change amendment
introduced in the building was sealing the roof
without thorough analysis of the work of ventilation.
The changes made in the previous years of operation
of the building for example that the sealed window
frames were mounted previously were not also taken
into account. It is supposed that the installation of
new windows has caused reduction of the inflow
of air into the facility, but had not caused visible
changes in the functioning of the flats. This can be
seen when analyzing the Figure 2, which contains
course of changes in CO, concentration before and
after the thermomodernization. Despite the tight
joinery surplus analyzed parameter above the value
in external air was lower than the limit value [1].

After sealing the roof we see a large increase in
the analyzed parameter that throughout the period of
measurement exceeds the limit value (for comparison,
the results published in [4]).
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Fig. 2. Changes of the concentration of carbon dioxide in
time before and after thermomodernization

3.2. Internal air temperature

Because the fungus on the exterior walls in bedroom,
children’s room and the living room was observed the
tenants began opening the windows what resulted in
drop in internal temperature (Fig. 3). The temperature
after thermomodernization was lower about 1K than
the value of parameter before sealing the roof.

Fig. 3. Changes of the interior temperature in time before
and after thermomodernization

3.3. Humidity of indoor air

Also the internal humidity was analyzed. Figure 4
exposes an increase of the analyzed parameter after
sealing the roof. Taking into account the temperature
and humidity of the internal air (with closed windows
or micro-opened windows) using the Mollier’s Graph,
the dew point was determined. The comparison of
this value with the temperature of the external wall
showed crossing the dew point which means that
moisture will be condensing on the wall surface.
Hence fungus occurring on the wall.
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Fig. 4. Changes of the interior humidity in time before
and after thermomodernization

Comparison of changes in humidity in time for
various rooms showed the highest values of the
parameter in the rooms where the only source of
moisture were people. Air humidity in the kitchen and
bathroom was lower than in the rooms. Therefore, the
increase of the analyzed parameter was not due to the
use of facilities.

4. Summary

The problem of thermomodernization analyzed in
the article is associated with focusing of building
managers on reducing heat losses. The mistake is
grasping the object not as a whole, consisting not only
of the structure of the building, but like the object
with the equipment that is mounted, installations,
usage, and changes made in previous years.

Ewa Zender-Swiercz
Jerzy Z. Piotrowski

Sealing the building results in a reduction of
incoming air. Therefore, not considering reduced
multiplicity of exchanges before implementing any
changes into building will result in deterioration of
the microclimate inside the building.

In the present case aspirations of users to improve
the quality of indoor air by opening windows in the
winter led to a cooling of the premises. This situation
led to an increase in the cost of heating.

To avoid errors during repair work we should
increase awareness of property managers on the
operation of buildings. We should also oblige them to
a holistic view of the object.
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Termomodernizacja budynku i jej wptyw
na mikroklimat w pomieszczeniach

1. Wstep

Modernizacja budynkéw skupia si¢ na ochronie ciepl-
nej. Czesto wigze si¢ to z zaburzeniami funkcjonowania
budynku. Pojawiaja si¢ problemy m.in. z poprawnym
dziataniem wentylacji, wystepujacym grzybem itp., co
skutkuje ,,syndromem chorego budynku”. Pomocnym
narzgdziem, m.in. W ocenie termoizolacyjnosci prze-
grod przed ewentualnymi dzialaniami modernizacyj-
nymi, jest zastosowanie techniki termowizyjne;.

Termomodernizacja polegajaca na dodatkowym
ociepleniu budynku tudziez wymianie stolarki okien-
nej i drzwiowej ma bezposredni wptyw na przeptyw
powietrza w obiekcie. Ograniczenie strat ciepta wigze
si¢ ze zmniejszeniem, lub nawet zablokowaniem, na-
ptywu powietrza do wnetrza.

2. Przedmiot opracowania

Przedmiotem zainteresowania byto mieszkanie zlo-
kalizowane na ostatniej kondygnacji budynku wielo-
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rodzinnego, gdzie wentylacja realizowana byta przez
instalacje grawitacyjna.

Badania prowadzone byly w dwoch etapach przed
dokonaniem termomodernizacji obiektu oraz po.
Kazdorazowo byto to w okresie zimowym.

Badania obejmowaly pomiar stezenia dwutlenku
wegla (CO,), temperatury powietrza wewngtrznego
1 zewnetrznego, temperatury powierzchni przegréd bu-
dowlanych oraz wilgotno$ci powietrza wewnetrznego.

3. Analiza parametrow powietrza wewnetrznego

3.1. Stezenie dwutlenku wegla

Do pomiaru stgzenia dwutlenku wegla (CO,) zasto-
sowano czujnik dwuwigzkowy wykorzystujacy zalez-
no$¢ thumienia Scisle okreslonego pasma promienio-
wania podczerwonego. Zakres pomiaru: 0—5000 ppm.

Najwyzsze zaobserwowane wartosci wystapi-
ly w pokoju dziecigcym, najnizsze w przedpoko-
ju. Wysokie wartosci stezenia CO, w pomieszcze-
niu kuchni wystgpily w godzinach dziennych kiedy
uzytkowana byta kuchenka gazowa. W kazdym
z pomieszczen dopuszczalna wartos¢ stezenia dwu-
tlenku wegla (700 ppm ponad stezenie w powietrzu
zewngtrznym) byta przekroczona. Pomiar wykonano
przy zamknietych oknach. Funkcja mikrouchytu nie
spowodowata poprawy mikroklimatu, dopiero uchy-
lenie okien skutkowato obnizeniem analizowanego
parametru.

Nalezy zauwazy¢, iz ostatnia wprowadzong w bu-
dynku zmiang byto uszczelnieni dachu niepoprze-
dzone wnikliwa analizg pracy instalacji wentylacji.
Nie uwzgledniono réwniez zmian wprowadzonych
w poprzednich latach eksploatacji catego bloku, tzn.
zamontowaniu wczesniej szczelnej stolarki okien-
nej. Nalezy przypuszczaé, iz zamontowanie nowych
okien ograniczyto naptyw powietrza do obiektu, jed-
nak nie spowodowato widocznych zmian w funkcjo-
nowaniu mieszkan.

3.2. Temperatura powietrza wewnetrznego

Poniewaz w pomieszczeniach sypialni, pokoju dzie-
ci i salonie lokatorzy zaobserwowali grzyb na $cianach
zewnetrznych zaczeli otwiera¢ okna co skutkowato
wychtodzeniem mieszkan. Temperatura po termomo-
dernizacji obnizyla si¢ o ok. 1 K w stosunku do warto-
$ci parametru przed uszczelnieniem dachu.

3.3. Wilgotnos¢ powietrza wewnetrznego

Analizie poddano réwniez wilgotnos¢ powietrza
wewnetrznego. Uwzgledniajac temperaturg powietrza
wewnetrznego (przy zamknigtych lub rozszczelnio-
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nych oknach) z wykorzystaniem wykresu Molliera,
okreslono temperature punktu rosy. Jej poréwnanie
z temperaturg przegrody zewnetrznej wykazato prze-
kroczenie tej wartoSci co oznacza wykraplanie si¢
wilgoci na powierzchni $ciany. Stad wystepujacy na
przedgrodzie grzyb.

Poréwnanie zmian wilgotnosci w czasie dla roz-
nych pomieszczen wykazalo najwyzsze wartosci pa-
rametru w pomieszczeniach, gdzie jedynym zroédtem
wilgoci sg ludzie. W kuchni oraz fazience wilgotnosc¢
powietrza byla nizsza, anizeli w pokojach. Zatem
wzrost analizowanego parametru nie wynikat uzyt-
kowania pomieszczen.

4. Obliczeniaiich analiza

Poruszony w artykule problem termomodernizacji
wigze si¢ z ukierunkowaniem zarzadcéw budynkow
na ograniczenie strat ciepta. Btedem jest brak spoj-
rzenia na obiekt jako catos¢ sktadajaca sie nie tylko
z konstrukeji budynku, ale rowniez jego wyposazenia,
tzn. zamontowanych instalacji, sposobu uzytkowania
oraz zmian wprowadzanych w latach wczesniejszych.

Uszczelnienie obudowy budynku skutkuje ogra-
niczeniem ilosci naplywajacego powietrza, dlatego
brak uwzglednienia zmniejszenia krotno$ci wymian
przy wprowadzaniu jakichkolwiek zmian skutkuje
pogorszeniem warunkow mikroklimatycznych we-
wnatrz obiektu.

W analizowanym przypadku dazenia uzytkowni-
kow mieszkan do poprawy jakos$ci powietrza poprzez
otwieranie okien w okresie zimowym prowadzity do
wychtodzenia pomieszczen, co prowadzito do wzro-
stu kosztow ogrzewania mieszkania.

Aby unikna¢ btedéw podczas prac remontowych,
nalezy zwigkszy¢ $wiadomos$¢ zarzadcoéw nierucho-
mosci na temat funkcjonowania budynkow oraz zo-
bligowac¢ ich do cato$ciowego spojrzenia na obiekt.
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THE INFLUENCE OF THE INTERPHASE REACTOR
ON THE OPERATION OF 12-PULSEAC/DC
THYRISTOR RECTIFIER

Abstract

The parallel connection of 6-pulse componnent bridges in the 12-pulse rectifier requires associating inductors. The
article presents an analysis of the influence on interphase reactor on the operation of 12-pulse AC/DC thyristor
converter. A very important issue is to set the limit value of the load current, at a given firing angle of the thyristors

which is working properly.

Keywords: AC/DC converter, power quality, interphase reactor, line currents, controlled rectifiers, multi-pulse AC/DC

converters

1. Introduction

AC/DC converters are non-linear electrical loads
which generate the higher harmonic currents into
the power systems. Current deformations causes
the increase of the active power losses and voltage
waveform distortion in the AC networks. Multi-pulse
systems (q-pulse) are used in order to reduce higher
harmonic currents and voltages to the value specified
by international standards.

It is possible to increase  number in the classical
approach by series or parallel connection of
p number of 3-phase bridges which are supplied by
transformers with required phase shifting.

=22 (1)
ap
where: p — number of parallel connected 6-pulse
bridges, g — pulse number.

Serial connection is not generally used because
of increase in the total voltage drop on conducting
semiconductor devices. Parallel connection requires
interphase reactors enabling independent operation of
the component bridges.

2. 12-pulse thyristor rectifier

An example of solution significantly reducing line
current distortions of the network is the 12-pulse
controlled rectifier which is an extension of 12-pulse
diode rectifier with modulation in DC current circuit.

|d|

0N OO

Fig. 1. 12-pulse thyristor rectifier

The rectifier consists of two parallel connected
6-pulse thyristor bridges supplied by Y/Y and Y/A
transformers with the required 30° phase shifting.
This shifting is necessary for the proper operation of
the 12-pulse rectifier and allows to obtain stair shape
of the line supply currents.

Simulation investigations have shown that properly
selected interphase reactors cause the 12-pulse
controlled rectifier works as multipulse rectifier.
Taking into account:

L+l =1
dI dit (2)
g = Loy

The value of inductance L at the given firing angle
of thyristors and the load current I, should be such
that amplitudes of the currents componnents bridges
T1 and T2 are equal to half value of the load current.
Load unbalance of the bridges, which can be seen
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Fig. 2. Influence of interphase reactor on the load level of the componnent bridges T1 and T2 at the given firing angle
a=45°a)L=0.04H,b)L=0.02H,c)L=0.005H

in Figure 2 results from the initial conditions of the
system. It can be seen that the bridge which first
begins to operate i.e. gets the first pulse of thyristors,
takes part in the load current of the second bridge,
which is attached at the end of 1.66 ms (delay angle
30°). Assymetry in the load of both bridges is directly
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dependent on the value of the load |, and interphase
reactor L.

The simulations showed that for a given firing angle
of thyristors there is a correlation between inductance
of interphase reactors L and value of the load I, for the
12-pulse rectifier working as multipulse converter.

4L, [ [A]  a)

I, W [A] b)
30 T

T[s]
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Fig. 3. The influence of the loading current on the component bridges current assymetry: L =0.5 H, o = 18°
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Fig. 4. The dependence of interphase reactor iductance
on loading current L = f(Id): I — multipulse operation,
II — underload operation, III — overload operation

3. Conclusions

The properly selected firing angle of thyristors in
relation to a specified loading current result in time-
varying loads of the componnents bridges T1 and T2
in such way that the sum of the loading currents I
and | of these systems is equal to loading current I,
of the rectifier. Suitable values of inductance Figure 4
provides the multi-pulse operation of the rectifier. The
shape of line currents of the converter in consequence
is close to sinusoidal.
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Wptyw dtawika kojarzacego na prace
tyrystorowego prostownika 12-pulsowego

1. Wprowadzenie

Przeksztaltniki AC/DC sa nieliniowymi obcigze-
niami elektrycznymi, ktore generuja wyzsze harmo-
niczne pradoéw do lini zasilajacej. Odksztatcenia pra-
du powoduja zwiekszanie strat mocy oraz deformacje
ksztaltu napigcia w sieci zasilajacej. W celu zreduko-
wania wyzszych harmonicznych pradéw oraz napieé
do wartosci przewidzianej przez migdzynarodowe
standardy stosuje si¢ przeksztattniki wielopulsowe
(9-pulsowe).

W klasycznych rozwigzaniach zwigkszenie liczby
pulsow g uzyskuje si¢ poprzez szeregowe lub réw-
noleglte potaczenie p trojfazowych uktadow mostko-
wych zasilonych przez transformator o symetrycz-
nym uktadzie napig¢ wtornych przesunigtych wzgle-
dem siebie o kat okreslony przez zaleznosc¢ (1).

Szeregowe polaczenie jest rzadko stosowane ze
wzgledu na zwickszenie spadkéw napie¢ na przewo-
dzacych tacznikach. Polaczenie rownoleglte wymaga
za$ stosowania dlawika kojarzacego, ktory zapewnia
niezalezng prace sktadowych uktadéw mostkowych.

2. 12-pulsowy prostownik tyrystorowy

Przyktadem rozwigzania znacznie zmniejszajacego
odksztatcenia pradu liniowego w sieci zasilajacej jest
prostownik 12-pulsowy sterowany, ktory jest rozwi-
ni¢ciem koncepcji prostownika 12-pulsowego z mo-
dulacja w obwodzie pradu statego.

Prostownik sktada si¢ z dwoch réwnolegle potaczo-
nych 6-pulsowych mostkow tyrystorowych zasilonych
przez transformator, ktérego uzwojenia wtorne pota-
czone s3 odpowiednio w Y/Y oraz Y/A, co powoduje
przesunigcie uktadu napig¢ fazowych o kat elektryczny
30°. Kat ten zapewnia poprawng prace 12-pulsowego
prostownika i pozwala uzyska¢ 12-schodkowy ksztatt
liniowych pradow zasilajacych.

Badania symulacyjne wykazaty, ze dla poprawnie
dobranej wartosci indukcyjnosci dtawika kojarzace-
go, 12-pulsowy prostownik tyrystorowy pracuje jak
prostownik multipulsowy.

Wartos¢ indukeyjnosci L dla danego kata wystero-
wania tyrystorow oraz pradu obcigzenia |, powinna
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by¢ taka, by amplitudy pradoéw sktadowych mostkow
T1 oraz T2 byly rowne potowie wartosci pradu ob-
cigzenia. Asymetria obciazenia kazdego z mostkow,
co pokazuje rysunek 2, wynika z warunkéw poczat-
kowych uktadu. Mozna zauwazy¢, ze mostek, ktory
jako pierwszy wilaczy si¢ do pracy, tzn. jako pierw-
szy zostanie zalagczony impulsem wyzwalajagcym
tyrystory, przejmuje czgs¢ pradu obcigzenia mostka
drugiego, ktory jest dotagczany po uptywie 1,66 ms
(opdznienie katowe 30°). Asymetria obcigzenia obu
mostkow zalezy bezposrednio od wartoSci pradu ob-
cigzenia | oraz indukcyjnosci L dtawika kojarzgcego.

Przeprowadzone symulacje wykazaly, ze przy
okreSlonym pradzie obcigzenia |, istnieje optymal-
na warto$¢ kata wysterowania tyrystorow, zalezna
od indukcyjnosci dtawika kojarzacego L, dla ktorej
12-pulsowy prostownik tyrystorowy wykazuje cechy
przeksztattnika multipulsowego.

3. Wnioski

Poprawnie dobrany kat wysterowania tyrystorow
w stosunku do zadanej wartosci pradu obcigzenia za-
pewnia zmienng w czasie asymetri¢ mostkow skta-
dowych T1 oraz T2 w ten sposob, ze suma pradow |
oraz | tych uktadoéw jest rowna catkowitemu prado-
wi obcigzenia |, prostownika. Odpowiednio dobrana
warto$¢ indukcyjnosci (rys. 4) umozliwia multipul-
sowa prace prostownika. Ksztalt pradow zasilajacych
przeksztattnika jest w konsekwencji bliski sinuso-
idalnemu.
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