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THE INFLUENCE OF THE BASIC PROPERTIES
OF MINERAL DUST ON THE PAVEMENT PROPERITES
IN THE RECYCLING TECHNOLOGY WITH
FOAMED BITUMEN

Abstract

The fine-grained waste mineral materials is used in the recycling technology with foamy bitumen as mineral filler from 5%
to 20% in the aggregate mix. This allows its use of mix recycling, fine-grained waste mineral materials from the dedusting
system of aggregate in coating plant and during the production of aggregates in mines (whilst crushing the rocks and
rinsing the aggregate).

In this investigation three different fine-grained waste mineral materials (dolomite, gabbro, and quartzite sandstone) were
tested the basic functional properties were defined i.e. pH — acidity — alkalinity, Blaine’s actual area Pw, the contents of
clay minerals — with the use of methylene blue indicator MBF and determination of the voids of dry compacted filler. The
fine-grained waste mineral materials are in proportion of 10%, 15% and 20% to mineral mix. From the analysis, which
was within the domain of stability and flow (Marshall), indirect tensile stretch (ITS) and water resistance (TSR), the
dependency of functional properties of fine-grained waste mineral materials on the mechanical basecourse properties in
recycling technology with foamy bitumen was defined.

The possibility of utilization of fine-grained waste mineral materials in the recycling technology of deep cold with foamed
bitumen, substantially affect the protection of the environment. At the same time it preserves the required properties of
recycled pavement.

Keywords: fine-grained waste mineral materials, recycling, basecoure, recycled mineral mix, foamed bitumen

1. Introduction technology of deep cold with foamed bitumen. With

The fine-grained waste mineral materials comes this technology it is possible to try to utilize the fine-

during the process of producing mineral mix asphalt,
i.e. during the aggregate dedusting process and
during the production of aggregates in mines (whilst
crushing the rocks and rinsing the aggregate).

Strict environmental regulations have been imposed
to determine the amount of industrial dust emitted to
the atmosphere as 100 mg/m®. The above-mentioned
regulations require the introduction of an alternative
dedusting system, i.e. bag filters. Virtually all amount
of fine-grained waste mineral materials will be kept.
Thus obtained a fine-grained waste mineral materials
are difficult for recycling and it is impossible to use
this material again.

The preliminary analysis allows for the use of
fine-grained waste mineral materials in the recycling

grained waste mineral materials. The mineral mix in
the recycling technology with foamed bitumen may
contain from 5% to 20% dust the size smaller than
0.075 mm.

2. The research of the properties of fine-grained waste
mineral materials

Inthe application aspect of the fine-grained mineral
material in the deep cold recycling with foamed
asphalt, there were three types of mineral dust. Each
of them were varied as to their origin and mineral
composition. Two of them were received from the
dust collection system of the asphalt batch-plant
such as: dolomite (D) and Gabbro (G). The fine-
grained material consisted of sandstone quartzite
(K) is obtained as a washing process on mine. The
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next step was to define the functional properties,
such as: specific surface by means of Blaine tester
(Pw), the contents of clay minerals — MBF ratio,
an indication of voids fraction conctent of dry and
compacted filler AVR.

The study of basic functional properties is to
determine the utility of mineral dust in the aspect of
using for a base coarse with foamed bitumen in deep
cold recycling with foamed asphalt. The results of the
basis of functional properties are presented in Table
1 (including the determination of the coefficient of
variation for the considered parameters).

Table 1. The researched types of fine-grained waste
mineral materials

Typ;a‘;ft;";;f;f;?ed TYPE | ARITHMETIC i
) OF TEST MEAN °
materials

P, 4709 04

6 qabbro) MB, 33 8.2
abbro

: pH 75 4.7

AV, 56.84 0.4

P, 3487 06

— MB, 5.0 54
uarizite

d pH 45 4.1

AV, 56.88 05

P, 4209 08

MB, 1.3 10.9
D (dolomite)

pH 75 2.4

AV, 55.36 13

The maximum value of the Blaine’s specific
surface for fine-grained waste mineral materials were
received from gabbro (G), and dolomite dust (D). The
lowest finding has been observed for fine-grained
waste mineral materials obtained from the quartzite
(Q) sandstone.

The largest value of methylene blue indicator
MBF, which is content of clay minerals in the
studied dust, characterized a waste material from a
quartzite sandstone which could be caused by the
content of shale.

The most acidic material is quartzite sandstone
with a pH is less than 4.5. The fine-grained mineral
material has a pH value the same as rocks from
which it was obtained. It should be noted that all the
tested dusts reached a similar value of AVR [%] on
level between 55 and 57%. The largest value of AVR
[3] reached the dust from the sandstone quartzite,

while the smallest the dolomite aggregates. This
may be related to the hardness of dust, especially
derivation of received grain dust.

3. Design of mineral mix

In order to assess effect of the addition of fine-
grained mineral material to the mineral mix with
foamed bitumen in deep cold recycling, there were
designed three type of mineral mix which differ the
content of mineral dust content differing (20%, 15%,
10%) and its origin.

Fig. 1. The area of proper granulation of mineral mix with
foamed bitumen for base course [8]

The mineral mix with foamed bitumen (Fig. 1)
consisted of local recycled asphalt pavement,
dolomite aggregate 31.5 mm which was earlier a
compound of mechanical base course treatment and
mineral dusts used for increasing a fraction content
(gabbro, quartzite sandstone and dolomite). As the
foamed bitumen was used a Nyfoam 85 in amount of
4.0% [4]. To ensure a more stiffness of pavement, the
cement additive was used in amount of 1.5%.

4. Design of mineral mix with foamed bitumen

In order to assess the impact of fine-grained mineral
material on the mechanical properties of the base
course deep cold recycling with foamed asphalt, the
investigation program was designed. It consisted of
the two stages.

In the first stage there were defined the basic
physical and mechanical properties of recycled base
course such as: stability, stiffness in accordance
with Marshall methodology and indirect tensile
strength [5].

The second stage was referred to the study on
determination of resistance to the water effects by
using of TSR ratio [2]. The results of the first stage
are presented in Figures 2 and 3, while the results of
second stage in Figures 4 and 5.
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Fig. 2. The stability according to Marshall

It was found that that the base course witch foamed
bitumen and gabbro fine-grained mineral material
was characterized by the highest values of stability
according to Marshall in all range of content of mineral
dust (M-AS) [2], the rest mixtures with the same
concentration of the waste material was characterized
by a much smaller value of the stability (Fig. 2).

Fig. 3. The stiffness according to Marshall methodology

The value of stiffness according to Marshall is a
function of stability. The greatest value of the stiffness
(Fig. 3) were reached all mixtures of M-AS-g in the
scope of dosage of fine-grained mineral material —
20%, 15% and 10%.

Fig. 4. Indirect tensile strength (ITS) base course

The technology of deep cold recycling mixes with
foamed bitumen, with dolomite and gabbro fine-grained
mineral material is resistant to the effects of water in all
variant of mineral dust (Fig. 4). The minimum value
of the ITSR ratio (Fig. 5) was obtained in all mixes
which waste material was incorporated in amount of

15%. It should be noted that the recycled base course,
are resistant to the effects of water according to the
criterion TSRmin = 0.7 [2]. Only the mix marked
M-AS-k at a concentration of mineral dust of 15% is
vulnerable to the effect of the water equal 0.58.

Fig. 5. Water sensitivity ratio (TSR) base course

5. Conclusions

From the analysis of the test results of base course
in the recycling technology with foamed bitumen, the
following conclusions can be drawn:

1. In order to apply the fine-grained mineral material
is necessary to identify its characteristics and
especially determining the value of pH, content of
clay, the specific surface and volume of voids.

2. The best values of stability and stiffness according
to Marshall methodology for all the recycled mixes
were obtained at a concentration of 15% fine-
grained waste material.

3. All mineral mixtures with foamed bitumen and waste
material are resistant to the effects of water, at a
concentration of 20% of grains less than 0.075 mm.

4. Due to the functional properties of mixes of in the
recycling technology, the most beneficial is using
a waste material from the gabbro aggregate in
amount of 15%.
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Wplyw wlasciwosci pytlow mineralnych
na podbudowy z asfaltem spienionym

1. Wstep

Drobnoziarnisty material mineralny powstaje jako
,»odpad” podczas wytwarzania mieszanki mineralno-
asfaltowej w wytworni w procesie odpylania kruszy-
wa oraz podczas procesu technologicznego wytwa-
rzania kruszyw w kopalni.

Wprowadzenie surowych wymogéw srodowiska
okreslajacych zawarto$¢ pylow przemystowych emi-
towanych do atmosfery na 100 mg/m® [1]. Wpro-
wadzenie norm $rodowiskowych spowodowato ko-
nieczno$¢ zastosowania alternatywnego systemu
odpylania jakim sa filtry workowe. Stosowanie fil-
trow workowych przez WMA powoduje zatrzymanie
niemal cato$ci pylow mineralnych podczas produkcji
MMA. Tak otrzymane pyly sa materialem trudnym
do utylizacji, praktycznie jest brak mozliwo$ci wyko-
rzystania tego materialu ponownie.

Wstepna analiza technologii recyklingu glebokie-
go na zimno konstrukcji nawierzchni z zastosowanie
asfaltu spienionego wykazata, ze wlasnie przy jej re-
alizacji potencjalnie istnieje mozliwo$¢ zastosowania
drobnoziarnistego materiatu mineralnego. Mieszanka
mineralna recyklowanej podbudowy w zakresie tej
technologii moze zawiera¢ od 5 do 20% [2] czgsci
mineralnych mniejszych od 0,075 mm — czyli pytow
mineralnych.

2. Badania wlasciwosci funkcjonalnych
drobnoziarnistych materiatéw mineralnych

Przedmiotem badan w aspekcie zastosowania drob-
noziarnistego materialu mineralnego w technologii
recyklingu glebokiego na zimno z asfaltem spie-
nionym byly trzy rodzaje pytow mineralnych, kto-
re roznity si¢ od siebie miejscem pochodzenia oraz
sktadem mineralogicznym. Dwa z nich sg uzyskane
z uktadu odpylania kruszywa na wytworni miesza-
nek mineralno-asfaltowych — dolomitowe (D) oraz
gabrowe (G). Material drobnoziarnisty z piaskowca
kwarcytowego (K) jest uzyskany z procesu ptukania
kruszywa na kopalni.

Okreslono wlasciwos$ci funkcjonalne takie jak: po-
wierzchni¢ wlasciwa okre§long w aparacie Blaine’a

(Pw), zawarto$¢ mineratow ilastych — wskaznik MBF,
oznaczenie pustych przestrzeni suchego, zageszczo-
nego wypetniacza AVR.

Badanie podstawowych wilasciwosci funkcjonal-
nych ma na celu okreslenie przydatnosci pytéw mi-
neralnych w aspekcie wykorzystania do podbudowy
z asfaltem spienionym w technologii recyklingu gte-
bokiego na zimno.

Maksymalng warto§¢ powierzchni wlasciwej PW
osiggnely pyly mineralne gabrowe (G) a nastgpnie
dolomitowe (D). Najmniejsza natomiast powierzch-
nig wlasciwa charakteryzowaty si¢ pyty z piaskowca
kwarcytowego (K).

Najwicksza wartos¢ wskaznika blekitu metyleno-
wego MBF charakteryzujace zawarto$¢ mineralow
ilastych w badanych pytach, posiada materiat odpa-
dowy z piaskowca kwarcytowego, co moze by¢ spo-
wodowane wystepowaniem w poktadach skalnych
itolupka skalnego.

Najbardziej kwasnym jest material z piaskowca
kwarcytowego o wartosci pH < 4,5. Drobnoziarnisty
material mineralny charakteryzuje si¢ warto$cig pH
takg samg jak skaty z jakich je uzyskano. Nalezy za-
uwazy¢, ze wszystkie badane pyty osiaggnety podobna
warto$¢ AVR [%] na poziomie 55-57%. Najwicksza
warto$¢ AVR [3] osiagnety pyly z piaskowca kwar-
cytowego, najmniejszg natomiast pyly z kruszywa
dolomitowego. Moze by¢ to zwigzane z twardoscig
pytow, a raczej kruszywa z jakiego zostaty uzyskane
oraz uziarnienia pytow.

3. Projekt mieszanki mineralnej

W celu oceny wptywu dodatku drobnoziarnistego
materiatu mineralnego do mieszanki mineralnej z as-
faltem spienionym w technologii recyklingu glebo-
kiego na zimno zaprojektowano trzy réznigce si¢ od
siebie procentowa zawartoscig pyldw mineralnych
(20%, 15%, 10%) oraz rodzajem pytu mineralnego.

Mieszanke mineralng recyklowanej podbudowy sta-
nowit materiat istniejacy w postaci destruktu asfalto-
wego uzyskanego z sfrezowanych warstw konstruk-
cyjnych, kruszywa dolomitowego 31,5 mm stanowia-
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cy uprzednio podbudowe z kruszywa stabilizowanego
mechanicznie oraz materiat doziarniajacy w postaci
pytéw mineralnych (gabro, piaskowiec kwarcytowy
oraz dolomitowych). Jako lepiszcze zastosowano as-
falt spieniony Nyfoam85 w ilosci 4,0% [4]. Zastoso-
wano rowniez dodatek cementu w ilosci 1,5%.

4. Projekt mieszanki mineralnej z asfaltem spienionym

W celu oceny wptywu drobnoziarnistego materia-
hu mineralnego na wilasciwosci mechaniczne podbu-
dowy wykonanej w technologii recyklingu na zimno
z asfaltem spieniony opracowano program badawczy
sktadajacy si¢ z dwu etapow.

W etapie pierwszym okreslono podstawowe wia-
sciwosci fizyczno-mechaniczne recyklowanej pod-
budowy: stabilno$¢ i osiadanie wg Marshalla, sztyw-
nos$¢ wg Marshalla, wytrzymalo$¢ na posrednie roz-
cigganie [5].

W drugim etapie badan okreslono odpornosc¢ recy-
klowanych podbudoéw na oddzialywanie wody oraz
wskaznik TSR, w oparciu o ocene jej wytrzymatosé
na posrednie rozcigganie po oddziatywaniu wody IT-
Swoda [2].

Dokonujac analizy rezultatow badan mieszanki re-
cyklowanej podbudowy, mozna stwierdzi¢, ze pod-
budowa z asfaltem spienionym i drobnoziarnistym
materiatem mineralnym pochodzenia gabrowego
charakteryzuje si¢ najwickszg wartoscig stabilno$ci
wg Marshalla dla wszystkich procentowych ilosci
pylow mineralnych zalozonych na etapie projekto-
wania M-AS [2], pozostale mieszanki mineralno-as-
faltowe z tg samg koncentracja materiatu odpadowe-
go charakteryzuja si¢ znacznie mniejsza wartoscig
stabilnosci.

Wartos¢ sztywnosci wg Marshalla jest analogicz-
na do wartosci stabilno$ci. Najwicksza wartos¢
sztywnosci osiagnety wszystkie mieszanki M-AS-g
w zakresie stosowanych drobnoziarnistych materia-
tow mineralnych — 20%, 15% oraz 10% w mieszan-
ce mineralne;j.

Mieszanka podbudowy wykonana w technologii
recyklingu glebokiego na zimno z asfaltem spienio-
nym, z drobnoziarnistym materialem mineralnym
gabrowym oraz dolomitowym jest odporna na od-
dziatywanie wody we wszystkich badanych koncen-
tracjach. Minimalng warto$§¢ wskaznika ITSR uzy-
skano we wszystkich mieszankach przy koncentracji
drobnoziarnistego materiatu odpadowego roéwnej
15%. Nalezy zaznaczy¢ ze recyklowane podbudowy,
sa odporne na oddzialywanie wody wg kryterium IT-
SRmin = 0,7 [2]. Jedynie podbudowa M-AS-k przy

koncentracji pytow ilosci 15% jest nieodporna na od-
dziatywanie wody TSR = 0,58.

5. Wnioski

Dokonujac analizy wynikéw badan laboratoryjnych
mieszanek recyklowanych podbudow z asfaltem spie-
nionym w aspekcie wptywu ilosci drobnoziarnistych
mineralnych materiatdw odpadowych na wlasciwosci
recyklowanej podbudéw, mozna sformutowac naste-
pujace wnioski:

— w celu zastosowania drobnoziarnistego materiatu
mineralnego niezbedne jest dokonanie rozpoznania
jego wiasciwosci, a zwlaszcza okreslenie kwaso-
wosci pH, zawartosci czesci ilastych, powierzchni
wlasciwej oraz objetosci wolnych przestrzeni,

— najkorzystniejsze wartosci stabilno$ci oraz sztyw-
nosci wg Marshalla dla wszystkich recyklowa-
nych mieszanek osiggni¢to przy koncentracji 15%
drobnoziarnistego materiatu odpadowego,

— wszystkie mieszanki mineralne z asfaltem spie-
nionym oraz materialem odpadowym sa odporne
na oddziatywanie wody, przy koncentracji 20%
ziaren ponizej 0,075 mm,

— ze wzgledu na wlasciwosci funkcjonalne mieszan-
ki recyklowanych podbudéw najkorzystniejsze
jest zastosowanie materialu odpadowego z kru-
szywa gabro w ilosci 15%.
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OLD BRIDGES IN NEW TIMES.
Searching for hidden quality

Abstract

Many bridges in The Netherlands are meanwhile 40-50 years old. Those bridges have been designed according to old design
codes, which do not reflect the state of the art of today anymore. Moreover, the traffic loads have been increased substantially.
If those bridges are recalculated according to modern design codes they often do not fulfill the safety standards. In spite
of that, those bridges mostly do not show significant distress, which denies the results of the analysis. Obviously there are
hidden reserves in bearing capacity. 10 detect and quantify these is an important task.

1. Considerations with regard to service life design

Until quite recently, the design of reinforced
concrete structures was only based on structural safety
and serviceability. Experience with damage due to
corrosion and doubtful concrete quality showed,
however, that design for durability should be on the
same level as design for safety and serviceability. In
future codes design for service life should become a
major design task. In this respect the development of
a new Model Code for Concrete Structures should be
noted. Figure 1 shows schematically the idea behind
design for service life. At the vertical axis the capitals
R and S represent Resistance (R = Resistance) and
Load (S = Sollicitation, Fr.) respectively. The dotted
line with upward tendency represents the increase of
traffic load in time.

Fig. 1. Representation of the principle of design
for service life

10

The lower of the two declining dotted lines shows
the decrease of bearing capacity in time. Both the
bearing capacity and the load are subjected to scatter.
The condition Z = R(t) — S(t) means that the structure
fails, which should be avoided with a defined degree
of reliability. If the corresponding reliability index [
is exceeded, the decision should be made to upgrade
the structure.

2. Results of a “quick scan” assessment of the bearing
capacity of Dutch Bridges

In the Netherlands the bearing capacity of
many bridges, built in the period 1960-1970, was
investigated. The results of “quick scans” carried
out by design offices, showed a remarkable result.
Table 1 shows a small selection of different bridge
types. The assessment of the bearing capacity
was carried out under the assumption of modern
traffic loads and actual building codes, whereas for
concrete and steel the original design strengths were
used. The last column in Table 1 shows the so-called
UC-values, where UC stands for “Unity Check”. In
this analysis the safety values for the loads and the
materials are removed: the UC-value is the relation
between maximum load on the bridge in use to the
bearing capacity. If the UC-value is larger than 1,
this means theoretically that the bearing capacity
is insufficient. The Table shows unexpectedly high
values. In all cases the shear capacity is governing.

The highest UC values were found for T-beam
decks and solid slab bridge decks (Fig. 2 and 3).
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Table 1. Results of quick scans for some bridges

Bridge number Category Year UC-Value
37E-122 Culvert 1996 1.89
37F-110 T-Beam deck 1970 2.43
38D-103 Solid slab 1936 453
38F-108 Subway 1966 1.61
38G-112 Subway 1961 1.18
38G-103 T-Beam deck 1959 3.13
39G-114 Straight solid slab 1959 2.85
52G-105 Skew solid slab 1969 3.53

Fig. 2. T-beam bridge deck

Fig. 3. Solid slab bridge deck

In spite of the alarming UC-values, however,
inspections did not show signs that confirmed the
expectation of a serious lack of bearing capacity.
Obviously there is a substantial residual bearing
capacity, which means that the real bearing capacity
is significantly larger than calculated. Therefore in
Figure 1 asecond declining line is shown, representing
this higher bearing capacity. The vertical distance
between the lines represents the hidden bearing
capacity. It is clear that a more accurate determination
of this reserve capacity is of large significance and
should be regarded before eventually a decision for
retrofitting of the bridge is taken.

3. Hidden bearing capacities

3.1. Considerations with regard to the concrete compressive
and tensile strength

The first investigations of the bearing capacity
of the bridges were carried out using the original
design values for concrete and steel. The bridges
were built with concrete of strength class C20/25.
However, after 28 days the strength of the concrete
still increases significantly, especially if a period of
decades is concerned. Tests on drilled cores, taken
from the bridges, showed even that the mean concrete
strength is in the range 60-85 N/mm? Those high
values can be explained by the fact that the cement
particles used in those early days were relatively
coarse, so that the hydration process will continue
for a long time, causing a substantial gain of strength.
The compressive strength is an important factor, but
not the most important. Especially with regard to the
shear capacity the tensile strength plays an important
role, especially in solid slabs which normally do not
contain shear reinforcement. In most design codes,
the shear capacity is a direct, or an indirect, function
of the concrete tensile strength. With regard to the
concrete tensile strength, however, a remarkable
observation was made. Tests on the drilled cylinders
showed that the splitting tensile strength was in the
range 4-5 N/mm?, whereas the axial tensile strength
was only in the range 1-2 N/mm? (Fig. 4).

Fig. 4. Direct tensile strength and splitting tensile strength
as a function of the concrete compressive strength, as
determined on drilled cylinders taken from concrete
bridges in the Netherlands

According to EC-2 the ratio axial tensile strength
to splitting tensile strength should be 0.9, whereas the
new Model Code 2010 proposes even a value 1.0. An
important observation in Figure 4 is that the scatter in
the values of the splitting tensile strength and the axial
tensile strength is about the same. A possible explanation
for the difference between splitting tensile strength
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and axial tensile strength is given in Figure 5. During
casting and vibrating of the concrete, under the coarse
aggregate water layers are built (bleeding), see Figure 5
left. Especially the concrete of those days was sensitive
to this type of phenomenon, since in that period no
superplasticizers were used yet, so that excess water was
necessary for obtaining the required workability.

Fig. 5. Drilled cylinder with visual flaw under one of the
large particles (weakened interface)

The weakened interfaces below coarse aggregate
particles explain the low axial tensile strength of the
concrete. On the splitting tensile strength the weak
areas have no large influence, since they are not in
the planes where cracks are expected to develop.
The same holds true for the cylinder compressive
strength. In beams and slabs loaded in shear at first
bending cracks occur, in a direction perpendicular
to the axis of gravity. Such cracks are not influenced
by the weak interfaces. Only after the transition
from bending cracks to inclined shear cracks there
might be an influence, but this is only at the stage
that the shear crack is tending to progress at a low
angel with the member axis, which is already near to
shear failure. Tests haven been carried out between
strips, sawn from old bridges, and newly made strips
with the same geometry, reinforcement and concrete
compressive strength. They show that the behaviour
is similar, which confirms that the weak interfaces
under the coarse aggregates do not play a significant
role with regard to the shear carrying behaviour. The
shear capacity can therefore be calculated with the
usual formula’s, introducing the measured cylinder
compression strength.

The results of this investigation are more or less
comparable with the results of tests carried out some
years ago at TU Delft. Figure 6 shows a shear test
carried out on a strip, sawn out of an older bridge.
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Fig. 6. Shear tests on beams damaged by many horizontal
cracks due to Alkali Silica Reaction (TU Delft)

This solid slab bridge showed a large number of short
horizontal cracks, due to the effect of Alkali Silica
Reaction. The cracks can be explained on the basis of
the swelling of the concrete under the influence of the
ASR. In the horizontal direction a lot of reinforcement
was available, both at top and bottom, which restrained
the horizontal extension, and generated a type of axial
prestressing. Therefore no vertical cracks occurred. In
the vertical direction, however, the extension could
occur freely so that the cracks were not suppressed.
A considerable reduction of the shear capacity was
feared, because cylinders drilled from the bottom,
often showed tensile strength equal to 0, caused by the
horizontal cracks. The tests on the severely damaged
slab strips, showed however a reduction of the shear
capacity of not more than 25%.

3.2. Consideration with regards to the choice of the
method for the determination of the bearing capacity

Design of structures is mostly carried out using
simplified formulations. For instance in the case of
slabs, often the lower bound theory of the theory
of plasticity is used (strip method, or equilibrium



OLD BRIDGES IN NEW TIMES. Searching for hidden quality

structure

method). The slab is simplified to a system of
independent strips, to which parts of the loads can be
attributed. The sum of the bearing capacity of the strips
is assumed to be equal to the capacity of the overall
system. This method of design is simple, but results
in larger amounts of reinforcement than e.g. a design
on basis of the theory of elasticity. However, when in
case of an investigation of the bearing capacity of an
existing structure the question is raised which is the
most probable real bearing resistance, lower bound
models are not the appropriate tool, since they give too
conservative results. An alternative is here the use of
the theory of plasticity, investigating and comparing
the bearing capacity of a number of kinematic models
in order to find the minimum capacity.

Although meanwhile thousands of shear tests on
beam type of elements have been carried out, there are
hardly test results available for the shear capacity with
concentrated loads near to line supports. Analyses of
the bridge bearing capacity in recent times showed that
appropriate modes for this loading case would be very
welcome. Rodrigues, Muttoni and Olivier [1] carried
out interesting tests in this respect. They investigated
the shear capacity of the cantilevering part of bridge
decks in box girder bridges. Figure 7 shows the
cracking patterns in the upper and the lower parts of the
slab. The researchers demonstrated that the behaviour
can principally be described with the yield line theory.
A complication is however the possible failure in shear
before the kinematic model could fully develop. In
the cases considered, the theoretical bearing capacity
according to the yield line theory was nearly reached.

Fig. 7. Experiment investigating the behaviour of the
cantilevered part of a box girder under a combination of
concentrated loads (Rodriguez, Muttoni and Olivier [1])

3.3. Compressive membrane action in slabs

The design of solid slabs is carried out already
for many years under the assumption that in case
of a load perpendicular to the slab only bending
and torsional moments occur. There is, however,
another effect which is mostly ignored in design, but
can significantly contribute to the bearing capacity.
Already in 1955 Ockleston [2] carried out a test on
one of the inner slabs in a slab field in the Old Dental
Hospital in Johannesburg (that was available for
research since it was bound to be demolished). The
inner decks failed at a load which was about twice
the theoretical load according to the yield line theory.
The increase of the bearing capacity was explained
on the basis of compressive membrane action. This
mechanism occurs under the influence of a restraint
of lateral deformations due to the surrounding part of
the slab. The mechanism is explained in Figure 8.

b)

Fig. 8. Compressive membrane action in a bridge deck (a)
and interaction between membrane action and bending (b)

As a result of the development of cracks at midfield
and at the edges, a mechanism occurs, in which the
slab tries to expand in lateral direction. Since this
lateral extension is restrained a compressive arch
forms, which is able to sustain appreciable forces.
The increase of the bearing capacity depends on
the degree of restraint. Already in the sixties it was
demonstrated by tests (Tong, Bachelor [3]) that the
punching shear capacity is considerably increased
by compressive membrane action. The Canadian
and New Zealand Building Recommendations allow
the consideration of this effect in design. Although
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in these recommendations conservative values are
given for the effect of compressive membrane action,
considerable savings of reinforcement are obtained.
Considering compressive membrane action, only
a reinforcement ratio of about 0.5% is necessary,
whereas without compressive membrane action about
1.7% is necessary.

The fact that up to now for the design of bridges
in Europe compressive membrane action was not
regarded means that there is still a considerable
residual capacity with regard to bending and shear.
Figure 9 shows a test by Taylor [4], carried out recently
on a bridge in Nord Ireland. The reinforcement in the
deck was applied in the middle of the deck plate.
The loads reached values of 3-5 times the theoretical
values, calculated without compressive membrane
action. In none of the 12 tests failure occurred. The
tests had to be stopped because the limit of the test
facility was reached.

b)
Fig. 9. Tests at TU Delft on solid slabs subjected to
concentrated loads near the supports
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3.4. Loads near to supports

From the control of the bearing capacity of solid slab
bridges in the Netherlands it turned out that often loads
near to supports, single or in combination, are governing
for the shear bearing capacity, at least according to the
design models. Therefore it was investigated whether
the design practice in combination with the code
requirements, isn’t too conservative. According to
those design methods the load is spread under angles
of 45° to the support and then compared with the limit
values for shear. Figure 9 shows the test equipment for
a solid end slab in a continuous statically indeterminate
bridge. A concentrated load, simulating a large wheel
load, is applied near to the end support. The effect of
loads was considered for linear end — and intermediate
supports.

Figure 9b shows a top view on the slab with the
different position of the loads. The tests ST1, ST2 and
ST3 were carried out near to the linear end support
(hinged support). The tests ST4-ST6 were carried
out near to the intermediate support (with bending
moments from adjacent slab fields. Table 2 shows
that the bearing capacities found in the tests were
considerably higher than obtained from the equations
according to the Dutch Building Code VBC.

Table 2. Tests on slabs with concentrated loads near to
supports: comparison between test results and results
obtained with Dutch Building Recommendations

Test No. P, (test) (kN) P, (Dutch Code) (kN)
S1T1 954 539
S1T2 1023 533
S1T3 758 491
S1T4 731 470
S1T5 851 501
S1T6 659 501

4. Improvement of the reliability of nonlinear finite element
analyses

In order to find out whether a bridge has a sufficient
bearing capacity very often nonlinear finite element
calculations are used. From experiences with
NLFEM calculations it is known that this method
is particularly useful for the interpretation of test
results. As Reinhardt [S] mentioned in his retirement
lecture at TU Delft “Measuring and calculating
belong together”. However, it is much more difficult
to predict the behaviour and a reliable value for the
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bearing capacity of existing bridges, without prior
available test data which could be used for calibration.
Furthermore, using nonlinear FEM calculations,
there is a large choice with regard to element types,
element sizes, calculation procedures and material
parameters. A possibility to enhance the reliability
of NLFEM calculations is to carry out calibrations
on test results obtained on similar types of elements.
Figure 10 shows an example. In order to develop
a basis for a reliable prediction of the behaviour
of prestressed T- and I-beams, trial calculations
and calibrations are carried out with the numerical
programs DIANA and ATENA on the behaviour of
long prestressed beams known from literature. This
calibration on similar types of beams, the behaviour
of which is well documented, is expected to increase
the reliability of NLFEM prediction.

=k
e an i
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Fig. 10. NLFEM analysis of a beam under shear loading
as a part of a research program to develop tailor-made
analysis programs for particular types of beams

Meanwhile a practitioner’s guide for NLFEM
analysis has been adopted in the Model Code for
Concrete Structures 2010 [6].

Fig. 11. Proof loading of an existing bridge with
especially instrumented German Loading Truck (BELFA)
in The Netherlands

Another way of optimizing the use of nonlinear
numerical programs for the reliable calculation of
the bearing capacity of existing bridges is to combine

them with proof loading and Acoustic Emission.
Figure 11 shows the proof loading of a small bridge
with the specially developed German vehicle BELFA
(BELastung FAhrzeug = Loading Truck). I order to
guide the testing, acoustic emissions are registered.
In future the combination of proof loading, acoustic
emission and numerical analysis is seen as an
important method for the estimation of the behaviour
of existing bridges. A new research program, aiming
at further optimizing this method is at the onset of
starting at TU Delft.

5. Conclusions

1. When old bridges are analyzed for the higher traffic
loads of today, and the old design data are used for
this analysis, often the analysis will suggest that
the bearing capacity is insufficient.

2. The bridges dispose of considerable residual
capacity with regard to higher concrete strength
after decades of hydration, compressive membrane
action, better redistribution that assumed in design.

3. Verification of the results of concrete strength on
the basis of drilled cylinders should be done with
utmost care.

4. Nonlinear FEM methods can be developed tailored
to the prediction of the behaviour of particular
types of bridge beams.

5. The combination of proof loading, numerical
analysis and acoustic emission deserves further
development, since it may become an important
tool for future assessment of existing bridges.
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Abstract

In the present paper a few models of ductile fracture were presented. Alloys used in civil engineering most often crack due to
void nucleation and growth. Voids are created on the border between matrix and inclusions (made of sulphur and manganese
compounds). The majority of described models can be used for modelling of ductile fracture in micro scale. The Gurson
Tvergaard Needleman (GTN) material model was found to be the most useful in modelling of plastic deformation of existing

steel elements and structures in civil engineering.
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1. Introduction

The evaluation of the reliability of civil engineering
structures in service constitutes an important issue.
In engineering practice, errors at the design or during
execution stages are found relatively frequently. In
many cases, negligence in the upkeep of structures
is also noted (e.g., the lack of proper maintenance,
overloading, etc.). All those factors sometimes cause
concerns over the reliability of structures. For a
uniaxial state of stress, the analysis does not present
major difficulties. Computations for elements
working under complex states of stress, however,
are inherently much more complicated and they
require employing residual strength hypotheses. For
steel structures, it is usually Huber-Mises-Hencky
criterion. Numerous investigations demonstrate
that applicability of this criterion to stress analysis
under failure conditions (plasticity range) is
highly restricted [1]. In order to perform advanced
analyses of structural elements with damages, it is
necessary to use different computational tools. The
complexity of those, however, makes it difficult
or even impossible to apply them to engineering
practice. Difficulty related to identifying the model
parameters in practice constitutes yet another barrier
to the application of complex computational tools.
The paper presents a review of the major models of
ductile fracture of metals, those which account for
the development of the structure micro-damages.
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2. Initiation and development of voids as a mechanism
of ductile fracture

2.1. Void Initiation at Inclusions and Precipitates

Computing structural elements working under limit
states can be performed using the methods of fracture
mechanics. Metal fracture is plastic in character
above the temperature of plastic—brittle transition
[2]. It can occur due to one of the following basic
mechanisms, namely void growth and coalescence,
necking or shear (Fig. 1).

Fig. 1. Mechanisms of failure of ductile materials (from
left to right): void growth and coalescence, section
necking and shear

Metal alloys used in engineering contain the second
phase particles (mostly sulphur and manganese
compounds) dispersed within the structure of the
base material. It is therefore justifiable to perform
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the analysis of plastic states using porous material
models that account for the presence and development
of voids in the loaded material [3]. Voids are defects
of steel microstructure which can be initiated at
inclusions and precipitates. It means that in practice
the second phase particles located in the structure of
the base material take part in the process of metal
and technical alloys cracking [4]. The sizes of the
second phase particles range from 10 to 10 m. In
the process of plastic flow, they are the particles of
small dimensions that play the most important role.
Their volume fraction and distribution depends on the
method of material machining. The void nucleation
most frequently involves the separation of the matrix
which is being plastically deformed from the hard
second phase particle. When applying models of
porous materials, it is necessary to know the kind
and magnitude of inclusions and precipitates. Their
shapes are usually complex, yet for the sake of
simplifying the computations, it is most frequently
assumed that the particles are spherical in shape. The
volume of the sphere is equal to that of a particle. The
void volumetric fraction f is defined as the quotient
of the volume occupied by voids divided by the
total volume of the material. In practice, porosity is
defined by means of the analysis of the surface of a
metallographic specimen.

The initiation of voids is most commonly found
at the boundaries of inclusions and precipitates. In
the case the particle is strongly bound to the matrix,
voids are initiated through particle fracture. When,
on the other hand, the bond is weak, the particle gets
detached. Basically four groups of criteria of void
initiation are found:

— energy criteria,

— local critical stress criteria,

— local critical strain criteria,

— complex criteria.

The solutions most frequently found and quoted in
the literature on the subject [2] are presented below:

e Gurland and Plateau model states that the void
formation occurs when the elastic strain energy
accumulated in the surroundings of the second
phase particle is equal to, or greater than the energy
necessary to form a new surface. The phenomenon
takes place in the plastic range if the following
dependence holds:

Er (1)

where: g — stress concentration coefficient, d — particle
diameter, E — Young’s modulus for the matrix,
y — surface energy, where:

Y=V *Vp+ Vmp )

where:y — the matrix surface energy, Y, the particle
surface energy, 7,y — CNCIZY of the separation
surface.

It was proved, however, that in addition to Gurland
and Plateau condition being satisfied, critical stresses
must be reached between the precipitate and the
matrix for crack initiation to occur.

e For small particles, in order to determine the limit
stress at the matrix — precipitate boundary, the
continuum dislocation theory and Ashby’s model
can be applied:

6\/35},
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where: €~ non-dilatational strain, &, — non-dilatational

strain for shear yield point, M — Taylor’s
coefficient.

When the critical stress causing separation of the
inclusion from the matrix (¢, ) is known, it is possible
to determine the strain that results in a void initiation:

2
507 O rre
= e _y 4
Ecy 6 /—6 ( 7 ( )

e For large particles, the material hardening is taken

into account in order to determine the stress at the
precipitate — matrix boundary:

. o
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In the formula above, n denotes the consolidation
exponent. The dependence was derived using the
relationship between the average distance between
precipitates A, the precipitate radius r, and precipitate
volume fraction f:

A 2z 8
SR

e In accordance with the critical strain criterion of
Hancock and Cowling, void initiation occurs at the
site where the strain reached a critical value, and is
independent of the state of stress. The critical strain
criterion is most frequently reached at external
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loads higher than it is the case with the critical

stress condition.

It should be emphasised that the results obtained
with each of those criteria are strongly dependent on
the size of the particle.

2.2.Void Development

Increase in load results in the void growth process.
The so-called bridges, being in the state of plastic
flow, are formed between voids. At increased load
the necking of bridges occurs, which leads to the
neighbouring voids coalescence and the initiation of
the fracture process. If, additionally, a crack or a notch
is present in the loaded element, the process of void
growth is enhanced due to the local concentration of
stresses. The process is accompanied by substantial
plastic strains. It was proved their value at the instant
of fracture may exceed 1. In this case, void coalescence
is the sufficient condition for cracking to occur. A
number of works focussed on the phenomenon of
void growth. The results obtained in a few works are
presented below [2, 4]:

In McClintock’s model a void is used, cylindrical
in shape, in rigid plastic matrix loaded in parallel to
the cylinder longitudinal axis. The model employs
Huber Mises Hencky criterion and the constitutive
relationship for plastic flow of the form:

)= See. si (7)
20y

where: S;— deviator of the stress tensor.

McClintock’s solution states the dependence
of the actual diameter of the void on the external
deformations of the body ¢ = ¢,, and on hydrostatic
stresses in the specimen:

t
Ea ZJ.EIadt =
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where:a — actual void diameter, a,— initial void
diameter, & — yield point in pure shear

o . .
k :Ty, o, — mean hydrostatic stress acting
3

far from the void.

According to McClintock, strongly hardened
materials are characterised by the highest ductility.
A high content of precipitates and a high degree of
triaxiality of the state of stress, in turn, contribute to a
decrease in the material ductility.
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e Rice and Tracey conducted the same analysis for a
spherical void. A single void existing in the material,
or representing a sum of voids of the same total
volume, was analysed. The following expression
was derived:

o _ 1 da;

& =
“ao dt

=2¢,,+0,56¢,., sinh (?%) 9)

where: ¢ — effective strain, subscript i denotes the
main direction of stresses and strains applied
from the outside, subscript zw — values
measured far from the void.

Rice and Johnson applied the discussed model to
the analysis of a spherical void ahead of the front of a
blunt crack, loaded in accordance with method I.

e Thomason’s solution involves the analysis of
cuboid voids located in rigid ideal plastic matrix, on
which hydrostatic pressure ¢, and principal stresses
o, and o, are exerted. According to Thomason,
below a certain threshold inclusion volume
fraction, fracture occurs by means of the necking of
the whole section of the specimen. Above the limit
value, however, fracture is caused by the necking of
the bridges between inclusions.

e Brown — Embury model assumes that the greatest
void strains occur in the loading direction. Fracture
occurs at the instant when the length of micro-
damages is equal to the distance between them.
Let 4 denote the distance between voids. From the
Brown — Embury condition it follows that the crack
is initiated when the void length also reaches value /.

L. s de
If the strain in the material is denoted as Z,

the deformation rate of void will be higher and will

de P de .. .
reach the value 7 = 07 . Thus the critical strain
t t

in the material will amount to:

1
Sczzln(1+5pc) (10)
where: €, the critical strain of the void;
the void strain is expressed by the formula:
A=2r,
£, = 11
o (11)

where: r — the initial radius of the inclusion.

Having taken into account dependences given
above, a formula for the critical length of the void is
obtained:
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Formulas presented above make it possible to derive
dependences for the critical strain in a material:

LN B A —m
gc—cln[\/; \/;-Fé'pn] lnAC (13)

In the formula above, £, denotes the strain necessary
to initiate a void, 4, — the initial cross-section area
of the specimen, and 4_ — cross-section area of the
specimen at the instant of fracture.

The behaviour of particles located in loaded, elastic
— plastic matrix depends to the greatest extent on the
size of the particles and forces of interaction between
particles and the matrix.

3. Gurson Tvergaard Needleman model

For issues concerning ductile fracture of technical
alloys, the model of porous material first developed
by A.L. Gurson [5] and later modified by Tvergaard
and Needleman is often used. The macroscopic law
of flow and the law of void volume fracture increase,
which is a parameter of the material microstructure,
are integrated in the model. Void volume fraction is
defined as a ratio of the current volume of micro-
voids to the volume of the specimen, in accordance
with the formula:

v,
r=t (14)
where: V,—current void volume fraction, V' —specimen

volume.
It is assumed that strains and stresses are determined
at the macroscopic level. Gurson Tvergaard
Needleman yield criterion is reduced to the following

form:
2

D =

T gy fr=0 (15)
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where: @ — energy of non-dilatational strain, o, — stress
reduced in accordance with HMH criterion, o, —
yield point, o, — mean stresses (arithmetic mean
of the principal stresses), g, ¢, g, — Tvergaard’s
coefficients, /' — current void volume fraction,
defined by the following dependence:

f for </,
Fod fr LTI (o p ) for fo<f< S 16)
fF fc
fr for /= fF

where:f - the critical void volume fraction
corresponding to a decrease in the material
strength, f,—void volume fraction corresponding
to the load bearing capacity of the material,

fr=la+( -a)"1/ a5

The void volume fraction in the material is described
by the expression:

df = dfgr + dfnucl (17)

where: affg .~ the time derivative of the volume fraction
of the voids already existing in the material, df,

— the time derivative of the volume fraction of
the voids initiated in the deformation process.

The dependences presented above indicate that
in order to apply the GTN model of material it is
necessary to know the parameters that characterise
the micro-structure and mechanical properties of a
given material. Those primarily include:

— porosity,

— volume fraction of inclusions and precipitates,

— real tension curve,

— the critical plastic strain that causes void initiation,

— stress that is critical for cracking on the precipitate

— matrix boundary.

4. Conclusions

The models of void nucleation and growth presented
above make it possible to perform computations at the
microscopic level. The application of those models
to engineering practice is therefore difficult and
sometimes even impossible. The GTN model can be
used to analyse elements in the macro-scale in order
to model the work of structural elements in limit
states, while taking into account the real structure of
the material. In the model, the concept of void volume
fraction was introduced, which is a scalar measure of
the degree of micro-damage development.

All the analyses performed so far using the GTN
model involved laboratory specimens and a controlled
state of stress. The literature on the subject does not
provide the data concerning practical applications of
the hypothesis to computations of elements in real
structures. In the opinion of the author, the model under
consideration can become a component of the system
based on fracture mechanics, intended to compute the
strength of the elements working under limit states.
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Mikromechaniczne modele ciagliwego pekania metali

1. Wprowadzenie

Istotnym problemem w eksploatacji obiektow bu-
dowlanych jest ocena bezpieczenstwa ich pracy.
W praktyce inzynierskiej stosunkowo czgsto spoty-
ka si¢ bledy projektowe i wykonawcze. W licznych
przypadkach pojawiaja sie¢ rowniez zaniedbania
w zakresie utrzymania obiektu (np.: brak odpo-
wiedniej konserwacji, przeciazenie itd.). Wszystkie
te czynniki rodza niekiedy powazne obawy o bez-
pieczenstwo pracy konstrukcji. W przypadku jed-
noosiowego stanu napregzenia analiza nie nastrecza
wiekszych trudnosci, jednak obliczanie elementow
pracujacych w ztozonych stanach naprezenia jest
ze swej natury znacznie bardziej skomplikowane
i wymaga zastosowania hipotez wytezeniowych. Dla
konstrukcji stalowych jest to zazwyczaj hipoteza Hu-
bera Misesa Hencky’ego. Liczne badania wykazaty,
ze zastosowanie tej hipotezy do analizy naprezen
w stanach awaryjnych (zakres plastyczny) jest mocno
ograniczone [1]. Zaawansowane analizy elementow
konstrukcyjnych z uszkodzeniami wymagaja uzycia
innych narzegdzi obliczeniowych. Czgstym proble-
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mem jest jednak ich ztozono$¢, ktora niekiedy utrud-
nia lub wrecz uniemozliwia zastosowanie w praktyce
inzynierskiej. Istotng barierg sa réwniez trudnosci
z praktyczng identyfikacja parametréw modelu.
W niniejszej pracy przedstawiono przeglad naj-
wazniejszych modeli ciagliwego pekania metali,
uwzgledniajacych rozwdj mikrouszkodzen struktury.

2.Inicjacja i wzrost pustek jako mikromechanizm
pekania ciagliwego
2.1. Inicjacja pustek na wtraceniach i wydzieleniach

Obliczanie elementow konstrukcyjnych pracuja-
cych w stanach granicznych moze by¢ realizowane
przy uzyciu metod mechaniki pekania. Powyzej tem-
peratury przej$cia plastyczno-kruchego pegkanie me-
tali ma charakter plastyczny [2] i moze nastgpowac
na drodze jednego z podstawowych mechanizmow:
wzrostu i tgczenia pustek, szyjkowania, lub Scigcia.

Stosowane w technice stopy metalowe zawieraja
czastki drugiej fazy (przede wszystkim zwiazki siarki
i manganu) ulokowane w strukturze materiatu bazo-
wego. Zasadnym jest wigc, aby analiz¢ stanéw pla-
stycznych prowadzi¢ przy zastosowaniu modeli ma-
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teriatlow porowatych, ktore uwzgledniajg obecnosc

1 rozwdj pustek w obcigzanym materiale [3]. Pustki

naleza do defektéw mikrostruktury stali i moga by¢

inicjowane na wtraceniach lub wydzieleniach. Ozna-
cza to, ze w praktyce w procesie pekania metali i sto-
pow technicznych biorg udziat czastki drugiej fazy
ulokowane w strukturze materialu podstawowego

[4]. Wielko$¢ czastek drugiej fazy waha si¢ pomiedzy

107 a 10®*m. W procesie plastycznego plyniecia naj-

istotniejsza rolg¢ odgrywaja czastki matych rozmia-

row. Ich udzial objetosciowy oraz rozktad zalezny
jest od sposobu obrobki materiatu. Nukleacja pustki
nastepuje najczesciej poprzez oddzielenie odksztat-
cajacej si¢ plastycznie osnowy od twardej czastki
drugiej fazy. Zastosowanie modeli materialdéw po-
rowatych wymaga znajomosci rodzaju oraz wielko-

Sci wtragcen 1 wydzielen. Ich ksztalt jest zazwyczaj

skomplikowany, niemniej dla uproszczenia obliczen

zaktada si¢ najczesciej, ze czastki majg ksztatt kuli

0 objetosci rownej objetosci rozpatrywanej czgstki.

Udzial objetosciowy pustek f definiowany jest jako

iloraz objetosci zajetej przez pustki do catkowitej ob-

jetosci materialu. W praktyce porowatos$¢ okresla sig¢
poprzez analize powierzchni zgladu.

Inicjacja pustek ma zazwyczaj miejsce na grani-
cach wtracen 1 wydzielen. W przypadku, kiedy czast-
ka jest silnie zwigzana z osnowa, pustki inicjowane
sg poprzez pegkanie czastek. Z kolei gdy wigzanie jest
stabe, nastepuje oderwanie czgstki. Istniejg cztery za-
sadnicze grupy kryteriow inicjacji pustek:

— energetyczne,

— lokalnych naprezen krytycznych,

— lokalnych odksztatcen krytycznych,

— kryteria ztozone.

Ponizej przytoczono rozwigzania najczesciej spoty-
kane i cytowane w literaturze [2]:

e Model Gurlanda Plateau — okresla powstanie pustki,
gdy energia sprezysta zgromadzona w otoczeniu
czastki drugiej fazy jest roéwna lub wigksza od
energii potrzebnej do utworzenia nowej powierzchni.
Zjawisko to ma miejsce w zakresie sprezystym,
jezeli zachodzi zaleznos¢ (1).

Dowiedziono jednak, ze do inicjacji pekniecia,

oprocz warunku Gurlanda Plateau, konieczne jest

osiagniecie naprezen krytycznych pomiedzy wtra-
ceniem i 0SNOw3.

e Dla malych czastek do wyznaczenia granicznego
naprezenia na granicy osnowa — wydzielenie,
mozna postuzy¢ si¢ kontynualng teorig dyslokacji
1 modelem Ashbyego. Znajomo$¢ krytycznego
naprezenia, powodujacego oderwanie wtracenia od

osnowy (o, ), pozwala na okreslenie odksztatcenia
powodujacego inicjacj¢ pustki.

W przypadku duzych czastek w celu okreslenia na-
prezen na granicy wydzielenie — osnowa uwzgled-
nia si¢ umocnienie materiatu (5). W tym wzorze n
oznacza wyktadnik umocnienia. Zaleznos¢ tg wy-
prowadzono postugujac si¢ nastepujagcym zwigz-
kiem $redniej odlegtosci miedzy wydzieleniami A,
promienia wydzielen 7, i udziatu objetoSciowego
wydzielen £(6).

Warunek krytycznego odksztatcenia wg Hancocka
Cowlinga — inicjacja pustek zachodzi w miejscu,
gdzie odksztalcenie osiggneto wartos¢ krytyczna,
niezaleznie od stanu naprezenia. Najczesciej warunek
krytycznego odksztalcenia osiggany jest przy wyz-
szych obcigzeniach zewnetrznych niz ma to miejsce
w przypadku warunku naprezen krytycznych.
Nalezy zaznaczy¢, ze wyniki uzyskane za pomoca
kazdego z tych kryteriéw sg silnie zalezne od wielko-
sci czastki.

2.2. Rozwaj pustek

Pod wplywem zwigkszajacego si¢ obcigzenia na-
stepuje proces wzrostu pustek. Pomigdzy pustkami
tworzg si¢ tak zwane mostki, bedagce w stanie pty-
nigcia plastycznego. Podczas zwigkszania obcigze-
nia mostki przewe¢zaja si¢, prowadzac do potaczenia
sasiednich pustek oraz inicjacji procesu pekania.
Jezeli dodatkowo w obcigzanym elemencie znajdu-
je si¢ peknigcie lub karb, proces wzrostu pustek jest
intensyfikowany przez lokalng koncentracj¢ napre-
zen. Procesowi temu towarzyszg znaczne odksztatce-
nia plastyczne. Jak wykazano, ich wartos¢ w chwili
ztomu moze przekroczy¢ 1. Warunkiem pgkania jest
w tym przypadku taczenie si¢ pustek. Zagadnieniu
wzrostu pustek poswiecono szereg prac. Wyniki kilku
z nich przedstawiono ponizej [2, 4]:

e Model McClintocka — pustka o ksztalcie walca
w sztywno plastycznej osnowie obcigzonej rownolegle
do osi podluznej walca. W modelu zastosowano
hipoteze Hubera Misesa Hencky’ego oraz zwigzek
konstytutywny plyniecia plastycznego postaci (7).
Rozwiazanie McClintock’a okresla zaleznos$¢ ak-
tualnej srednicy pustki od zewnetrznych odksztat-
cen ciala ¢, = ¢,, oraz naprgzen hydrostatycznych
w probee (8).

Wedtug McClintocka wicksza ciagliwo$cig charak-

teryzuja si¢ materialy o duzym umocnieniu. Duza

zawarto$¢ wydzielen i wysoki stopien trdjosiowo-
$ci stanu naprezen przyczynia si¢ z kolei do zmniej-
szenia ciagliwosci materiatu.
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e Rice 1 Tracey przeprowadzili t¢ samg analize dla
pustki sferycznej. Analizowano pojedyncza pustke
istniejacg w materiale lub reprezentujaca sume pu-
stek o tej samej tacznej objetosci. Pozwolito to na
uzyskanie wyrazenia (9).

Rice i Johnson zastosowali omawiany model do
analizy sferycznej pustki przed frontem stgpionego
pekniecia, obcigzonego wg sposobu 1.

e Rozwigzanie Thomasona — analiza prostopadto-
sciennych pustek umieszczonych w sztywno ide-
alnie plastycznej osnowie i poddanych dziataniu
cisnienia hydrostatycznego o, oraz naprezen glow-
nych g, i 0,. Zdaniem Thomasona ponizej pewnego
progowego udziatu objetosciowego wtracen ztom
nastepuje na drodze szyjkowania calego przekroju
prébki, natomiast powyzej wartosci granicznej po-
przez szyjkowanie mostkéw miedzy wtraceniami.

e Model Brown’a Embury’ego — zaktada, iz najwigk-
sze odksztatcania pustek maja miejsce na kierun-
ku obcigzania. Ztom nastgpuje w momencie, gdy
dtugos¢ mikrouszkodzen jest rowna odleglosci
pomiedzy nimi. Niech 4 bedzie odlegtoscig pomie-
dzy pustkami. Z warunku Brown’a Embury’ego
wynika, ze pegknigcie zostanie zainicjowane, gdy
dtugos¢ pustki rowniez osiggnie wartos¢ A. Jezeli

predkos¢ odksztatcaniamaterialu oznaczy¢ jako %
to predkos¢ odksztatcania pustki bedzie wyzsza

1 osiggnie warto$¢ dﬁzcﬁ. W zwiazku z tym

dt dt

krytyczne odksztalcenie materiatu bedzie wynosi¢

(10). Odksztatcenie pustki wyraza si¢ wzorem (11).

Uwzgledniajac powyzsze zaleznosci, otrzymano

wzor na krytyczng dhugos¢ pustki (12).

Przytoczone wzory pozwalajg na wyprowadzenie
zalezno$ci na krytyczne odksztatcenie materiatu (13).
W tym wzorze ¢, oznacza odksztalcenie niezbgdne
do zainicjowania pustki, 4 — poczatkowe pole prze-
kroju poprzecznego probki, natomiast 4 — pole prze-
kroju poprzecznego probki w momencie ztomu.

Zachowanie czastek umieszczonych w obcigzone;j,
sprezysto-plastycznej osnowie w najwigkszym stopniu
zalezy od wielkosci czastek oraz od sit wzajemnego
oddziatywania pomiedzy czastkami a osnowa.

3. Model Gursona Tvergaarda Needlemana

W zagadnieniach ciagliwego pekania stopow tech-
nicznych czesto stosuje si¢ model materiatu porowa-
tego opracowany przez A.L. Gursona [5], zmodyfiko-
wany pozniej przez Tvergaarda i Needlemana. Laczy
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on makroskopowe prawo plynigcia oraz prawo wzrostu
udziatu objetosciowego pustek, ktory jest parametrem
mikrostruktury materiatu. Udzial objetosciowy pustek
definiowany jest jako stosunek biezacej objetosci mi-
kropustek do objetosci probki, zgodnie ze wzorem (14).

Z zatozenia odksztatcenia i napr¢zenia okreslane sg
na poziomie makroskopowym. Warunek plastyczno-
sci Gursona Tvergaarda Needlemana sprowadza si¢
do postaci (15).

Biezacy udziat objetosciowy pustek w materiale
opisywany jest wyrazeniem (17). Z tych zaleznos$ci
wynika, iz zastosowanie modelu materiatowego GTN
wymaga znajomosci parametrow charakteryzujacych
mikrostrukture i cechy mechaniczne danego materia-
hu. Sa to przede wszystkim:

— porowatos$¢,

— udzial objetosciowy wtracen i wydzielen,

— rzeczywista krzywa rozciggania,

— krytyczne odksztatcenie plastyczne powodujace

inicjacje pustek,

— naprezenie krytyczne dla pegkania na granicy

wydzielenie — osnowa.

4. Wnioski

Przytoczone modele nukleacji i wzrostu pustek po-
zwalaja na wykonanie obliczen na poziomie mikrosko-
powym. Ich zastosowanie w praktyce inzynierskiej jest
wigc trudne, a niekiedy wrecz niemozliwe. Model GTN
moze by¢ uzyty do analizy elementow w skali makro
w celu modelowania pracy elementéw konstrukcyj-
nych w stanach granicznych, przy uwzglednieniu rze-
czywistej struktury materialu. W modelu wprowadzono
pojecie udzialu objetosciowego pustek, bedacego ska-
larng miarg stopnia rozwoju mikrouszkodzen.

Wszelkie dotychczasowe analizy prowadzone
przy uzyciu modelu GTN dotyczytly probek labora-
toryjnych i kontrolowanego stanu naprezenia. Brak
w literaturze danych dotyczacych praktycznego za-
stosowania hipotezy do obliczen elementéow kon-
strukcji rzeczywistych. Zdaniem autora niniejszej
pracy, omawiany model moze sta¢ si¢ elementem
systemu bazujacego na mechanice pekania, stuzace-
go do obliczen wytrzymatosci elementéw pracuja-
cych w stanach granicznych.
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sukcesu” Program Operacyjny Kapitat Ludzki, umowa nr
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ELEMENTAL ANALYSIS OF SEDIMENTS FROM
THE URBAN STORM WATER DRAINAGE DEPENDING
ON GRANULOMETRIC FRACTIONS

Abstract

This is an investigation of the physical and chemical properties of sediments from the urban storm water drainage to
determine the relationship between its quality and particle size. The catchment area of 85 ha is located in the center
of the city with the main thoroughfares. The study included. granulometric analysis, content of mineral and organic
substances, elemental composition and Scanning Electron Microscope (SEM) analysis. The results showed presence
of eleven particular fractions, content of mineral substances on the level 80.46%. and organic substances on the level
19.54%. Article presents also the results of studies of elemental composition and SEM analysis in the sediments depending
on the factions to confirm significant part of minerals.

Keywords: runoff sediments, sewers, granulometric analysis, Scanning Electron Microscope, elemental composition

1. Introduction called rainwater. Rainwater consist of water and
One of the most important elements for the sediments.
proper functioning of the city is an efficient system Figure 1 shows the location of catchment area selected

of urban storm water, which is responsible for for research. The catchment area of 85 ha is located in
proper collection and treatment of rainwater also  the center of the city with the main thoroughfares [1].

Fig. 1. Location of the catchment selected for research
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2. Materials and methodology

The sediments was taken from the bottom of the
settling chamber using special sampler. Settler is located
in the underground part of the basin with the separator
of oil products. Materials were taken from the entire
cross-section of diameter 3 m settling chamber, so that
in a way representative gave a deferred nature of the
sediment. This means that the sediment samples of 1 kg
from three different points of the bottom of the chamber
and the results were averaged arithmetically [2].

a. Granulometric analysis.
Granulometric analysis of sediment was carried
out using a combination of sieving and areometric
analysis according to the methodology contained
in publication of E. Myslinska [3]. Hydrometric
analysis was performed using a set of Hydrometer
Eijkelkamp.

b. Content of mineral and organic substances.

The content of mineral and organic substances
determined by burning a weighed sludge previously
dried to constant weight at 823 K. The residue after
burning were weighed and identified as minerals,
while the amount of organic matter determined by
the difference of the masses and a predetermined
amount of mineral substances.

c¢. Elemental composition.
Elemental analysis was made using X-ray
microanalysis by EDAX GENESIS APEX 4.

d. Scanning Electron Microscope analysis.
SEM analysis was made using Microscope
QUANTA FEG 250.

3. Results

In the first stage of the research carried out particular
granulometric analysis to determine particles size
distribution of sediments from urban storm water
system.

Fig. 2. Particular granulometric analysis of sediments
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Figure 2 presented the results of the particular
granulometric analysis and shows the advantage of
the sieve fraction of dust grains with a diameter of less
than 0.063 mm which represents 80% of the tested
sediment. The fraction of particles with diameters
greater than 2 mm fraction defined as gravel is less
than 4% of the test sediment and largely consists
of organic matter (leaves, insects). Fraction with
a diameter of 2 mm > d > 0.063 mm is a sand fractions
which contribution in the settlement was set at 17%.
Sieve analysis was complemented by an analysis which
identified hydrometric by the smallest fraction of the
size distribution. Results of analysis showed no particles
with a diameter of less than 0.002 mm, which indicates
that the slightest fraction of the analyzed sediment must
be considered in its entirety as dusty fraction.

Granulometric analysis was complemented by
Scanning Electron Microscope observations with
elemental microanalysis.

Fig. 3. Gravel fraction of sediment analyzed by
SEM x 240 and elemental X-ray microanalysis

Fig. 4. Sand fraction of sediment analyzed by
SEM x 240 and elemental X-ray microanalysis
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Fig. 5. Dust fraction of sediment analyzed by
SEM x240/x2000 and elemental X-ray microanalysis

Figures 3-5 presents SEM observations with
elemental analysis for tree major fractions: gravel,
sand and dust. Figure 3 shows a picture of the largest
sediment particles. These data indicate a large
proportion of organic matter. The research showed
it to contain about 90% in this fraction. It consists
mainly of organic residues. Elemental analysis
shows the advantage of carbon. Figure 4 shows the
results for sand fractions where the sand grains are
quite visible and the elemental analysis points to

Aleksandra Satata
Lidia Dabek

the silica contents. Figure 5 shows the results for
the smallest fraction which consists primarily of
mineral matter and dust.

4. Conclusions

Analyzed sediment came from urban storm
water drainage. Granulometric analysis showed the
presence of ten specific factions, including the tree
main: gravel, sand and dust. Research of mineral and
organic sediment as a whole showed a relatively large
proportion of mineral matter which is also confirmed
by carrying out elemental analysis.

The research show the great diversity of the
sediment and analyzed the correlation between grain
size and content of mineral and organic substances.
Prevalence of dust fraction is also connected with the
nature of the catchment and its location.

References

[1] Operat wodno-prawny na odprowadzanie wod opado-
wych lub roztopowych po oczyszczalni zlokalizowanej
przy ulicy Aleje IX Wiekow Kielc na kolektorze Si 9.

[2] Wolska L.: Wynik analizy a jakos¢ informacji srodo-
wiskowej. Opracowanie monograficzne z uwzglednie-
niem prac wlasnych, Zeszyty naukowe Politechniki
Gdanskiej, Nr 608, Chemia LVII, Gdansk 2008.

[3] Myslinska E.: Laboratoryjne badania gruntow,
Wydawnictwo Naukowe PWN, Warszawa 1998.

Analiza elementarna osadow pochodzacych
z miejskiej kanalizacji deszczowej w zaleznosci
od frakcji granulometrycznych

1. Wprowadzenie

Jednym z najwazniejszych elementow wiasciwego
funkcjonowania miasta jest sprawny system kanali-
zacji deszczowej, ktory odpowiedzialny jest za od-
bior oraz oczyszczanie $ciekéw opadowych. Scieki
deszczowe sktadajg si¢ zarowno z wody opadowej
jak i osadow deszczowych.

Rysunek 1 wskazuje na lokalizacj¢ zlewni wybra-
nej do badan. Obszar zlewni o powierzchni 85 ha
ulokowany jest w centrum miasta gdzie przebiegaja
glowne trakcje komunikacyjne [1].

2. Metodyka badawcza

Osady zostaty pobrane z dolnej cze$ci komory
osadczej za pomoca specjalnego probnika. Osadnik
znajduje si¢ w podziemnej czesci zlewni wraz z se-
paratorem substancji oleistych. Materiat badawczy
zostat pobrany z catego przekroju komory o srednicy
3 m tak, aby w sposob reprezentatywny pokazaé roz-
norodnos$¢ i charakter osadow deszczowych. Oznacza
to, ze probki osadow o masie 1 kg wzigto z trzech
réznych punktow na dnie komory a wyniki badan
usredniono arytmetycznie [2].
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a. Analiza granulometryczna.
Analize granulometryczng osadu wykonano me-
toda kombinacji analizy sitowej i areometryczne;j
wg metodyki zawartej w pracy E. Myslinskiej [3].
Analiza areometryczna zostala wykonana za po-
moca zestawu do analizy areometrycznej firmy
Eijkelkamp.

b. Zawartos¢ substancji mineralnych i organicznych.
Zawartos¢ substancji mineralnych i1 organicznych
okreslono poprzez spalenie odwazonej nawaz-
ki osadu, wysuszonego uprzednio do statej masy,
w temperaturze 550°C. Pozostato$¢ po spaleniu
zwazono 1 okreslono jako substancje mineralne,
natomiast ilo§¢ substancji organicznych wyzna-
czono z roznicy mas nawazki oraz okreslonej
uprzednio ilo$ci substancji mineralnych.

c¢. Analiza pierwiastkowa.
Analize sktadu pierwiastkowego wykonano meto-
da mikroanalizy rentgenowskiej za pomocg urza-
dzenia EDAX GENESIS APEX 4.

d. Analiza skaningowej mikroskopii elektronowej.
Analiz¢ SEM wykonano przy uzyciu mikroskopu
QUANTA FEG 250.

3. Wyniki
W pierwszym etapie badan wykonano szczegdtowa

analize¢ granulometryczng osadéw deszczowych, aby

okresli¢ uziarnienie w catym przekroju pobranych prob.
Przedstawione na rysunku 2 wyniki szczegotowej
analizy sitowej wskazuja na przewagg frakcji pytowe;j

o $rednicy ziaren ponizej 0,063 mm, ktora stanowi az

80% badanego osadu. Frakcja o $rednicach ziarn po-

wyzej 2 mm okreslona jako frakcja zwirowa stanowi

niecate 4% badanego osadu i w przewazajacej czesci
sktada si¢ ze szczatkéw organicznych (liScie, owady).

Frakcje o $rednicy 2 mm > d > 0,063 mm stanowi frak-

cja piaskowa, ktorej udziat w osadzie zostat okreslony

na poziomie 17%. Uzupetieniem analizy sitowej byta
analiza areometryczna wedlug ktorej okreslono roz-
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ktad granulometryczny najdrobniejszej frakcji. Wyniki
analizy wykazaty brak ziarn o $rednicy ponizej 0,002
mm, co wskazuje, ze najdrobniejsza frakcje analizo-
wanego osadu nalezy zakwalifikowa¢ w catosci jako
frakcje pytowa.

Rysunki 3-5 przedstawiaja obserwacje osadoéw za
pomoca SEM z analizg elementarnej dla trzech gtow-
nych frakcji: zwirowej, piaskowej 1 pylowej. Rysu-
nek 3 przedstawia obraz z najwigkszej frakcji cza-
stek osadu. Dane te wskazuja na duza cz¢$¢ materii
organicznej. Badania wykazaty, ze zawiera si¢ ona
na poziomie okoto 90% w tej frakcji i sktada gtéwnie
z resztek organicznych. Analiza elementarna przed-
stawia przewage zawarto$ci wegla. Rysunek 4 poka-
zuje wyniki dla frakcji piaskowej, gdzie ziarna pia-
sku sa bardzo dobrze widoczne i analiza pierwiast-
kowa potwierdza zawartos¢ krzemionki. Rysunek 5
przedstawia wyniki dla najmniejszej frakcji, ktora
sktada si¢ gtownie z substancji mineralnych i pytu
weglowego.

4. Wnioski

Analizowany osad pochodzit z miejskiej zlewni wod
opadowych. Analiza granulometryczna wykazata wy-
stepowanie jedenastu szczegotowych frakcji wiaczajac
trzy glowne: zwirowa, piaskowa oraz pytowa.

Badania zawartos$ci substancji mineralnych i orga-
nicznych wykazaty znaczna przewage materii mine-
ralnej, co rowniez zostato potwierdzone za pomoca
analizy pierwiastkowe;j.

Szereg przeprowadzonych analiz pokazuje ogrom-
ng réznorodnos¢ osadow deszczowych zarowno pod
katem wlasciwosci fizycznych jak i chemicznych.
Wykazano rowniez korelacje migdzy wielkoscig
uziarnienia a zawarto$cig substancji mineralnych
oraz organicznych. Przewaga frakcji pytowej powia-
zana jest takze z charakterem obstugiwanej zlewni
a takze z jej lokalizacja.
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Abstract

The short characteristic of municipal waste management system in the Swietokrzyskie voivodeship was conducted, basing
on the data from the Central Statistic Office and local waste management plans. As a result of the analysis performed on the
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1. Introduction

A lot of changes have been lately introduced into
the national regulations governing the wide area of
waste management. Updating and amendments were
proposed for such important documents as waste
disposal act of 27 April 2001 (Dz.U. No. 62, item 628)
and act of 13 September 1996 on maintaining tidiness
and order within boroughs (DzU.No. 132, item 622).
The main objectives of the changes include:

a) Sealing the waste disposal system;

b) Collecting source-separated waste, including
prohibited storage of selectively stored flammable
waste (from 1 January 2010);

¢) Reducing the amount of municipal waste, including
biodegradable waste deposited in landfills;
introducing the ban on storing selectively collected
biodegradable waste (from 1 January 2013);

d) Increasing the number of modern recovery and
recycling installations and those for municipal
waste disposal, other than storage;

e) Eliminating illegal dumps and reducing the
pollution level of woods, recreation sites, etc.;

f) Introducing proper monitoring systems for
municipal waste disposal both for real property
owners and entrepreneurs dealing with collection

and transport of municipal waste, including
disciplinary procedures intended for making
entrepreneurs meet their duty of submitting
summary reports;

g) Reducing the number of environmental hazards
resulting from moving municipal waste from the
collection sites to treatment sites, through the
division of provinces into waste management
regions responsible for all activities related to
waste management.

Consecutive chapters of this paper present the role
and significance of waste management plants (WMP)
with process lines for substitute fuels production in
the Swictokrzyskie region. The operation of WMP
involves, among others, close cooperation with
cement plants located in the region.

2. Characteristics of municipal waste management system
condition in the territory of the éwiqtokrzyskie region
(2005-2008)

The Swigtokrzyskie region comprises 102 boroughs
and 14 counties [1]. The provisions of the First Waste
Management Plan divide the region into 4 waste
management areas:

a) Central area including counties: kielecki/urban and
kielecki/rural,
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b) South-western area including counties: jedrzejowski,
kazimierski, pinczowski, wloszczowski,

c) Northern area including counties:
ostrowiecki, skarzyski, starachowicki,

d) South-eastern area including counties:
opatowski, sandomierski and staszowski [2].

konecki,

buski,

Fig.1. Swigtokrzyskie Region as divided into
waste management areas

Information provided by the Central Statistical
office GUS confirms that in 2008, 196 thousand
tonnes of waste (excluding selected waste) was
collected and treated (mainly through storage at waste
landfills), including: about 50.000 t of commercial,
small business and office waste; 9.000 t of municipal
service waste, and 138.000 t of household waste [3].
For comparison, in 2006 the amount of collected and
mixed municipal waste was over 190.000 t. More
than 83% of all Swictokrzyskie region residents
were covered by the system of non-sorted municipal
waste collection, which is more than 1 million of
inhabitants. 38 boroughs in the province (2007) were
engaged in selective waste collection, especially
paper and cardboard packaging, metal, glass and
plastics. Despite the present trend spread over Europe
and some regions of Poland to limit biodegradable
waste deposited in landfills, Swietokrzyskie province
failed to develop a proper sorting system for the waste
material including large-sized, building, electronic or
hazardous waste. On 31/12/2008, the province had 18
open and monitored landfills with a total area of 55.8
ha, including 2 in urban and 16 in rural areas. Seven
landfills have degassing installations. Tables 1, 2 and
3 present information on generation and composition
of municipal waste coming from households and
commercial facilities in the Swigtokrzyskie province
(data for 2005) [4].
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Table 1. Municipal waste generated in urban and rural areas
in 2005.

Quantities
[kg/M/year] 2005
Waste by type
Rural Urban
areas areas
1. | Municipal household waste 108 151
2. | Municipal commercial facilities waste 24 62
3. | Gardens and parks waste 3 12
4. | Open air markets waste 3 3
5. | Street and square litter and waste 2 7
6. | Large-sized waste 10 15
Total: 150 250

Table 2. Municipal household waste composition. Urban
and rural areas of the Swigtokrzyskie province in 2005.

Waste ratio Quantity
[%] [kg /M lyea]r
Waste fractions
Rural | Urban | Rural Urban
areas | areas | areas areas
1 Kitchen biodegradable 18 3 1944 4983
waste
2. | Green waste 4 2 4.32 3.02
3 !:’aper.andcardbgard, 12 20 12.96 302
including packaging
" Multl-mater|al wa;te, 9 3 216 453
including packaging
5 Plastlcg,lncludlng 12 14 12.96 2114
packaging
6. Glass,l.ncludlng 8 8 8.64 12.08
packaging
7 Metal,lpcludmg 5 5 54 755
packaging
8. | Clothing, textiles 1 1 1.08 1.51
9. Wood,l'ncludlng 9 2 216 302
packaging
10. | Hazardous waste 1 1 1.08 1.51
g, | Mineral waste, 35 | 1 | 378 | 1661
including ashes
Total: | 100% | 100% 108 151
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Table 3. Composition of municipal waste generated in  Table 4. Amount of municipal waste collected in the
commercial facilities (urban and rural) in the Swictokrzyskie  counties of the Swigtokrzyskie province in 2006 and 2008.
province in 2005.

Municipal waste in

) ) tonnes collected within EsE
Waste ratio Quantity one year q e
_ [%] (kg / M lyear] Specification Year deposite
Waste fractions Including | M I_anod/fllls
in %
Rural | Urban | Rural | Urban Total | household
areas | areas | areas | areas waste
Kichen Swisiozyeki 2006 (1937349 | 1479744 | 996
1 | biodegradable 10 10 2.40 6.20 2008 (1968472 | 137618.9 99.8
waste
Counties:
2 | Green waste 2 2 0.48 1.24 2006 95128 63229 1000
buski
Pazzr ang 2008 | 99401 7619.9 100.0
cardboard,
3 | including 2 2 6.48 | 16.74 2006 | 10301.8 | 94985 | 1000
; jedrzejowski
packaging 2008 | 82190 | 72831 | 1000
Multi-material 2006 | 21268 | 16889 89.2
4 Waste, |nC|Ud|ng 18 18 4.32 11.16 kazimierski
packaging 2008 25156 2039.5 94.3
ics, i i 2 15 407.1 11 614. .
5 P;e:;sl,(t;cs;,nmcludlng 18 18 432 116 R 006 540 614.5 99.3
packaging 2008 | 147895 | 11069.6 | 100.0
g | EEES Eleg 10 10 240 | 620 2006 | 94224 | 67066 99.0
packaging konecki
. ) 2008 95215 6 256.5 100.0
7 Metal, including 5 5 120 310
packaging ' ' 2006 52414 3764.3 99.7
opatowski
8 | Clothing, textiles 3 3 0.72 1.86 2008 | 4600.2 3660.2 99.4
) . 2006 18733.8 13611.9 100.0
9 Wood, |Inc|ud|ng 1 1 0.34 0.87 ostrowiecki
packaging 2008 19410.2 9762.0 100.0
10 | Hazardous waste 1 1 0.14 0.37 . . 2006 4570.3 3634.1 100.0
pinczowski
Mineral waste 2008 3885.5 2 559.1 100.0
1 . . ’ 5 5 1.20 3.10
including ashes 2006 | 17811.0 11 001.7 99.7
sandomierski
Total: 100% | 100% | 24.00 | 62.00 2008 | 154134 99323 99.5

2006 | 117813 10157.4 99.8

Table 4 presents data on mixed municipal waste | Skarzyski

. L . . . 2008 97151 72813 99.9
collected in the Swigtokrzyskie province by counties

[5]. Data for 2006 and 2008. starachowicki |00 | 121025 | 135718 | 1000
From the analysis of Table 4 it is evident, that within 2008 | 20646.9 | 167215 100.0
two years between 2006 and 2008 the percentage of 2006 | 83455 64515 99.8

mixed waste collected in the Swictokrzyskie province | staszowski
and then deposited in landfills did not decrease. On
the contrary, the amount of stored waste increased in . 2006 | 32941 21924 100.0
kazimierski, konecki and kielecki counties. In terms of whoszczowski 2008 30373 19381 100.0

technological advancement this result may prove that

2008 92326 6959.4 99.7

the number of waste sorting plants, their efficiency and City with county rights:
output are still insufficient. Taking this adverse trend Kl 2006 | 62084.0 | 477579 99.7
into account, advantages of solutions proposed in the elee 2008 | 659203 | 445364 99.9

chapters that follow are all the more worth considering.
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3. Substitute fuels from waste material for cement plants

A number of publications indicate that considerable
part of municipal waste can be used as fuel [6], [7],
[8]. Fuel, according to the encyclopedic definition,
is a substance which releases heat when oxidized
(burned). The energy produced this way can be used
for industrial, transport, technological or everyday
life purposes. Directive 2008/98/EC on waste sets
forth clear boundaries between waste and byproducts
— a significant distinction in terms of waste-derived
fuel production, a trend now developing in Europe.
Article 5.1 of the Directive provides that a substance
or object, resulting from a production process, the
primary aim of which is not the production of that
item, may be regarded as not being waste referred to
in point (1) of Article 3 but as being a by-product only
if the following conditions are met:

a) further use of the substance or object is certain;

b) the substance or object can be used directly without
any further processing other than normal industrial
practice;

c) the substance or object is produced as an integral
part of a production process; and

d) further use is lawful, i.e. the substance or object
fulfils all relevant product, environmental and
health protection requirements for the specific use
and will not lead to overall adverse environmental
or human health impacts.

Before the implementation of Directive 2008/98/EC
provisions, due to lack of clear definitions of waste and
by-product, many UE member states employed varied
waste processing methods and gave new names to such
products [9]. In Poland, for example, cement plants
are recipients, as co-combusting plants in compliance
with integrated permits issued by Heads of Provinces,
of combustible substance called alternative fuel (code
19 12 10 — pursuant to the Regulation of Minister of
Environment, dated 27 September 2001 on waste
directory, Dz.U. 2001 No. 112, item 1206) Alternative
fuels are generated in special recovery installations.
Inputs can include municipal waste streams and
residuals, and also packaging materials that cannot
be recycled. According to waste categories inputs fall
into 5 groups:

Group 1: wood, paper, cardboard and cardboard boxes,
Group 2: textiles and fibres,
Group 3: plastics and rubber,

Group 4: other materials (e.g. printing paints, spent
solvents),
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Group 5: fractions of high calorific value from
collected non-hazardous mixed waste [10].

The cement industry has been successfully co-
burning alternative fuels in cement kilns for many years
now. Main characteristic features of alternative fuels,
which make them suitable for burning in cement kilns
include: physical condition, calorific value, elemental
composition (mainly the content of Na, K, Cl and F),
toxicity, amount and composition of ashes, moisture
content, homogeneity, qualification for being processed
and transported, particle size and density. According to
data published by EURITS (the European Association
of Waste Thermal Treatment for Specialized Waste),
alternative fuels used as substitute fuels in cement
plants should meet the following requirements [11]:

Table 5. EURITS criteria for co-incineration of waste in
cement kilns

Parameter Unit Value

Calorific value MJ/kg 15.00

Cl % 0.50

S % 0.40

Br % 0.01

N % 0.70

F % 0.10

Be Mal/kg 1.00

Hg Mglkg 2.00

As, Se (Te), Cd, Sb Mglkg 10.00

Mo Mg/kg 20.00

V, Cr, Co, Cu, PB, MN, Sn Mglkg 200.00
Zn Mglkg 500.00

Ash content (excl. Ca,Al,Fe,Si) % 5.00
PCB (sum acc. to DIN 51527) Mglkg 0.20

In the context of implementing the guidelines
of another important EU document, Directive on
waste storage (gradual reduction of biodegradable
municipal wastes destined for landfills), it is worth
emphasizing that nearly all energy-producing waste
such as wood waste, textiles or paper non-recyclables
can be incinerated in cement plants for energy
recovery. It is, however, important to remember that
chemical composition of alternative fuels, a variety of
elements including organic content imposes certain
requirements for their burning. During the process
suitably high temperature has to be maintained for the
determined time. For waste-derived fuels with up to
1% of halogenated organic substances, expressed as
chlorine, the temperature cannot be lower than 850°C,
and it has to be raised to 1100°C for waste-derived
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fuels with a content of more than 1% of halogenated
organic substances, expressed as chlorine. The
restrictions refer both to incineration facilities, i.e.
installations dedicated to waste incineration, and to
co-incineration installations, such as cement kilns.

4.Waste utilization plants with process lines for generating

waste-derived fuels for the cement industry in the

Swietokrzyskie province

120 plants for waste recovery and disposal operate in
the province (acc. to Annex 1 to “Waste Management
Plan for the Swietokrzyskie Province for the years
2007-2011”). These are waste landfills (18), medical
waste incinerators (5), waste sorting plants (8), end-
of-life vehicle dismantling facilities (13) and co-
incineration facilities (9). Table 6 presents detailed
data, including locations, exclusively related to co-
incinerating installations in the process of cement
clinker production.

Table 6. Co-incineration in clinker burning process in the
Swigtokrzyskie province

Address
Lafarge Cement S.A. . .
1 ul. Warszawska 110, Wasti iﬁ;rk];:,n;:?:i?]n plant
28-366 Matogoszcz 9

Dyckerhoff Sp. z 0.0.

Cementownia Nowiny/Nowiny | Waste co-incineration plant

2 Cement Plant — clinker burning
26-052 Sitkdwka Nowiny
Grupa Ozarow S.A. Waste co-incineration plant
3 Karsy 77 — clinker burnin
27-530 Ozarow g

Pursuant to the permission granted by heads of
provinces, each of the three plants mentioned above
use substitute fuel based on combustible waste fractions
such as tires, plastics and foils, cardboard, textiles and
clothes. Lafarge Group cement plant of Matogoszcz
uses specific names for each type of used fuel, e.g. PASr
(solid milled alternative fuels), PASi (solid alternative
fuels contacted with impregnated substrate) [12]. At
present in the Swictokrzyskie province, two major
companies produce waste-derived fuels, including
fuels for cement kilns — Mo-Bruk S.A. (Karsy 78,
25-530 Ozaréw) and WTORPOL (25-110 Skarzysko-
Kamienna). Those two suppliers can meet only part
of the demand for alternative fuel. The local cement
industry has to transport waste-derived fuels from other
domestic sources or import them from abroad (mainly
from Germany). Generally, one of the major problems

cement plants (inc. those in the Swictokrzyskie
province) face is ensuring proper quality and continuity
of supply of waste-derived fuels. Received substitute
fuels are frequently non-homogenous, with a high metal
material content, low calorific value (below EURITS
recommendations), and high moisture content (more
than 20%). Lack of unified waste-derived fuels standards
in Poland affects operation of cement plants. The most
frequent problems include clogged up installations due
to improperly separated waste, metal fractions in waste-
derived fuel streams, exceeded levels of heavy metals
detected in fuel samples, etc. The safety of cement plant
operatives exposed to harmful agents contained in the
substitute fuels is another problem resulting from lack
of full control over the delivered combustible waste.
These are biological agents (incl. medical waste) or
chemical substances (hazardous waste materials which
are not regulatory listed for disposal in cement kilns),
the generators of which often try to get rid of them
outside the law.

Solutions to those problems should be provided by
the expansion of existing sorting lines and construction
of modern waste recovery and disposal plants (WMP).
Therefore, the objectives to adopt include reducing the
quantity of all wastes subject to deposition in landfills,
increasing the percentage of recycled materials,
composting and producing waste derived fuels for
cement plants. Figure 2 presents the WMPs role and
significance in waste management strategies in the
counties of the Swigtokrzyskie province [13].

A drum screen and manual sorting chamber are
main facilities typical of Polish WMPs. Few sorting
plants in Poland are adjusted for composting of
biodegradable waste fractions, processing of building
waste, active landfill reclamation or producing fuels
of certain properties for the cement industry. The
WMP in Hajnéwka is an excellent example of Polish
installation, where preparation of waste for further
processing is done in a full-scale way at different
levels of technology, making it possible to separate the
mixed waste fraction. The installation is made up from
a mobile drum screen, single-shaft shredder, magnetic
and non-magnetic metals separators, air separator,
units for bulky waste transport (belt conveyors) [14].
One of the key factors ensuring correct operation of
WMP is the selection (depending on the stream volume
at the inlet) of proper number of sorting devices and
their arrangement in the technological line, including
a thorough analysis of the input material aimed at
obtaining tractions of the highest purity grade. The
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SORTING AT
WASTE SOURCE PROCESSING
Cash, szlag
Hazardous
waste
Selective
collection
Biodegradable
waste
Selective
collection Mixed municipal
Textiles waste
Selective
collection
Metals
Selective WMP
collection
Glass
Selective
collection
Plastics
Selective
Paper and collection

Hazardous waste isposal

cardboard 98
facility

Selective
collection

INTERMEDIARY PRODUCT CONVERSION
PRODUCT FOR SALE TO ENERGY
Incineration
(Waste incineration
plants)
Compost
Anerobic
digestion
Biodegradable
fraction
Gasification
Recycables Glass, metals,
aluminum etc.
Pyrolysis

Fuels from waste

Incineration

Co-incineration
(eg. Cement Plants)

Fig. 2. Proposed waste management flowchart in the counties of the Swictokrzyskie province

analysis of data presented in chapter 2 and related
to the quantity and morphological composition of
municipal mixed waste collected from households and
commercial facilities in the Swictokrzyskie province,
one can notice that high calorific fraction of waste
including paper and cardboard packaging, plastics,
textiles, and wood waste is irretrievable wasted due
to its deposition in landfills. Figure presents details of
the solution to waste-derived fuel production problem,
based on fraction separation technology proposed
by the Department of Waste Disposal Technologies
and Equipment at Politechnika Slaska/Silesian
Technical University. Their solution can be used in
the Swictokrzyskie province for the production of
substitute fuels intended for local cement plants.

Fig. 3. Proposed extension (grey color) of local sorting lines
and WMPs for the production of waste-derived fuels [15]
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Generating fuels from mixed municipal waste
requires (as shown in the chart above) placing a sieve
in the technological line to enable separation of the so
called thick fraction (min. 80 or 100 mm) composed
of light and combustible materials, mainly paper and
cardboard, plastics and wood. Further mechanical
processing of that fraction (which amounts to ca.
30-40% total municipal waste mass in the province)
enables obtaining fuel of calorific value of ca. 16-18
MJ/kg and moisture content of ca. 20% [16]. In order to
ensure high quality of waste-derived fuel (confirmed
with a certificate of quality delivered to cement plants
with each waste sample), and to maintain continuous
supervision over the chemical composition of the
combustible mixture (safety measures), WMP should
run their own laboratories.

5. Summary

The GUS data show that the Swigtokrzyskie
province is one of the most neglected regions in Poland
in terms of municipal waste management. Over 90%
of all waste collected in the province is deposited in
landfills. Despite recent positive trends relating to raw
material recycling, mainly packaging waste, energy
recovery from municipal waste from households and
commercial facilities is still a marginal matter, which
is difficult to accept considering the fact that the
Swietokrzyskie province is home to three modern co-
incineration installations with cement kilns (Lafarge
— Matogoszcz, Dyckerhoff — Nowiny, Grupa CRH
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— Ozaréw), where selected and pretreated municipal
waste fractions can easily be utilized through thermal
disposal. The very process of pretreatment of waste
for co-combustion in a cement kiln requires expansion
of existing regional incineration and waste disposal
plants (WMPs). The system presented in this paper,
relating to waste acquisition and processing leading
to generation of high calorific fuel for cement plants,
has already been implemented in waste management
strategies of the lubelskie province and podlaskie
province. Finally, the following measures have to
be undertaken by administrative bodies to facilitate
conversion of the so called waste thick fraction

(paper, cardboard, wood and plastics) to substitute

fuels for the use in cement plants:

Provinces:

a) Systematic (annual) raise of waste collection fee
paid to marshal offices,

b) Further development of selective collection of
combustible waste fraction, including paper and
card packaging, plastics and textiles,

¢) Introduction of financial incentives for cement plants
located in particular areas of waste management.

General — Poland:

a) Cancelling the unfavorable for cement plants
provisions included in the Regulation of the Minister
of Environment of 17 September 2009 on detailed
technical conditions of qualifying parts of energy
recovered for thermal conversion of municipal
waste,

b) Raising community awareness in relation to
thermal disposal of selected waste in cement plants,

¢) Undertaking all possible measures to acknowledge
some of combustible waste (i.e. paper, cardboard,
packaging, wood, rubber, textiles) as products -
fuels (in accordance with EU Directive 2008/98).
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Zaktady zagospodarowania odpadow
z liniami technologicznymi do produkcji paliw
zastepczych dla przemystu cementowego
sposobem na rozwiazanie problemu odpadowego
w wojewodztwie Swietokrzyskim

1. Wprowadzenie

W ostatnim czasie jestesmy swiadkami wprowadza-
nia wielu zmian w krajowych przepisach prawnych
dotyczacych kwestii szeroko rozumianej gospodarki
odpadami. Mowa tu m.in. o aktualizacjach 1 projek-
tach nowelizacji takich waznych aktéw prawnych, jak:
Ustawa z dnia 27 kwietnia 2001 r. o odpadach (Dz.U.
Nr 62, poz. 628), Ustawa z dnia 13 wrzes$nia 1996 r.
0 utrzymaniu czystosci i porzadku w gminach (Dz.U.
Nr 132, poz. 622), Gtéwnym celem wprowadzenia
zmian w obowigzujacych przepisach jest:

a) uszczelnienie systemu gospodarowania odpadami
komunalnymi,

b) prowadzenie selektywnego zbierania odpadéw ko-
munalnych ,,u zrédla”, w tym zakazu sktadowania
odpadoéw palnych selektywnie sktadowanych (od
dnia 1 stycznia 2010 1),

¢) zmniejszenie ilosci odpadow komunalnych, w tym
odpadoéw ulegajacych biodegradacji kierowanych
na skfadowiska, w tym m.in. wprowadzenie zakazu
sktadowania odpadow ulegajacych biodegradacji
selektywnie zbieranych (od dnia 1 stycznia 2013 1.),

d) zwigkszenie liczby nowoczesnych instalacji do
odzysku, w tym recyklingu, oraz unieszkodli-
wiania odpadéw komunalnych w sposob inny niz
sktadowanie,

e) catkowite wyeliminowanie nielegalnych sktado-
wisk, a tym samym zmniejszenie zasmiecenia la-
sow, terenow rekreacyjnych itp.,

f) prowadzenie wlasciwego sposobu monitorowania
postepowania z odpadami komunalnymi zaréwno
przez wiascicieli nieruchomoscei, jak i przedsig-
biorcow odbierajacych i transportujacych odpady
komunalne, w tym wprowadzania §rodkow dyscy-
plinujacych przedsigbiorcow, w celu wywiazywa-
nia si¢ z obowiazku sktadania zbiorczych zesta-
wien danych,
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g) zmniejszenie dodatkowych zagrozen dla srodowi-
ska wynikajacych z transportu odpadéw komunal-
nych z miejsc ich powstania do miejsc odzysku lub
unieszkodliwiania, poprzez podziat wojewodztw
na regiony gospodarki odpadami, w ramach kto-
rych prowadzone beda wszelkie czynnosci zwigza-
ne z gospodarka odpadami.

Ponizej w kolejnych rozdziatach pracy, opierajac
sie na ww. zatozeniach przedstawiono role i znaczenie
zakladéw zagospodarowania odpadow (ZZ0O) z linia-
mi technologicznymi do produkcji paliw zastepczych
w wojewodztwie $wietokrzyskim. Funkcjonowanie
770 oparto m.in. na $cistej wspotpracy z zaktadami
cementowymi w regionie.

2. Charakterystyka stanu systemu gospodarki odpadami
komunalnyminaterenie wojewédztwa swietokrzyskiego
(lata 2005 - 2008)

W sktad wojewodztwa §wictokrzyskiego wchodza:
102 gminy i 14 powiatow [ 1]. Wedtug zapisow pierw-
szego Wojewodzkiego Planu Gospodarki Odpadami
wojewodztwo zostato podzielone na 4 rejony gospo-
darki odpadami:

a) rejon centralny, w sktad ktorego wchodza powiaty:
kielecki/grodzki, kielecki ziemski,

b) rejon poludniowo-zachodni: powiat jedrzejowski,
powiat kazimierski, powiat pinczowski, powiat
wloszczowski,

¢) rejon potocny: powiat konecki, powiat ostrowiec-
ki, powiat skarzyski, powiat starachowicki,

d) rejon potudniowo-wschodni, do ktorego zaliczo-
no nastepujgce powiaty: buski, opatowski, sando-
mierski i staszowski [2].

Z informacji uzyskanych z GUS wynika, ze w 2008 .
w wojewodztwie Swietokrzyskim zebrano i unieszko-
dliwiono (gtéwnie przez sktadowanie na sktadowisku
odpadow) ponad 196 tys. ton odpadéw komunalnych
(bez wyselekcjonowanych), w tym: ok. 50 tys. ton po-
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chodzacych z handlu, matego biznesu i biur; 9 tys. ton
z ustug komunalnych i 138 tys. ton z gospodarstw
domowych [3]. Dla poréwnania, w roku 2006 licz-
ba zebranych zmieszanych odpadéw komunalnych
wynosita ponad 190 tys. ton. Zorganizowanym syste-
mem zbierania i odbioru niesegregowanych odpadow
komunalnych objetych zostalo ponad 83% wszyst-
kich mieszkancéw wojewodztwa swigtokrzyskiego,
co tacznie przewyzsza liczbe 1 mln mieszkancow.
W selektywne zbieranie odpaddéw zaangazowano po-
nad 38 gmin wojewddztwa (stan na 2007 r.), w kto-
rych gléwnie nacisk potozono na zbieranie odpadow:
opakowaniowych z papieru i tektury, metali, szkta
1 tworzyw sztucznych. Pomimo utrzymujacego si¢
w Europie 1 w wybranych rejonach Polski trendu
1 dazenia do ograniczania ilosci odpadow ulegajacych
biodegradacji kierowanych na sktadowiska odpadow,
w wojewodztwie Swigtokrzyskie system segrega-
cji ww. odpadéw nalezy do stabo rozwinietych, po-
dobnie jak odpadéw wielkogabarytowych, budow-
lanych, elektronicznych oraz niebezpiecznych. Na
dzien 31.12.2008 r. na terenie wojewddztwa istniato
18 czynnych i kontrolowanych sktadowisk odpadow,
o tacznej powierzchni 55,8 ha, w tym 2 znajdujace
si¢ na terenach miejskich i 16 na terenach wiejskich.
Na 7 sktadowiskach wystepuje instalacja do odga-
zowania. W tabelach 1, 2 1 3 zawarto informacj¢ nt.
wskaznikow wytwarzania i1 sktadu morfologicznego
odpadéw komunalnych pochodzacych z gospodarstw
domowych oraz obiektow ustugowych w wojewddz-
twie §wigtokrzyskim (dane za 2005 r.) [4].

W tabeli 4 zawarto informacj¢ dotyczaca ilosci
zebranych zmieszanych odpadéw komunalnych
z wojewodztwa swietokrzyskiego, w podziale na po-
szczegblne powiaty [5]. Dane zawarte w tabeli doty-
czg lat 2006 1 2008.

Analizujac dane z tabeli 4, mozna dostrzec, ze na
przestrzeni dwoéch lat pomigdzy 2006-2008 procent
odpaddéw zmieszanych, zebranych w wojewodztwie
sSwietokrzyskim i nastgpnie deponowanych na skta-
dowiskach nie ulegt obnizeniu, wrecz przeciwne
w powiatach takich jak: kazimierski, konecki i kie-
lecki ilo$¢ sktadowanych odpadéw wzrosta. Pod
wzgledem przygotowania technologicznego wynik
ten moze zatem dowodzi¢, ze ilos¢ sortowni w oma-
wianym wojewodztwie, ich efektywnos¢ 1 przepu-
stowos¢ jest wcigz dalece niewystarczajaca. Biorac
pod uwage ten niekorzystny i wcigz utrzymujacy si¢
W omawianym regionie trend, nalezy z wigksza uwa-
ga dostrzec zalety rozwigzania, ktore zostalo zapro-
ponowane w kolejnych rozdziatach niniejszej pracy.

3. Paliwa zastepcze z odpadow dla zaktadow cementowych

W szeregu publikacji wykazano bezsprzecznie, ze
znaczna cze$¢ odpadow komunalnych, moze zostaé
wykorzystana jako paliwo [6, 7, 8]. Paliwo, to zgod-
nie z encyklopedyczna definicja, substancja wydzie-
lajaca przy intensywnym utlenianiu (spalaniu) duze
ilosci ciepta. Energia uzyskana ze spalania paliwa
moze zosta¢ wykorzystana do celow przemystowych,
transportowych, technologicznych, czy codziennych
potrzeb zyciowych. Obecnie w Unii Europejskiej
za sprawa wprowadzenia Dyrektywy 2008/98/WE
w sprawie odpadow jasno wskazano granice pomig-
dzy odpadem, a produktem ubocznym — podziat waz-
ny ze wzgledu na rozwijajacy sie¢ w Europie trend
tworzenia paliw z odpadow. Zgodnie z zapisem art.
5 ust. 1 Dyrektywy Parlamentu Europejskiego i Rady
substancja lub przedmiot, powstajace w wyniku pro-
cesu produkcyjnego, ktorego podstawowym celem
nie jest ich produkowanie, moga by¢ uznane za pro-
dukt uboczny, a nie za odpady, o ktorych mowa w art.
3 pkt 1 niniejszej dyrektywy, wytacznie jezeli spel-
nione s3 nastepujace warunki:

a) dalsze wykorzystywanie danej substancji lub tego
przedmiotu jest pewne,

b) dana substancja lub przedmiot moga by¢ wyko-
rzystywane bezposrednio bez jakiegokolwiek dal-
szego przetwarzania innego niz normalna praktyka
przemystowa,

c) dana substancja lub przedmiot sa produkowane
jako integralna cze$¢ procesu produkcyjnego, oraz

d) dalsze wykorzystywanie jest zgodne z prawem,
tzn. dana substancja lub przedmiot spetniaja wszel-
kie istotne wymagania dla okreslonego zastoso-
wania w zakresie produktu, ochrony srodowiska
i zdrowia ludzkiego, i nie doprowadzi do ogdlnych
niekorzystnych oddziatywan na srodowisko lub
zdrowie ludzkie.

Przed wprowadzeniem Dyrektywy 2008/98/WE ze
wzgledu na brak powyzszego zapisu i rozrdznienia
pomiedzy definicja odpadu i produktu ubocznego,
w wielu krajach cztonkowskich UE dochodzito do
zrdznicowanych metod przetwarzania odpadow, nada-
wania nazw powstalym w ten sposob produktom [9].
Przyktadem takiego kraju moze by¢ Polska. Do zakta-
dow cementowych, jako do instalacji wspotspalajacych
odpady za zgoda wojewodow zawartej w wydanych
pozwoleniach zintegrowanych przywozona jest sub-
stancja palna o nazwie paliwo alternatywne (kod 19 12
10 — zgodnie z Rozporzadzenie Ministra Srodowiska
z dnia 27 wrzesnia 2001 r. w sprawie katalogu odpa-
déw, Dz.U. 2001 nr 112 poz. 1206). Paliwa alterna-
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tywne sg wytwarzane w specjalnych instalacjach do
przetwarzania odpadow. Materiatami wsadowymi
moga by¢ strumienie odpadéw komunalnych i pozo-
statosci poprodukcyjne, ale takze nienadajace si¢ do
recyklingu odpady opakowaniowe. Zgodnie z kate-
goriami odpadoéw materiaty wsadowe ogolnie mozna
podzieli¢ na 5 grup:

Grupa 1: drewno, papier, tektura i tekturowe pudetka,

Grupa 2: tkaniny i wtokna,

Grupa 3: tworzywa sztuczne i guma,

Grupa 4: inne materialy (np. farby drukarskie, zuzyte
sorbenty),

Grupa 5: frakcje o wysokiej wartosci opatowej z ze-
branych nie niebezpiecznych odpadéw mie-
szanych [10].

Przemyst cementowy z powodzeniem od wielu lat
stosuje proces wspotspalania paliw alternatywnych
w procesie wypatu klinkieru. Gtéwnymi cechami pa-
liw alternatywnych warunkujacymi ich stosowanie
w piecach do wypatu klinkieru sa: stan fizyczny, war-
to$¢ opatowa, sklad chemiczny (gtownie zawarto$¢
Na, K, Cl i F), toksycznos¢, ilos¢ i sktad chemicz-
ny popiotow, wilgotnos¢, jednorodnos¢, zdolnosé
do obrobki i transportu oraz uziarnienie i gestosc.
Wedlug danych opublikowanych przez EURITS
(Europejskie Stowarzyszenie Zakladow Termicznego
Przeksztalcania Odpadow) paliwa alternatywne stoso-
wane, jako paliwa zastepcze w cementowniach powin-
ny spehiac nastepujace wymagania [11] (tab. 5).

W kontekscie wprowadzania w zycie wytycznych
zawartych w kolejnym waznym dokumencie Unii
Europejskiej poruszajacym sfere gospodarowa-
nia odpadami, a mianowicie dyrektywie dotyczacej
sktadowania odpadéw (dazenie do etapowego ogra-
niczania masy odpadéw komunalnych ulegajacych
biodegradacji kierowanych do skladowania) war-
tym podkreslenia wydaje si¢ fakt, ze w zasadzie
wszystkie odpady zawierajace w sobie energie takie,
jak m.in. odpady drzewne z gospodarki lesnej, tek-
stylia, papier nienadajacy si¢ do recyklingu moga
by¢ z powodzeniem spalane z w cementowniach
z odzyskiem energii. Nalezy przy tym pamigtac, ze
sktad chemiczny paliw alternatywnych, ktory jak po-
kazuja doswiadczenia moze obejmowac jednak wiele
réznych sktadnikow, w tym réwniez organicznych,
narzuca okreslone wymagania co do warunkéw ich
spalania. Konieczne jest zapewnienie odpowiednio
wysokiej temperatury spalania i czasu utrzymywania
tej temperatury w komorze spalania. Temperatura ta
nie moze by¢ nizsza od 850°C dla paliw odpadowych
zawierajacych do 1% zwigzkow chlorowcoorga-
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nicznych przeliczonych na chlor oraz nie nizsza niz
1100°C dla paliw odpadowych zawierajacych powy-
zej 1% zwiazkdéw chlorowcoorganicznych przeliczo-
nych na chlor. Ograniczenia te dotycza zar6wno spa-
larni odpaddw, tj. instalacji zbudowanych specjalnie
w celu spalania odpadow, jak tez instalacji wspotspa-
lania, takich jak m.in. piece do wypatu klinkieru.

4.Zaktady zagospodarowania odpadéw z liniami
technologicznymi do produkcji paliw z odpadow
dla przemystu cementowego w wojewodztwie

Swietokrzyskim

Na terenie wojewodztwa Swietokrzyskiego (wg da-
nych zawartych w zal. Nr 1 do ,,Planu Gospodarki
Odpadami dla Wojewodztwa Swictokrzyskiego na
lata 2007-20117) istnieje 120 instalacji stuzacych
do odzysku i unieszkodliwiania odpadow. W sktad
powyzszych instalacji wchodza m.in. sktadowiska
odpadow (18), spalarnie odpadéw medycznych (5),
sortownie odpadow (8), stacje demontazu pojazdow
wycofanych z eksploatacji (13) oraz wspoélspalarnie
odpadow (9). Szczegotowe dane, w tym lokalizacyj-
ne dotyczace wylacznie instalacji do wspotspalania
odpadow w procesie wypatu klinkieru przedstawiono
w tabeli 6.

W kazdym z powyzszych zakladow cementowych,
jako paliwo zastepcze w procesie wypatu klinkieru,
za zgoda wojewodoéw stosowane jest obecnie pali-
wo na bazie frakcji palnych odpadéw m.in. opony,
pociete plastiki i folie, kartony, tekstylia i odziez.
W cementowni z Grupy Lafarge, zlokalizowanej
w Malogoszczu ww. paliwom wg wilasnych potrzeb
nadano nawet specyficzne nazwy m.in. PASr (pali-
wa alternatywne state rozdrobnione), PASi (paliwa
alternatywne state impregnowane) [12]. Obecnie na
terenie woj. swietokrzyskiego istnieja dwie liczace si¢
firmy posiadajace stosowne decyzje srodowiskowe
i produkujace paliwa z odpadéw, w tym m.in. dla prze-
mystu cementowego, sa to: Mo-Bruk S.A. (Karsy 78,
25-530 Ozaréw) oraz WTORPOL (25-110 Skarzysko-
Kamienna). Dostawy z ww. zaktadow zaspakajaja
wylacznie czg$¢ zapotrzebowania na paliwa alterna-
tywne w cementowniach z regionu $wigtokrzyskie-
g0, pozostate ilosci paliw z odpadow sa sprowadzane
z innych lokalizacji w Polsce, w tym importowane
z zagranicy (gltownie z Niemiec). Ogolnie mozna
$miato stwierdzi¢, iz jednym z wigkszych problemow,
z ktoérym obecnie borykaja si¢ cementownie (w tym
réowniez te zlokalizowane w woj. $wigtokrzyskim),
jest problem zapewnienia odpowiedniej jakosci i cig-
glosci dostaw paliw z odpaddéw. Przywozone do ce-
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mentowni paliwa zastepcze charakteryzujg si¢ czgsto
niejednorodnym sktadem, w tym znaczng zawartoscig
czesci metalowych, niskg wartoscig opatowa (ponize;j
wartosci zalecanych przez EURITS) oraz znaczng
wilgotnoscia (czegsto powyzej 20%). Brak jednolite-
go systemu standaryzacji paliw z odpadéw w Polsce
przyczynia si¢ do wielu probleméw technicznych,
jak 1 tych natury jakosciowej, z ktorymi codziennie
muszg si¢ wzmaga¢ stuzby utrzymania ruchu i pro-
dukcji w zakladach cementowych. Mowa tu m.in.
0 czestym zatykaniu instalacji przez nieodseparowa-
ne prawidlowo przez elektromagnesy, czy kraty cze-
Sci metalowe zawarte w strumieniu paliw z odpadow,
w tym przypadki wykrytych przekroczen metali ci¢z-
kich wystepujace w probkach paliw. Osobnym za-
gadnieniem, wynikajacym z braku ,,pelnej” kontroli
nad przywozonym do cementowni odpadem palnym
pozostaja rowniez sprawy bezpieczenstwa zwigza-
nego narazeniem pracownikow zakladu na czynni-
ki szkodliwe, ktére mogg by¢ zawarte w strumieniu
przywozonych paliw zastepczych, mowa tu m.in.
o czynnikach biologicznych (np. odpady medyczne),
substancjach chemicznych (odpady niebezpieczne
nie objete zgodg wojewody na ich termiczne uniesz-
kodliwienie w piecu do wypaty klinkieru), ktérych
posiadacz odpadu czesto zamierza si¢ pozby¢ w spo-
sob niezgodny z prawem.

Rozwigzaniem powyzszych probleméw wystepuja-
cych w cementowniach, w tym aktualnie istniejacego
problemu ,,odpadowego” wojewoddztwa $wictokrzy-
skiego nalezy upatrywac w rozbudowie istniejacych li-
nii sortowniczych i budowie nowoczesnych zaktadow
zagospodarowania odpadéw (ZZO). Celem podjecia
ww. dziatan jest ograniczenie do minimum ilosci odpa-
dow deponowanych na sktadowiskach poprzez zwiek-
szenie odzysku surowcow wtornych, produkcje kom-
postu, w tym gldwnie rozpoczecie produkeji paliwa
z odpadoéw dla cementowni. Na rysunku 2, przedsta-
wiono role i znaczenie, jakg powinny odgrywaé ZZO
w systemie gospodarki odpadami poszczegdlnych po-
wiatow wojewodztwa swietokrzyskiego [13].

Gtownymi urzadzeniami wchodzacymi w sktad ty-
powego dla polskich warunkow ZZO jest przesiewacz
bebnowy oraz kabina sortowania recznego. Tylko nie-
ktore sortownie lub ZZO istniejagce w Polsce, poza
prowadzeniem procesow odzysku surowcow wtor-
nych sg przystosowane do prowadzenia procesow
,m.in. kompostowania frakcji odpadéw ulegajacych
biodegradacji, przerobu odpadow budowlanych, re-
kultywacji czynnej sktadowisk, w tym produkcji pa-
liw o okreslonych wiasciwosciach dla cementowni.

Godnym powielenia przyktadem polskiej instalacji,
w ktorej przygotowanie odpadow do dalszego wyko-
rzystania realizowane jest w sposob kompleksowy na
roznych stopniach technologicznych, umozliwiaja-
cych rozdziat zmieszanej frakcji odpadow jest ZZO
w miejscowosci Hajnéwka. Gléwnymi urzadzeniami
wchodzacymi w sktad omawianej instalacji s3: mo-
bilny przesiewacz bgbnowy, jednowatowe urzadze-
nie rozdrabniajace, separatory metali magnetycznych
1 niemagnetycznych, separator powietrzny, zespoly do
transportu materialu odpadowego luzem, w postaci
przeno$nikow tasmowych [14]. Jednym z kluczowych
elementow gwarantujacym prawidtowe funkcjonowa-
nie ZZO jest dobor (w zaleznosci od wielkosci stru-
mienia na wejsciu) odpowiedniej ilo$ci urzadzen sor-
tujacych, utozenie tychze urzadzen w odpowiedniej
kolejnosci w ciggu technologicznym, w tym dogtebna
analiza wsadu w celu uzyskania (na koncu procesu
przetwarzania) frakcji o najwyzszym stopniu czystosci.
Analizujac dane wymienione wrozdziale 2, dotyczacym
ilosci 1 sktadu morfologicznego zmieszanych odpadow
komunalnych zebranych z gospodarstw domowych
1 obiektow ustugowych w wojewddztwie swigtokrzy-
skim, mozna zauwazy¢, ze wysokokaloryczna frakcja
odpadow, w sktad, ktorej wechodza m.in. papier i tek-
tura, w tym opakowania, tworzywa sztuczne, tekstylia,
drewno jest obecnie gtéwnie bezpowrotnie ,,marnowa-
na”, na skutek jej deponowania na sktadowisku odpa-
déw. Na rysunku 3 , opierajac si¢ o sprawdzong techno-
logie rozdziatu frakcji odpadoéw zaproponowang przez
Katedre Technologii i Urzadzen Zagospodarowania
Odpadow Politechniki Slaskiej, przedstawiono szcze-
g6ty rozwigzania pozwalajacego na tworzenie paliw
z odpadéw. Rozwigzanie to moze rowniez z powo-
dzeniem zosta¢ powielone na terenie wojewodztwa
swietokrzyskiego, w perspektywie tworzenia paliw za-
stepczych dla zlokalizowanego w regionie przemystu
cementowego.

Wytwarzanie paliwa ze zmieszanych odpadéw ko-
munalnych wymaga umiejscowienia w ciagu tech-
nologicznym sita pozwalajacego na wydzielenie tzw.
frakeji grubej odpadow (min. 80 [ub 100 mm) ztozonej
z materiatow lekkich i palnych, gléwnie papieru, kar-
tonu, tworzyw sztucznych, drewna. W wyniku dalszej
mechanicznej obrobki tejze frakceji (stanowigcej w wa-
runkach woj. $wietokrzyskiego ok. 30-40% catkowitej
masy odpadéw komunalnych) mozna uzyska¢ paliwo
o kalorycznosci ok. 16-18 MJ/kg i wilgotnosci ok. 20%
[16]. W celu zagwarantowania wysokiej jakosci paliwa
z odpadow (potwierdzonej tzw. certyfikatem jakosSci do-
starczanym do cementowni z kazda probka odpadow),
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W tym zapewnienia ciaglej kontroli sktadu chemicznego
ww. mieszanki palnej (zachowanie warunkow bezpie-
czenstwa) ZZO powinny dodatkowo dysponowa¢ wia-
snymi laboratoriami.

5. Podsumowanie

Z danych GUS wynika, ze wojewodztwo $wigto-
krzyskie nalezy aktualnie do jednych z najbardziej
zaniedbanych regionéw w Polsce jezeli chodzi o spra-
wy gospodarki odpadami komunalnymi. Ponad 90%
wszystkich odpadow komunalnych zebranych w wo-
jewodztwie trafia obecnie na sktadowiska odpadow.
Pomimo utrzymujacych si¢ od pewnego czasu w regio-
nie optymistycznych trendéow dotyczacych recyklingu
surowcowego, glownie odpadow opakowaniowych, to
odzysk energii zawartej w odpadach komunalnych ze-
branych z gospodarstw domowych i obiektow ustugo-
wych pozostaje wcigz sprawa marginalng i wrecz zapo-
mniang. Z sytuacja ta trudno si¢ pogodzi¢, jezeli ma si¢
na uwadze fakt, iz wojewodztwo $swietokrzyskie jest
jedynym w Polsce regionem, w ktérym wystepuja az
trzy nowoczesne instalacje do wspotspalania odpadow
w procesie wypatu klinkieru (Lafarge — Matogoszcz,
Dyckerhoff — Nowiny, Grupa CRH — Ozarow), w kto-
rych z powodzeniem, przy zachowaniu odpowiednie-
go rezimu technologicznego wybrane i wstepnie prze-
tworzone frakcje odpadow komunalnych moga zostaé¢
poddane procesom termicznego unieszkodliwienia.
Sam proces przetwarzania i tym samym przygotowa-
nia odpadéw do wspotspalenia w piecu do wypatu klin-
kieru wymaga jednak rozbudowy obecnie istniejacych
w wojewodztwie rejonowych sortowni i zakladow
zagospodarowania odpadow (ZZO). Przedstawiony
W pracy system pozyskiwania i nastgpnie w ramach
rejonowych ZZO przetwarzania odpadow, m.in. w wy-
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sokokaloryczng frakcje palng dla cementowni zostat
juz z powodzeniem zaimplementowany w programach
gospodarki odpadami takich wojewodztw, jak lubel-
skie, podlaskie. Podsumowujac nalezy dodaé, ze aby
optacalne i konkurencyjne dla sktadowania okazato
si¢ przetwarzanie tzw. frakcji grubej odpadéw (m.in.
papier, tektura, drewno, tworzywa sztuczne) na paliwa
zastepcze stosowane w cementowniach, na poszcze-
gblnych szczeblach administracyjnych kraju koniecz-
ne wydaje si¢ by¢ dazenie do:

wojewodztwa:

a) systematycznego (z kazdym rokiem) podnoszenia
oplaty marszatkowskiej za gromadzenie odpadow,

b) dalszego rozwijania systemow selektywnej zbior-
ki frakeji palnych odpadéw, m.in. papier i tektura,
w tym opakowania, tworzywa sztuczne, tekstylia,

¢) wprowadzenia motywacji finansowej dla zaktadow
cementowych zlokalizowanych w poszczegdlnych
regionach gospodarki odpadami;

ogolnie — obszar Polski.:

a) zniesienie niekorzystnych dla cementowni zapi-
sow projektu Rozporzadzenia Ministra Srodowiska
z dnia 17 wrzesnia 2009 r. w sprawie szczegoto-
wych warunkéw technicznych kwalifikowania
czeSci energii odzyskanej z termicznego prze-
ksztatcenia odpadéw komunalnych,

b) podnoszenia swiadomosci spoteczenstwa dotycza-
cej spraw termicznego unieszkodliwia wybranych
odpadéw w zaktadach cementowych,

¢) podjecia wszelkich dziatan majacych na celu uzna-
nie wybranych frakeji palnych odpadéw (m.in. pa-
pier i tektura, opakowania, drewno, guma, teksty-
lia) jako produktéw — paliw (zgodnie z zaleceniami
Dyrektywy 2008/98 Unii Europejskiej).
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Abstract

In this study, the effect of sample preparation on the content of clay particles was investigated. Monoionic forms of bentonite
from Slovakia were used in an experimental programme. The samples were tested by laser diffraction. The analysis of the
results was conducted using the Helos H 2398 SUCEL. The preparation of samples has a significant influence on particle
size distribution. The most similar results to those of the areometric analysis were obtained when tests are carried out
directly after the preparation of samples by means of the Calgon disperser simultaneously with a mechanical stirrer.
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1. Introduction

The particle size (also known as granulometric)
composition is a significant parameter influencing many
physical properties of soilsand the processes occurringin
them. Itis also a basis for classification of soils according
to the PN-86/B-02480 standard. Currently, there are a
variety of methods used to determine the percentage
of individual soil fractions. The methods fall into
the following groups:

1.The sieve methods:

a) round-aperture metal sieves, square-aperture
wire mesh screens, micro-perforated sieves,
b) the wet-sieving analysis.
2.The gravity methods:
a) the flow methods (by Kopecky),
b) the sedimentation methods:
— the balance methods (the Atterberg method
and the pipette method),
— the areometric method,
— the sedimentation balance method,
— the photo-extinction sedimentation analysis,
c) the centrifugation.

3.The optical methods:
a) direct measurement of samples under a microscope,
b) the laser diffraction method.

4.The X-ray diffraction methods.
5.The organoleptic tests [13].

The sieve-pipette and the areometric methods
are the most frequently used methods. The Polish
Standard [7] recommends the areometric method for
determining the particle size composition of soils
with the particle diameter of < 63 pum.

Despite the wide-range application of the methods
named above, their multiple limitations, related to
the measurement of tiny particles, should be kept
in mind. The sieve method, for instance, cannot be
employed to determine the particle size composition
of cohesive soils due to lack of sieves with apertures
<63 pm in size. The sedimentation methods are based
on Stokes’ law, which assumes the spherical form of
particles and their uniform density [13]. Therefore,
they are not capable of rendering the real size of
the soil particles. The < 0.005 mm clay particles are
known [14] to have the form of plates and flakes,
not the wrongly assumed spherical shape. Moreover,
the accuracy of the areometer measurement can
sometimes be distorted by the occurrence of minor
amount of organic matter in the soil.

The recent technological advancement has allowed
the increased application of the laser diffraction method
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to the determination of the particle size composition
of materials. Since the method is grounded in different
principles and calculations, it does not give results
comparable with those of the sedimentation methods.
Nevertheless, it has been widely considered as innovative
[13, 7]. In this paper a laser diffractometer employing
the Mie theory-based model has been selected for the
investigation. The diffractometer can be used for light
scattering on irregularly-shaped particles unlike the
simple Fraunhofer model, which makes the method
precise. It should be pointed out that over the last 15 years,
a number of manufacturers including Beckman-Coulter,
Malvern, Microtrac, Fritsch, Retach, Horiba, Cilas and
Helos have been developing laser diffractometry. This
has enabled the particle size analysis in a wide range
of particle dimensions [9]. The application of the laser
method to the assessment of the particle size composition
of materials is becoming increasingly common. The
authors of the paper [6] recommend that the clay fraction
be determined by the laser method through calculation of
the Skempton parameter [7].

The experiments were conducted on bentonite due
to its characteristic properties. Bentonite is a clay soil
which contains the minimum montmorillonite content
of 75%. Scientists derive the origin of bentonite from
the decomposition of volcanic ash and dust settled at the
sea bed in an alkaline environment. Rarely occurring in
pure form, bentonite is usually accompanied by other
clay minerals such as kaolinite and illite [1, 2], which
are highly water-absorptive and swelling minerals.
With such properties, they find application in the
petroleum, chemical and food industries.

It is noteworthy that the use of betonites in industry
and environmental engineering is increasing year
by year. One of their fundamental applications is
the stabilization of boreholes and deep trenches.
They are also employed as stabilizing and softening
agents as well as absorbents [3]. In recent years,
bentonites have been proposed as a buffer in nuclear
waste repositories [4] due to their unique expanding
properties and high adsorptive potential for water.
In addition, they are used for the removal of toxic
chemicals from the environment, the reduction of
contamination spread in soil, water and air as well as,
typically, in the sealing of landfills [5].

As mentioned above, bentonites are employed in
many branches of industry. The investigation into their
composition is a fundamental issue in many engineering
solutions. However, it should be stated that regardless
of'the selected method of investigation, there is a variety
of factors influencing the measurements. The method of
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sample preparation is one of them. The paper presents
various techniques of sample preparation for the
analysis of the particle size composition of bentonite by
the laser method. The results were compared with the
areometric method, which is a standard practice in the
soil classification studies. Still, it should be emphasised
that with its significant simplifying assumptions, the
areometric method does not render the real grain-size
distribution of soils. Therefore, the results obtained by
means of the laser method can show better agreement
with the real particle size.

2. The methodology of the investigation

The HELOS H2398 SUCELL laser was used to
investigate the particle size composition of bentonite.

Two lasers, blue and red, are the source of light in
the apparatus. Their individual configuration ensures
coverage of a wide range of particle size. A system of
two detectors enables measurement within the range
of 0.1 — 87.50 pm.

Prior to the test, the sample material is mechanically
(magneticstirrer) and chemically (Calgon) dispersedin
distilled water. Before the measurement is conducted,
10 ml of the sample material is with a laser beam. The
size of the particles is calculated from the measurement
treated with ultrasounds in order to remove possible
aggregates. The prepared liquid together with the
suspended matter flows through a measuring cell,
where it is scanned of the laser beam diffraction
field generated on the particles, and is read out from
the diagram produced by the detector. The detector
consists of a set of individual sensors, each of which
collects scattered light from a certain angle range.
The row of detector sensors takes ‘a shot’ of the light
scattered on the particles going through the laser beam.
An average measurement takes approximately 12
seconds, during which the angles of particle reflection
in the cell are registered 1000 times per second. The
number of measurements taken makes the overall
sample analysis statistically significant. Despite that,
the procedure is carried out at least three times. One
shot only would not be representative of the sample
as a whole, therefore the apparatus takes many shots
and an arithmetic mean of the results is calculated.

As demonstrated above, the laser analysis has many
advantages:

1) it is a quick method with high reproducibility,

2) a minor amount of sample material is required,

3) results are produced directly in a digital format,

4) the software enables the operator to observe the

process in real time.
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3.The description of the object of the investigation

The investigation into the particle size composition
was carried out on a monoionic form of bentonite
(B~ Na*). Ca-montmorillonit, the initial material, was
delivered from an open pit in JelSovy Potok, Slovakia.
Bentonites from Slovakia have been imported to
Poland for many years. Up to 77% of the mineral
comes from JelSovy Potok [12]. Nowadays, the pit
is considered one of the largest and most abundant
deposits of bentonite in Central Europe. It is also one
of the purest beds. The crude mineral in the best part
of the deposit contains 50-85% of the smectite-group
minerals (Ca-montmorillonit mainly) as well as the
SiO, group minerals (quartz and cristobalite) and
accessory minerals like feldspar, biotite, barite and
goethite [12]. Bentonite from the deposit in JelSovy
Potok is one of the products of intense chemical
weathering of rhyolitic tuffs, created as a result of
the Tertiary volcanic activity in central Slovakia. The
deposit is situated at the north-western boundary of
the Kremnické foothills.

Ca-montmorillonit from JelSovy Potok was
subjected to ionic exchange. The monoionic soda
form was obtained by multiple saturation of the
fraction < 63 um and the removal of the substances
dissolved by means of diffusion. Then bentonite was
dried at room temperature and stored in an air-tight
container until the tests. The detailed preparation
procedure can be found in [15].

The soil properties after the exchange are as in Table 1:

The tests were conducted in compliance with the
Polish Standard [7] according to the method presented
in the above Table 1.

Table 1. Properties of the monoionic form of bentonite

PROPERTIES PERCENT METHOD
clay fraction content 64% aerometric method
liquid limits w, 314% Casagrande method
plasticity parameter Ip 267% Ip =W W
Skempton’s activity A 417% el Ao L7
’ areometric method
clay fraction by laser
Skempton’s activity A 6.64% method when
f =40,19%
moisture content 12% dry method
I ore water vapour sorption
montmorillonite content min 75% (WST) [17]

4. Results

A sample was prepared 48 hours prior to the
experiment. Distilled water was added to a dry soil
specimen so as to obtain a plastic paste. The sample
was prepared earlier, because the tested bentonite
requires longer saturation time due to its structure.

5. Conclusions

1. Sample preparation significantly influences the
results of the investigation of the particle size
content.

2. In every case, the clay fraction content determined
by means of the laser method was lower that the
content determined by the areometric method.

3. The result nearing that of the areometric method
was produced for the sample prepared and tested
on the same day, with liquid limit, by using a
mechanical stirrer.

4. Further investigation is required. Apart from the
proper sample preparation, there is a variety of
factors influencing the precise determination of the
particle size composition of bentonite by both the
laser method, i.e. exposition length to ultrasounds,
and the aerometric method (eg.: correct adoption
of density ps).

5. Obtaining the maximum convergence of the
results from the laser and the areometric methods
is of practical significance due to the fact that
the areomethric method is still considered
a standard in soil classification. It is not unlikely,
however, that with all the simplifying assumptions
the areometric method relies on, the results obtained
by the laser method reflect the real particle size
distribution.

The paper is co-financed with the European Union
resources within the European Social Fund, project: The
Development Programme of the Teaching Potential of the
Kielce University of Technology — education for success,
the Human Capital Operational Programme, Agreement
no. UDA-POKL.04.01.01-00-175/08-00.
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Table 2. Experiment plan

Mechanical stirring, sample prepared and tested on the same day, liquid limit

Description: Results:
) : ) . f =40.19%

1. 12 g of paste + 200 ml of water + 5 ml of dispersant + mechanical stirrer 5 minutes f' - 59.81%
H_ . 0

f. = 31.68%

2. Test repeated after 48 h f - 68.32%

3. 10 g of undisturbed dry soil + 200 ml of water + 5 ml of dispersant + mechanical stirrer 5 min

- 0,
(see point 1; except for undisturbed dry soil sample — obviously, different weight due to heavier Ii __%E:%go/;
1. basis weight of paste) n= Diees
f =29.89%
4. Test repeated after 48 h f 2 70.11%
5. 10 g of undisturbed dry soil + 200 ml of water + 20 ml of dispersant + mechanical stirrer 5 f =33.43Y
minutes (see point 3; except for more dispersant — increased amount of dispersant does not fi - 66‘ 570/°
induce better results) n= ORena
f =30.41%
6. Test repeated after 48 h f - 69.59%
Observations: | Tests after 48 hours indicate a lower clay fraction content.
Manual mixing, sample tested on the next day after preparation, liquid limit
Description: Results:

1. 10 g of paste soaked in 200 ml of water + 5 ml of dispersant — after 48 hours mixed manually | f =26.56%
2. (no equivalent for manual mixing on the same day as nodules appear) f,=73.44%

2. 10 g in undisturbed dry soil + 200 ml of water + 10 ml of dispersant — after 48 hours mixed

—_ 0,
manually (conclusion can be drawn that manual mixing produces lower results than mechanical ;i _-27%230//1
stirring) m— o
Comparing the results obtained with different amounts of dispersant, it was observed that the
Observations: increase of dispersant in pastes in the first 24 hours of the test produced better results in the first
" | 24 hours and worse in the next 24 hours. In suspensions, the results after the first 24 hours were
worse than after the next 24 hours (this could be related to the time needed for the reaction)
Manual mixing, sample tested on the same day after preparation, liquid/ soft-plastic limit
Description: Results:
. f. = 33.33%
1. 5 g of paste + several ml of water + 1 ml of dispersant f = 66.67%
f, =29.63%
3 2. Test repeated after 48 h f =70.37%
. . . f =36.29%
3. 4.5 g of undisturbed dry soil + several ml of water + 1.5 ml of dispersant f' - 63.71%
n- . 0
f =28.78%
4. Test repeated after 48 h f,=71.22%
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Wptyw preparatyki probek na rozktad
granulometryczny czastek bentonitu metoda
dyfrakciji laserowej

1. Wprowadzenie

Sktad granulometryczny to istotny parametr wpty-
wajacy na wiele fizycznych wlasciwosci gruntow
i procesow w nich zachodzacych. Stanowi rowniez
podstawe ogolnej klasyfikacji gruntéw wedtug nor-
my PN-86/B-02480. Obecnie istnieje szereg metod
majacych na celu okreslenie procentowej zawartosci
poszczegblnych frakcji gruntu. Wyrdznia sig kilka
grup metod:

1. Sitowe:

a) sita metalowe z okragltymi oczkami, sita siat-
kowe z kwadratowymi oczkami, sita mikro-
perforowane,

b) analiza sitowa na mokro;

2. Grawitacyjne:
a) przeplywowe (Kopeckiego)
b) sedymentacyjne:
— wagowe: Atterberga, pipetowa,
— areometryczna,

— wagi sedymentacyjnej,
— badania fotoekstynkcji zawiesiny;
¢) odwirowywania.

3. Optyczne:
a) bezposredni pomiar sktadnikéw pod mikro-
skopem,
b) dyfrakcji laserowe;;
4. Rentgenograficzne.
5. Organoleptyczne [13].

Do najczesciej stosowanych naleza metody sitowo-
pipetowa i areometryczna. Polska Norma [7] do oce-
ny sktadu granulometrycznego gruntow o srednicy
czastek < 63 um zaleca metode¢ areometryczna.

Mimo szerokiego zastosowania powyzszych metod
nalezy pamieta¢, iz napotykaja one na liczne ogra-
niczenia, szczegdlnie przy pomiarze bardzo matych
czastek. Metoda sitowa ze wzgledu na brak sit o wy-
miarach oczek < 63 um nie nadaje si¢ do oceny skta-
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du granulometrycznego gruntoéw spoistych. Z kolei
metody sedymentacyjne oparte sg na prawie Stokesa,
ktore zaktada kulistos¢ czastek 1 ich jednakowg ge-
sto$¢ [13]. Nie pozwala to na uchwycenie rzeczywi-
stych wymiarow czastek gruntowych. Jak wiadomo
[14], czastki mineratow ilastych < 0,005 mm maja
posta¢ ptytek i blaszek, a nie, jak zatozono — sfery.
Dodatkowo doktadno$¢ odczytéw na areometrze
moze czasem utrudnia¢ wystepowanie w gruncie na-
wet niewielkich ilosci czesci organicznych [8].

Dzi¢ki postepowi technologicznemu ostatnich kil-
kunastu lat coraz czgsciej uzywang metoda do oceny
sktadu granulometrycznego stata si¢ dyfrakcja lase-
rowa. Nie jest to metoda dajgca pordéwnywalne wy-
niki z metodami sedymentacyjnymi, gdyz opiera si¢
na innych zasadach 1 przeliczeniach, ale przez wielu
uwazana jest za innowacyjng [13, 7]. W niniejszej
pracy do badan wykorzystano dyfraktometr laserowy,
ktorego zasada dzialania opiera si¢ na modelu Mie.
Moze on by¢ uzywany dla rozpraszania na czastkach
o nieregularnym ksztatcie w przeciwienstwie do pro-
stego modelu Fraunhofera, dzigki czemu metoda sta-
je si¢ bardziej precyzyjna. Warto wspomnie¢, iz od
15 lat dyfraktometria laserowa jest ciggle ulepszana
przez kilku producentéw, wliczajac w to Beckman-
-Coulter, Malvern, Microtrac, Fritsch, Retach, Hori-
ba, Cilas i Helos, ktorzy urozmaicaja pod wzgledem
rozpietosci wielkosci 1 réznorodnosci ziaren, ktore
moga by¢ zanalizowane [9]. Zastosowanie metody
laserowej do oceny sktadu granulometrycznego jest
coraz bardziej powszechne. Autorzy opracowania
[6] uwazaja, ze frakcje itowa najlepiej okresla¢ za
pomoca oznaczenia wspotczynnika Skemptona me-
todg laserowa [7].

Ze wzgledu na szczegolne wihasciwosci, ekspery-
mentom poddano bentonit. Jest to skata ilasta, ktéra
zawiera nie mniej niz 75% montmorillonitu. Wedtug
naukowcow bentonit powstat w wyniku rozktadu po-
piotow 1 pyléw wulkanicznych osadzonych na dnie
morz w Srodowisku alkalicznym. Zwykle nie wy-
stepuje w czystej postaci. Towarzyszg mu inne mi-
neraty ilaste, np.: kaolinit, illit [1,2]. Sg to mineraty
odznaczajace si¢ duzg zdolnoscia pochtaniania wody,
czemu towarzyszy pecznienie. Ze wzgledu na silne
wiasciwosci absorpceyjne, znajdujg one zastosowanie
w przemysle naftowym, chemicznym i spozywczym.

Warto wspomnieé, ze wykorzystanie bentonitow
przez przemyst i1 inzynieri¢ S$rodowiska wzrasta
z roku na rok. Jednym z ich podstawowych zastoso-
warn jest uzycie do stabilizacji otworow wiertniczych
1 glebokich wykopoéw. Uzywane sg rowniez jako
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srodki stabilizujace, absorbenty i plastyfikatory [3].
W ostatnich latach bentonity, dzigki swoim szcze-
g6lnym wilasciwosciom ekspansywnym i wysokim
potencjale adsorpcyjnym dla wody, sg proponowa-
ne do budowy barier ochronnych przy przechowy-
waniu odpadow radioaktywnych [4]. Ponadto maja
zastosowanie przy usuwaniu toksycznych zwigzkow
chemicznych ze srodowiska, przy redukowaniu stop-
nia rozprzestrzeniania si¢ zanieczyszczen w glebie,
wodzie i powietrzu, a takze typowo do uszczelniania
sktadowisk [5].

Bentonity wykorzystywane sg w wielu dziedzinach
przemyshu. Poznanie ich sktadu jest kwestig szcze-
g6lnej wagi dla wielu rozwigzan inzynierskich. Nale-
zy jednak zaznaczy¢, ze poza wyborem odpowiedniej
metody badawczej istnieje szereg czynnikow wply-
wajacych na wyniki pomiaréw. Jednym z nich jest
sposob przygotowania probki do analizy. W pracy
przedstawiono rozne sposoby preparatyki probek do
analizy skltadu granulometrycznego bentonitu meto-
da laserowg. Wyniki odniesiono do metody areome-
trycznej, stanowiacej standard przy badaniach klasy-
fikacyjnych gruntéw. Nalezy jednak podkresli¢, ze
wobec powaznych zatozen upraszczajacych, metoda
areometryczna nie podaje ,,rzeczywistego” rozktadu
uziarnienia gruntu i to wiasnie wyniki uzyskiwane
przy uzyciu metod laserowych moga by¢ bardziej
zgodne z wymiarami realnych czastek.

2. Metodyka badan

Do badan sktadu granulometrycznego bentonitu
uzyto lasera HELOS H 2398 SUCELL.

Zrédlem $wiatla w aparacie sa dwa lasery: niebie-
ski i czerwony, tak dobrane aby zapewni¢ pokrycie
jak najwiekszego zakresu wielkosci czastek. W pota-
czeniu z systemem dwoch detektorow umozliwia to
pomiar w przedziale 0,1 — 87,50 pm.

Przed analizg materiat poddaje si¢ dyspersji mecha-
nicznej (mieszadlo magnetyczne) i chemicznej (Kol-
gen) w wodzie destylowanej. Przed samym pomia-
rem, w celu usuniecia mozliwych agregatow, probke
w ilosci okoto 10 ml poddaje si¢ dzialaniu ultradz-
wigkow. Tak przygotowany ptyn wraz z zawieszo-
nym materiatem przeptywa przez cele¢ pomiarowa,
gdzie skanowany jest przez wiazke laserowa. Roz-
miar czastek jest obliczany z wyniku pomiaru pola
dyfrakcji wiagzki laserowej powstajacej na czastkach,
a odczytywany na powierzchni detektora. Detektor
sktada si¢ z wielu osobnych czujnikow, z ktorych
kazdy zbiera rozproszone $wiatto z pewnego za-
kresu katow. Szereg detektora robi ,,ujecie” Swiatta
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rozproszonego na czastkach przechodzacych akurat
przez wiazke laserowa. Przecigtny pomiar trwa ok.
12 sekund, podczas ktorych katy odbicia czgstek
w celi rejestrowane sg 1000 razy na sekunde. Taka
ilos¢ uzyskanych wynikéw umozliwia statystycz-
nie istotng analize probki jako calosci. Pomimo to,
procedura wykonywana jest co najmniej trzykrotnie.
Zrobienie tylko jednego ujecia nie bytoby reprezenta-
tywne dla catej probki, dlatego aparat robi wiele ujgc
1 wycigga Srednig z wynikow.
Jak wida¢ z powyzszego, analiza laserowa ma wie-
le zalet:
1. Jest metoda szybka i ma dobrg odtwarzalnos¢.
2. Wystarcza niewielkie ilosci materialu demonstra-
cyjnego.
3. Rezultaty sa uzyskiwane bezposrednio w forma-
cie cyfrowym.
4. Oprogramowanie umozliwia ponadto operatoro-
wi §ledzenie procesu w czasie rzeczywistym.

3. Przedstawienie obiektu badan

Badania sktadu granulometrycznego prowadzono
na monojonowej formie bentonitu (B~ Na*). Materiat
wyjsciowy stanowit Ca-montmorillonit pochodzacy
z kopalni JelSovy Potok na Stowacji. Bentonity ze
Stowacji od wielu lat stanowia przedmiot importu
do Polski, w tym nawet do 77% kopaliny pochodzi
z Jelsovego Potoku [12]. Obecnie kopalnia uznawana
jest za jedno z najcenniejszych i1 najwiekszych zt6z
bentonitu w Europie Srodkowej. Odznacza si¢ row-
noczesnie najwyzsza czystoscig. Kopalina w stanie
surowym w najlepszej partii ztoza zawiera 50—85%
mineralow grupy smektytu (gtownie Ca-montmoril-
lonit), a ponadto mineraly grupy SiO, (kwarc, takze
cristobalit) oraz akcesorycznie skalen, biotyt, baryt
i goethyt [12]. Bentonit z tego ztoza stanowi jeden
z produktow intensywnego wietrzenia chemicznego
tufow ryolitowych, powstalych w rezultacie trze-
ciorzgdowej aktywnosci wulkanicznej w srodkowej
Stowacji. Ztoze jest usytuowane w potnocno — za-
chodnim obrzezeniu pogoérza Kremnickiego.

Ca-montmorillonit z JelSovego Potoku podda-
no wymianie jonowej. Monojonowa form¢ sodowa
otrzymano przez wielokrotne nasycanie frakcji < 63
um i usuniecie substancji rozpuszczonych za pomoca
dyfuzji. Bentonit nastepnie byt suszony w tempera-
turze pokojowej i przetrzymywany do czasu badan

w szczelnym pojemniku. Szczegdlowa preparatyke
mozna znalez¢ w pracy[15].

Wiasciwosci gruntu po wymianie przedstawiono
w tabeli 1.

4. Wyniki badan

Eksperyment zaczgto od przygotowania probki
48 h wczesniej. Suchy grunt zalano wodg destylowang
tak, aby byt w konsystencji plastycznej pasty. Probke
zalano 48 h wczesniej, poniewaz badaniu poddawany
jest bentonit, ktory ze wzgledu na swoja strukture, po-
trzebuje dtuzszego czasu aby w petni si¢ nasycit.

5. Wnioski

1. Preparatyka probek ma znaczacy wptyw na wyniki
badania sktadu granulometrycznego.

2. W kazdym przypadku zawarto$¢ frakcji itowej
okreslona metoda laserowa byta nizsza od zawar-
tosci okreslonej metoda areometryczng.

3. Wynik najbardziej zblizony do metody areome-
trycznej uzyskano dla probki przygotowanej i ba-
danej tego samego dnia, w konsystencji ptynnej,
przy uzyciu mieszadta mechanicznego.

4. Badania wymagaja kontynuacji, bo poza odpo-
wiednim przygotowaniem probki istnieje jeszcze
szereg czynnikoOw majacych wplyw na precyzyjne
okreslenie sktadu granulometrycznego zarowno
metodg laserowa (np. czas ekspozycji na dziatanie
ultradzwigkow) jak i areometryczng (np. prawidto-
we przyjecie gestosci wlasciwej).

5. Daznos¢ do uzyskania maksymalnej zbiezno$ci wy-
nikéw miedzy metodami laserowa i areometrycz-
ng ma znaczenie praktyczne, poniewaz ta ostatnia
metoda uznawana jest nadal za standard przy kla-
syfikacji gruntow. Niewykluczone jednak, ze wobec
znanych zatozen upraszczajacych stosowanych przy
metodzie areometrycznej, to wiasnie wyniki uzyski-
wane metoda laserowa lepiej odzwierciedlajg rze-
czywisty rozktad uziarnienia gruntu.

Autorki niniejszej pracy pobierajg stypendium wspotfi-
nansowane przez Uni¢ Europejska w ramach Europej-
skiego Funduszu Spotecznego projekt pt. ,,Program Roz-
wojowy Potencjatu Dydaktycznego Politechniki Swie-
tokrzyskiej w Kielcach — ksztalcenie na miarg sukcesu”
Program Operacyjny Kapital Ludzki, Umowa nr UDA-
-POKL.04.01.01-00-175/08-00.
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