I I K B
., 1 <

ENVIRONMEN

ARCHITECTURE, CIVIL ENGINEERING, ENVIRONMENTAL ENGINEERING AND ENERGY

No. 3/2016 vol. 8 PLISSN 2081-1500 www.sae.tu.kielce.pl KIELCE UNIVERSITY OF TECHNOLOGY



Contents

structure

MICHAIL VASILEVICH NEMCHINOV, ANNA GENNADIEVNA VASILYEVA
WAY TO REDUCE SUBGRADE IN HIGHWAY CONSTRUCTION  ..........oooiiiiiiiiii e 147

ANNA KOTWA, EDYTA SPYCHAL
THE INFLUENCE OF CELLULOSE ETHERS ON THE CHOSEN PROPERTIES OF CEMENT MORTAR IN THE PLASTIC STATE ........... 153

URSZULA PAWLAK, MICHAL SZCZECINA
TEIGENVALUE PROBLEMS IN STABILITY OF INDUSTRIAL STEEL BUILDING WITH A HANDLING SYSTEM .............................. 160

JOANNA GIL-MASTALERCZYK
SACRED ARCHITECTURE AFTER ADMINISTRATION REFORM OF CHURCHINPOLAND  .........coooiiiiii e 168

environment

EDYTA NARTOWSKA, TOMASZ KOZtOWSKI, MARTA KOLANKOWSKA

FID SIGNAL INTENSITY IN THE NMR STUDIES OF COHESIVE SOILS AT THE POSITIVE TEMPERATURE RANGE ....................... 179
JOLANTA LATOSINSKA
THE TRANSFER COEFFICIENT OF HEAVY METALS FROM THE INPUT SEWAGE SLUDGETOTHEASH ... 183

LUKASZ BAK, JAROSEAW GAWDZIK, JOANNA MUSZYNSKA, MARTA BRYK

EFFECT OF SEWAGE SLUDGE DIGESTION ON THE MOBILITY OF HEAVY METALS ON THE EXAMPLE
OF THE WASTEWATER TREATMENT PLANT IN SITKOWKA-NOWINY ............coooivmimiiiiiieeeeeeceeceeeeeee e 189

LIDIA KOWALCZYK, KAROL KRAWCZYK, AGNIESZKA MAKUCH, JAKUB MOSIOLEK, BARTOSZ PISKIEWICZ,
MICHAL PLUTA, AGATA PROBOSZCZ, JACEK SZEWCZYK, KAROLINA SWIDZICKA, ANNA WIRECKA

STUDY OF THE CONDITION OF THE SELECTED UNDERGROUND CAVES IN KADZIELNIA AREA, KIELCE ................coooviiiiiiinns 197
HANNA V. KOSHLAK, ANATOLIY PAVLENKO, JERZY ZB. PIOTROWSKI

THE ENERGY PARAMETERS OF FORMATION OF THE POROUS STRUCTURE .............coooiiiiiiiiiice e 206
HOWTO PREPARE THE MANUS CRIPT ..o e 211

THEREVIEW PROCESS ... .ottt e e e e e s e b e e s e e e e seeeen e enas 212



EDITORIAL BOARD

Main Editor Jerzy Z. Piotrowski

Editor Radostaw Zaborek

Secretary of the Editorial Board tukasz J. Orman
Sectional Editor STRUCTURE Marek Iwanski
Sectional Editor ENVIRONMENT Lidia Dabek

SCIENTIFIC BOARD

STRUCTURE

Chairmanship Jerzy Wawrzenczyk

Tomasz Arciszewski (USA), Lestaw Brunarski, Go lwahana (Japan), Zbigniew Kowal, Jozef Melcer (Slovakia), Michait V. Nemchinov (Russia),
Zdzistawa Owsiak, Victor Proskuriakow, Zbigniew Rusin, Wactaw Seruga, Malgorzata Wilczkiewicz (USA)

ENVIRONMENT

Chairmanship Tomasz Kozfowski

Satoshi Akagawa (Japan), Elzbieta Bezak-Mazur, Mark Bomberg (Canada), Dorota Chwieduk, Graham Herbertson (Scotland),
Andrej Kapjor (Slovakia), Andrzej Kapton, Andrzej Kuliczkowski, Janusz tomotowski, Pawet Purgat, Leszek Radziszewski,
Jacek Szewczyk, Maria Zygadio

Photos on the cover Kukulkan at Chichen Itza, back cover Acapulco Mexico — author Jerzy Z. Piotrowski

www.sae.tu.kielce.pl
sae@tu.kielce.pl

The quarterly printed issues of Structure and Environment are their original versions

The Journal published by the Kielce University of Technology
PL ISSN 2081-1500

© Copyright by Wydawnictwo Politechniki Swietokrzyskiej, 2016

25-314 Kielce, al. Tysigclecia Pafistwa Polskiego 7
tel. 41 34 24 581
www.wydawnictwo.tu.kielce.pl

é@i Kielce University of Technology
Tt 2016







structure

MICHAIL VASILEVICH NEMCHINQV!
ANNA GENNADIEVNA VASILYEVA?

MADI, 64, Leningradsky Prosp., Moscow, 125319, Russia

"'e-mail: uchsovet@madi.ru
2e-mail: vasileva@gmail.com

WAY TO REDUCE SUBGRADE IN HIGHWAY CONSTRUCTION

Abstract

There is formulated the dement of minimum of land works in road construction. For it is suggested new method to
construct road pipes and new method of their hydraulic design.

Keywords: subgrade, soil volumes, pipe, flow, width, depth, water discharge

1. Introduction

Lack of land for the layout of traffic installations
and soil for the construction of roadbeds has become
in many ways a primary and dire problem preventing
construction of new highways. It can put off the
construction works for a long time, sometimes even
years.

2. Main text

The issue of gradual, inconspicuous switch to
universal planning of highways on embankments has
already been discussed before [1]. This switch has
not been recorded in any regulations, but it seems
that roads constructed at ground level have somehow
vanished from said regulations. Already in the
Highway Planning manual for engineers [2] this cross
section type is mentioned (and only on a diagram —
see Fig. 1), but only once, and subsequent regulations
do not touch upon it.

In the Highway Cross Section Design Principles
section of the book it is said that “the general
optimality criterion in planning the formation line of
a highway cross section can be determined as”:

Exp, = C,°+ C,™ + C,+ C "+ C +

1
+ZT 1 (1)

T_lm-(E;“ +E“+E'+E)

Where: Exp, = total expenses for the target period (1);
C, = cost of, respectively; rb = roadbed; mi = man-
made installments; str = strengthening constructions;
la = land appropriated for the highway construction;
p = paving; E*, E" = annual snow defense and
transportation expenses respectively; E, Ef =
financial losses caused by the passenger time loss and
road traffic accidents respectively; Ed = discounting

coefficient.

Fig. 1. Highway cross-sections: a) categories Il — V; b) category I
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In the equation (1):
Korb: Z?Zlqivi

K=" k" [—[Wl +2W1+1] +2j 1,

i=1 1 1

Where: g, = grading unit cost on the i section of the
cross section; V, = cross sectional volume of the it
section of the roadbed; k" = strengthening unit cost;
I, 1. *'= lengths of the cross slope parts in the i and
i+1" sections that need to be strengthened; 1.= length
of the i" section; k= land appropriation unit cost for
the i section; W, W, = combined width of all the
elements of the roadbed on the i" and i+1™ sections
(summand 2 means that the uniform appropriation
includes an additional meter of land to each edge of
the roadbed). K ™ element is a cost function of the
construction of the box culvert portal and body.

From the analysis of these equations we can see
that the main factors contributing to a possible rise
in expenses (which should be avoided) are: roadbed
construction cost, man-made installments cost,
strengthening units cost, land appropriation cost, annual
snow defense cost and partially road traffic accidents
losses. All these components correspond directly to the
elevation (working) point of the traffic-bearing surface.
This includes losses caused by accidents with vehicles
driving off the road. The remaining components
(paving cost, annual transportation cost and passenger
time loss) are not affected by the elevation level of the
formation line of the cross section.

All the former costs will naturally may be minimized
by the roadbed be constructed on the ground level.

It should also be mentioned that cutting down (but
not eliminating!) embankment construction will
considerably lower or eliminate completely the demand
for soil excavation works, building of temporary soil
transfer tracks, lessen the environmental pressure at the
time of construction, prevent ‘road fragmenting’ (i.e.
cutting into nature isolated parts) of the areas of the
country. The issue of snow defense on highways should
be given special consideration in a separate study.

Automatically controlled highway cross section
planning is based on the location of reference fixed
points [2, 3], a type of which is the minimum level of
the roadbed elevation over the small-scale culverts.
In the flat land with shallow washes and stream beds
of small regular and, more importantly, irregular
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streams employment of the usual culverts leads to the
unnecessary elevation of the formation line and as
a result to the construction of embankments where a
formation line could be laid out at the ground level.
Eventually it raises the cost of the roadbed, increases the
land demand, terrain fragmentation and environmental
disasters.

The reference point of the cross section derives
from the sum of the height (diameter) of the pipe
culvert and the minimal acceptable layer of soil fill
above it. The minimal bore diameter of a pipe culvert
is 1 meter; the minimal layer of soil fills - 0.5 meters.
Hence the minimal level of the embankment is 1.5
meters and with the required leveling of the side
slopes it goes up to 2 meters.

One of the main reasons for raising the reference
points is the stream narrowing principle employed
at the hydraulic design of the highway culvert pipes.
It means that the pipe opening of the culvert is
considerably smaller than the width of the river bed.
The steam narrows and its nature depth increases.
The flow velocity increases also that it needs the
construction of river bed protection. Pipe carrying
capacity secures by increase of height pipe (diameter
of pipe). But this culvert design principle makes
it impossible to minimize (to the ground level of
neighboring terrain) the embankment level of the
small-scale washes or stream beds.

There is only one way to lower embankments of
the small-scale stream beds I is a refusal from steam
narrowing principle in the hydraulic design of road pipes
and to use the stream widening principle. But it would
change the flow before and behind the water pipe.

So, before we turn to the design of the culvert let
us first examine the flow of water before it enters the
portal of the culvert and inside of it.

Fig. 2. Plan and cross section of a widening water stream
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Fig. 3. Types of (prismatic) cross sections of ravines and river beds entering small-scale culverts

The changing of the width and depth of the flow
(Fig. 2), when water discharge is constant, is making
a flow by irregular.

By changing these characteristics we will change
free flow cross-section area. As a rule cross sections
of ravines and river beds are non-prismatic (their
banks are more softly shaped), but we shall examine
prismatic trapezium- and triangle-shaped cross
sections (Fig. 3) that simulate reality well enough.

The water flow in these streams can be defined by
the equation (at zero slope):

2 2
e ) o
dl o -C-R g ®

where: h = depth of the stream; | = length of the stream
bed under examination; Q = flow rate; ® = square
area of the water cross section; C = Chezy’s velocity
factor; R = hydraulic radius of the stream, R = @ / y;
g = gravitational acceleration; o = coefficient (velocity
factor); x = wetted perimeter of the water cross section.

Specific energy O in the cross section is a continuous

function of the depth h of the stream and has minimum
when its depth is critical — h

a : Q2 /g = (’Ocr3/ WCI‘ (3)

where: o_ = square of free cross section at the critical
depth; W _= width of the stream at the free water level
at the critical depth.

The diagram, depicted on Figure 4 illustrates changes
in the stream energy in relation to the change of depth.
If the depth exceeds h  specific energy of the stream
increases (dE/dh > 0), if it becomes less than h_ specific
energy of the stream decreases (dE/dh < 0).

Fig. 4. Specific energy change at the cross section
E in relation to the depth of the stream; h = depth of the
stream, h_= critical depth.

If the depth of the stream exceeds the critical depth
the flow is considered laminar, otherwise — turbulent.
The minimal energy critical width (as well as the depth)
of the stream can be calculated with the equation

(a-Q/g) (W, /0, )) =1 4)

The product of this equation is referred to as the
kinetic factor P, . It can also be defined as P, = 2(0v?/2g)
/h, . The kinetic factor, hence, is the ratio of the doubled
specific kinetic energy to the average depth. In the case
of a two-dimensional rectangular section problem
average depth hcp equals the stream depth h. Then

P=2(a-v’/2g)/ h=a-v’/gh=Fr (5)

Therefore the average Froude number (Fr) defines
the ration of the doubled kinetic energy to the specific
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cross section potential energy. After the insertion of
the kinetic factor to the equations 4 and 5 they can be
rewritten as (at zero slope)

dh/dl= (i, — Q*/K>)/ (1P, (6)

where: K=w-C+R, the discharge characteristic at
the stream depth h.

While the flow rate Q remains constant, the values
of the variables K and P,_in the right hand side of the
equation (6) depend only on the characteristics of the
water cross section: @, W, R, C, which in their turn are
functions of the stream depth h. Hence we can pick
the value of the stream depth so that the numerator on
the right-hand side of the equation (6) becomes zero.

As the width of the stream grows and its depth
decreases the hydraulic grade line shifts too. This
process deserves our utmost attention. The unevenly
smoothly changing flow of water in the open non-
prismatic riverbed is defined by the equation [4]

dE/dl = dh/dl - (aQ*/gw’ )(W dh/dl + 3w/8l) (7)

which for the prismatic riverbed can be extended to
the function

dh/dl - (o Q*/g) (W/w®)dh/dl +
+(Q*/2gw’) (3a/dh) - dh/dl = iy — Q* /0’ C’R

According to [4] da/0h in this equation with some
bogey value

a/8h = (a,— @, )/(h,—h;) =a= const
We get
dh/dl = (i,— Q*/K*)/(1 - P+ aQ’/2g0’)  (8)

The curve of the hydraulic grade line of the
widening stream with a constant flow rate can be
calculated with the Chézy formula

Q=(0C-\/E ©)

The depth of the stream after some transformations
of the equation (9) [4] can be defined by the formula

(10)

where: W = the widht of the stream at the cross
section under examination; n = river bed hydraulic
roughness coefficient (table 1); i = longitudinal slope
of the riverbed at the section under examination; C =
Chézy coefficient, roughly defined by the Manning
formula as C = h"/n.

h= QW Ciy=(n? @/ W)
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Let us use equation (10) and make graphs of the
change in depth and velocity of the widening water
flow (Fig. 5, 6) at the water area before a pipe. The
width of the flow (initially) is 1 m, the width of the
following sections is 2.0, 3.0, and 4.0 m as shown on
Figures 5 and 6. The roughness (n) and slope (i) of the
riverbed remain constant (0.02 and 0.01 respectively).

h*=Qn/Wi%; C=h"/n; v=C(Ri)"?=5h?

Fig. 5. Change of the depth of the flow as it widens

Fig. 6. Change of the velocity of the flow as it widens

The graphs show a sharp fall in the depth and
velocity of the flow. In the majority of cases dry creeks
have gentle slopes covered with grass, sometimes
with a soil riverbed. During a flood the water flow
may transport a lot of polluting particles such as dry
branches and bottom sediments that can clutter the
portal of the pipe.

Bottom sediments in the flow are influenced by two
forces, fluid resistance (drag) and lift. Subject to these
forces the particles move along the flow and rise to
the surface. Drag and lift forces depend on the flow
velocity, particles’ size (d), density and viscosity of
the liquid (p and v respectively). According to M.A.
Velikanov [4] drag force F can be described as

F = kl.p.d2.v2,
lift force S as

S =k, pd>v?,
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where k and k, are coefficients of the drag and lift
forces calculated experimentally with regard to the
liquid viscosity p and dynamic velocity v,. Dynamic
velocity is defines as the minimum value of the bottom
velocity (v, ) that initiates movement of the separate
particles of soil, so that it becomes the starting
velocity. For loose soil with particles sized from 0.1
to 5 mm the starting velocity can be calculated using
the equation [4]:

vy=+/15+6/d -\Jgd = a, Jod (11)

where: d = diameter of the load particles, mm; a, =
15+ 6/d.

Eventually the drag force can be calculated using
the formula

F=phv, %8 (12)

= flow bottom velocity; & = relative
/v; A= Darcy coefficient.

bottom

where: v

bottom

velocity, E=v

bottom

According to M.A. Velikanov, A.l. Losievsky,
M.A. Dementiev [4] lift force is calculated using the
formula:

S =k, pv,, .. sk

bottom 4

(13)

where: k, = proportionality factor; s = ratio between
the area under the lift force to the combined area of
the particles’ projections on the bottom; k, = solidity
factor, that determines density of the particles’
allocation at the bottom.

To estimate erosion of the cohesive soil one must
also take into account the cohesion force between
solid particles. Numerous studies have established
velocities of the flow in order for the beginning of
movement of the cohesive and loose soil particles
to commence (permissible velocity). The data is
presented selectively in tables 3, 4 [5].

In order to determine the discharge of the bottom
sediments experimental results (based on the
mathematical statistics methods) are used. The most
frequently used formulas are [4, 5]:

V.N. Goncharov’s

q, = 2,08 (v/v))* \(d/h)""* (v —v) d, (14)
LI Levi’s (for d/h > 1/300)
q,= 2 (v/gd)y’ (d/h)"* (v—v)d (15)

where: g, = sediment discharge in kg/s per one
meter of the depth of the flow; v, = average velocity
corresponding to the velocity required for the particles
to begin moving.

This analyse of the water flow shows that its width
expansion before pipes considerably reduces the
depth and power of flow by cutting water velocity. It
gives favorable and more safe conditions for decrease
of river bed deformation.

Meanwhile the study has also shown that it is
necessary to expand the process of planning the
small-scale culverts (and the highway surface
drainage system on the whole) by including into it
(in addition to the hydraulic calculations, portal
engineering calculations, flow velocity calculations
and strengthening the riverbed at the spillways)
evaluation of the water flow at the area upstream in
relation to the portal (riverbed condition evaluation,
calculation of the widening of the flow, specifying
the critical depth and velocity of the flow in front
of the culvert). In this case planning of each small-
scale culvert turns into a unique engineering project,
excludes routine solutions from highway cross section
planning while preserving all the automatically
controlled planning methods. Small-scale culverts’
portal planning and extended calculation methods
may be included into the existing programmes of
highway planning. Admittedly it would require
an extended research into the examination of the
floodplains of the small-scale regular and irregular
flows (in addition to the evaluation of the outline
and area of the drainage: collecting data about soil,
bottom soil, types of vegetation, longitude grades and
cross slopes of the riverbed).

Changing the hydraulic approach (principle) for the
planning of the small-scale pipes requires developing
new structures, different to the existing ones, allowing
minimizing the level of the reference point of the
crossing between a highway and a shallow riverbed.
The height of the portal can be reduced to 0.5...0.2 m
and limited in technical terms only by the exploitation
requirements: access to the litter and load cleaning
techniques. The width of the structure is determined
by the demand and possibility of widening of the river
flow in front of the portal till it reaches its critical
depth when its energy comes to its lowest value.

3. Conclusion

Proposed method of road pipe construction is
permit to construct roads in earthwork zero on the
large sections. For example for many sections of
new road Moscow — S. Petersburg, Moscow Central
Ring road the decreasing of volumes of land works to
60000-70000 m?*/km.
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THE INFLUENCE OF CELLULOSE ETHERS ON THE CHOSEN
PROPERTIES OF CEMENT MORTAR IN THE PLASTIC STATE

Abstract

The influence of cellulose ether on the consistency, water retention (WRV parameter) and setting and hardening process
of cement mortar is discussed in this article. The composition of researched mortars differed in the type of dispensed
polymer admixture because of its viscosity and quantity. The research confirmed that cellulose ether has strong influence
on the properties of cement mortar in the plastic state. The proper selection of the admixture (its viscosity and quantity)
may have a decisive influence on the properties of the final product, therefore a basic and comprehensive examination of

the material is so important.

Keywords: ement mortar, cellulose ether, viscosity, consistency, WRV parameter, setting and hardening process,

ultrasonic method, induction time

1. Introduction

Thedevelopmentofnewtechnologiesand construction
chemicals contributed to the popularization of dry
plastering mortars. Adjustment of the characteristics of
these materials to the requirements of the contemporary
construction industry involves, inter alia, use of
polymeric chemical admixtures. One of the most
commonly used admixtures are cellulose ethers. The
share of these ingredients in the formula and mortar
does not exceed a few percent by weight of dry mortar,
although it significantly modifies its properties.

The use of additives and modification of the
etherification of cellulose can produce many varieties
of cellulose ethers which differ in the type of introduced
functional groups, the degree of etherification,
fragmentation, dissolution rate in water, and the
viscosity of their aqueous solutions [1, 2].

These admixtures are mainly used as thickeners and
increase the ability of water retention in the mortar,
and the proper setting and hardening of material is
thus attained. They affect the viscosity and density
of fresh mortar, workability, application properties
[1, 3, 4]. Thanks to these characteristics, the mortar
with the addition of cellulose ethers is simple to
prepare, easy to use, easy to process, which ensures

that the relevant characteristics of the final product
are obtained.

Despite the widespread use of this polymer to
modify the properties of cement mortars, they are
not a group of chemical additives in a clear and
transparent manner described in the literature, among
other things the problem of the impact of cellulose
ethers on hydration of cement and cement mortar
microstructure is not fully understood [4, 5]. This
result may be due to its wide range, and trade secrets
of companies that are engaged in the production
and sale of the same cellulose ethers, and the entire
construction chemicals. The estimation of the
usefulness of these chemical admixtures in practical
applications still requires additional research.

In this report the effect of cellulose ether on some
properties of cement mortars in the plastic state,
determined in laboratory experiments, is presented.
Among a range of cellulose ethers on the market,
those were selected that will significantly differ in
viscosity. Proper evaluation of the impact and scope
of cellulose ethers on the parameters of hardened
mortar should be preceded by a deep analysis of
their impact on the mortar in the plastic phase —
immediately after adding water to the dry mixture
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(step of implementation and application of mortar),
which this article was focused on.

2. Methodology of experimental examinations

The investigation program included the evaluation
of selected properties of cement plastering mortars
(in the plastic state) modified with polymer admixture
of cellulose ether. The composition of the starting
mortar consistency test is shown in Table 1. For the
determination of setting and hardening process research
and water retention value WRYV, weight of mortars’
components was reduced by half, keeping the same
proportions. The recipes varied by type of cellulose
ether because of its viscosity and the amount of cellulose
ether, in case of mortar ZA to ZC chemical admixture
was dosed accordingly from 0.5 to 4.0 g, increasing the
component proportion on 0.5 g. Base mortar unmodified
with cellulose ether was marked with the Z0 symbol.
The chemical composition and basic characteristics of
Portland cement was presented in Table 2 and the basic
properties of cellulose ethers were presented in Table 3.

Table 1. Composition of the cement mortar used in the study

Component [g] 10 ZA Z.B Z.C
(ZA1+ZA8) | (ZB1+ZB8) | (ZC1+ZC8)

CEM142.5R 9% 9% 9% 9%

Quartzsand 0.1-0.5 mm 437 437 437 437

Quartzsand 0.2-0.8 mm 467 467 467 467

Water 195 195 195 195
Cellulose ether (A) 0 0.5+4.0 0.0 0
Cellulose ether (B) 0 0 0.5+4.0 0

Cellulose ether (C) 0 0 0 0.5+4.0

Table 2. Cement characteristic

Chemical analysis
Water demand | Surface area iLgOr?if(i(:)I;
(%] [cm?/q] [%] S0, [%] {l[%]
28.8 3879 3.81 331 0.093
Table 3. Cellulose ethers characteristic
Uaeuelibe Chemical modification Viscosity pH Form
ether [mPa-s]
hydroxypropyl methyl white
Cellulose ether (A) cellulose (HPMO) 3000 6.8 powder
hydroxyethyl methyl white
Cellulose ether (B) cellulose (HEMO) 25000 7.0 powder
hydroxyethyl methyl white
Cellulose ether (C) cellulose (HEMO) 45000 7.0 powder

*pH — 1% solution in water
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Each sample was prepared in the same manner —
an appropriate amount of the constant water quantity
was added to the mixed dry ingredients. The amount
of water was selected experimentally in such way
that the consistency of model mortar Z0 was optimal
(within 16+17 cm), what determines appropriate
application properties of the mortar. All mixtures were
prepared in air-conditioned laboratory at 20°C (£2°C)
and relative humidity of 65% (£5%), subject to the
constant mixing time ensure proper homogenization
of the material (90 s mechanical mixing + 30 s break
+ 90 s mechanical mixing). The study used a laboratory
blender LMB-S.

The consistency of fresh mortars were tested
according to PN-EN 1015-3 [6] using flow table.

Water Retention Value WRV was marked, basing
on the procedure included in [7]. The test consisted
in determining the water percentage that remains
after a short suction of water through a filter paper
under specified conditions in a defined period of
time. Measurements were made at 10 and 60 minutes,
marking this parameter as WRV 10 and WRV60.

The evaluation of setting and hardening process
was determined using the ultrasonic wave velocity
method. The study was based on ultrasonic wave
velocity recording, the value of which changed as
the material bonded. The results of measurements
were introduced in this article as maximum velocity
after 48 hours of bonding and induction time. The
time in minutes lasting from the beginning of the
measurement until a clearly visible ultrasonic wave
velocity change, is assumed as the period of induction.

3. The results of research and their analysis

Test results obtained by determining the consistency
with the flow table method, are shown on Figure 1.
Consistency of all modified mortars was strongly
differential. This parameter stood between 12.1 cm for
ZC8 mortarand 18.5 cm for ZA2 mortar. In comparison,
model mortar had the flow of 16.8 cm. Taking the
standard recommendations and practical knowledge
into consideration, the value of consistency should
stand between 16.0 and 17.0 cm. Each mortar obtained
the required flow by different quantities and viscosities
of cellulose ether. On the basis of the results listed, it
was stated, that after obtaining the maximum value of
flow (by the admixture quantity of 1.0 g), there was a
proportional decrease in consistency coming together
with the increase of ether content in all of the cases.
In the case of mortars modified with cellulose ether in
the quantity of 0.5 g, the consistency value stood on
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similar level, i.e. between 16.3 and 16.5 cm, which
proves a similar effect of admixture regardless of it’s
viscosity.

@®Z0 ¢ZA AZB ¢ZC
20
19 Y
18 * +*
* N Y
=179 = X v
g 16 3 * A *
z * *
s 15 +
2 A
2 14 E 2
& 13 L 4—a
12 +
11
10 T T T T T T T )
0,0 0,5 1,0 1,5 2,0 2,5 3,0 35 4,0
Amount of cellulose ether [g]

Fig. 1. Results of consistency research for mortars Z0,
ZA+ZC
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Fig. 2. Results of WRV10 research for mortars Z0,
ZA+ZC

The WRV10 test results are shown on Figure 2.
Model mortar was characterized by much lower
water retention in comparison to modified materials,
as the WRV of Z0 mortar was just 85% (what is a
negative phenomenon). Mortars with the admixture
of cellulose ether had the value of this parameter in
the range from 89.8% for ZA1 mortar up to 100%
for ZC6 mortar. The WRV of mortars (ability to
retain water) increases with the increase in amount
of cellulose ether admixture. The observed water
declines are hardly noticeable for all kinds of mortars
with the polymer content higher that 2 g, which is
a beneficial phenomenon, especially in the case
of application on absorbent substrate, in changing
temperature and humidity conditions, or in the case of
thin-layer plastering mortars (3 mm thick). At smaller
amounts of cellulose ether, the WRV is relatively
proportional to the amount of admixture, although it

can be observed, that for mortars containing ethers
with the viscosity of 25000 mPa's and 45000 mPa-s
the WRV is significantly higher. From only the
mortar’s water retention point of view, providing
proper setting conditions and cement hydration,
it would be favorable to use cellulose ether in the
amount of at least 1.5 g and of high viscosity.

The results of research conducted indicate varied
influence of cellulose ether on the consistency of
mortars and their ability to water retention. While
the consistency parameter can be chosen as required
from 16 to 17 cm by choosing an appropriate amount
of water, inasmuch the problem of water retention
and the influence of this parameter on both fresh and
hardened mortar needs further analysis. In this case
many factors should be taken into consideration, inter
alia the conditions and the way of mortar’s application
or the substrate absorption. The results of research
may also be used indirectly to assess the behaviour
of tested mortars being in contact with materials of
differential absorbency.

It is also worth noting that mortars with required —
specified consistency that determines the appropriate
application properties of mortars, have the WRV
parameter on a highly diversified level, at different
amounts and viscosities of cellulose ether. Among
all tested materials, only 9 of 25 mortars had the
consistency accordant to standard requirements and
practical assumptions (Fig. 3).
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Fig. 3. Dispersion of WRV parameter results up to the
recommended consistency

Additionally, for mortars with required consistency,
a research of WRV60 and a research with ultrasonic
methodwere carried out. All results for these 9 materials
were presented in Table 4. It is clearly noticeable that
cellulose ether decreases the ultrasonic wave velocity
during the research and delays the mortar’s bonding
and hardening processes. The bigger its amount in
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mortar’s composition, the lower the ultrasonic wave
velocity and the longer the induction time — hence
the delay of bonding and hardening processes is
bigger. WRV60 parameter was the highest for the
mortar with the biggest amount of cellulose ether,
for which the water loss during the whole research
was the least. Analyzing all results from Table 4, it
can be noticed that mortars with similar consistency
are characterized with strongly differential practical
properties that’s why a comprehensive evaluation
of modified materials and the effect of admixture on
each property is so important.

Table 4. Results of measurements for 9 chosen mortars

Consistency | WRV10 | WRV60 Indgction Maximum
(am] (%] (%] tlme velocity after

[min] 48 h [m/s)
0 16.8 85.0 76.5 0 2180.1
ZA1 16.5 89.8 82.5 0 1951.3
ZA5 17.0 993 98.1 190 13722
ZA6 16.4 99.6 98.9 280 860.3
B1 16.4 92.1 86.1 0 1505.3
B3 16.9 98.7 97.8 180 1235.7
B4 16.2 99.6 99.2 325 958.0
Q1 163 92.1 86.6 131 1364.8
3 16.2 99.8 99.2 215 1005.4

A — cellulose ether (B), B — cellulose ether (B), C —
cellulose ether (C)
1,3,4,5, 6—amount of cellulose ether 0.5; 1.5;2.0;2.5;3.0 g

4. Conclusions

The research indicate differing impact of cellulose
ether on consistency, ability to retain water and
the process of setting and hardening of tested
cement mortars. Addition of polymer admixture
strongly influences the mortar’s consistency. With
the increase in amount and viscosity of admixtures
a clear tendency of reduction in the consistency of
mortars, while increasing their WRV can be noticed.
Presented results of the research show that cellulose
ether increases water retention, but at the same time
delays the mortars’ setting and hardening processes.
The choice of admixture type in terms of it’s amount
and viscosity should be preceded by a thorough
analysis of the impact of cellulose ether not only
on standard properties of mortar in plastic state,
but also the influence of this admixture on practical
utility of modified materials should be taken into
consideration. Only a comprehensive assessment of
examined mortars and properly balanced proportions
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of cellulose ether will allow to meet the standard
requirements and will provide adequate technical
properties.

References

[1] Chtadzynski S., Malata G.: Skladniki zapraw
klejowych do plytek. Czes¢ I — Metyloceluloza.
I1zolacje, 4, (2008), pp. 30-33.

[2] Szczygielska A., Rudnik E., Polaczek J.: Eter celulozy.
Metody otrzymywania, zachowania oraz sytuacja
rynkowa. Przemyst Chemiczny, 81(11), (2002), pp.
704-707.

[3] Sobala M., Nosal K., Pichniarczyk P.. Wphw
metylocelulozy na witasciwosci klejowych zapraw
cementowych. Cement Wapno Beton, 6, (2010), pp.
359-365.

[4] lzaguirre A., Lanas J., Alvarez J.1.: Characterization
of aerial lime-based mortars modified by the addition
of two different water-retaining agents. Cement and
Concrete Composites, 33, (2011), pp. 309-318.

[5] Pourchez J., Peschard A., Grosseau P., Guyonnet R.,
Guilhot B., Vallee F.: HMPC and HEMC influence on
cement hydration. Cement and Concrete Research, 36,
(20006), pp. 288-294.

[6] PN-EN 1015-3:2000 + A2:2007 Metody badan zapraw
do muréw. Okreslenie konsystencji $wiezej zaprawy
(za pomoca stolika rozptywu)

[7] Malolepszy J., Gawlicki M., Pichor W., Brylska W.,
Brylicki W., Lagosz A., Nocun-Wczelik W., Petri
M., Pytel Z., Roszczynialski W., Stolecki J., Malata
G., Reben M.: Podstawy technologii materiatow
budowlanych i metody badan. Wydawnictwo AGH,
Krakéw 2013.



THE INFLUENCE OF CELLULOSE ETHERS ON THE CHOSEN PROPERTIES OF CEMENT MORTAR IN THE PLASTIC STATE

structure

Anna Kotwa
Edyta Spychat

Wptyw eterow celulozy na wybrane wiasciwosci
zaprawy cementowej w fazie plastycznej

1. Wprowadzenie

Rozwo6j nowych technologii i chemii budowlanej
przyczynit si¢ do popularyzacji suchych zapraw tyn-
karskich. Dostosowanie wtasciwos$ci tych materialow
do wymagan wspotczesnego przemystu budowlanego
wiaze si¢ migdzy innymi z zastosowaniem polimero-
wych domieszek chemicznych. Jednymi z najczesciej
stosowanych domieszek sg etery celulozy. Udziat tych
sktadnikow w recepturach zapraw budowlanych nie
przekracza kilku procent masy suchej zaprawy, mimo
to w znaczacy sposob modyfikuje jej wtasciwosci.

Zastosowanie dodatkéw oraz zmiany warunkéw
eteryfikacji celulozy pozwalajg na uzyskanie wielu
odmian eterow celulozy réznigcych si¢ miedzy sobg
rodzajem wprowadzonych grup funkcyjnych, stop-
niem eteryfikacji, rozdrobnieniem, szybkos$cig roz-
puszczania w wodzie, a takze lepkoscig ich roztwo-
row wodnych [1, 2].

Domieszki te stosowane sa gtownie jako $rodki
zageszezajace 1 zwigkszajace zdolno$¢ utrzymania
wody w zaprawie, co zapewnia odpowiednie warunki
wigzania 1 twardnienia spoiwa. Majg one wplyw na
lepkos¢ 1 gestos¢ §wiezej zaprawy, urabialnos¢, wia-
sciwosci aplikacyjne [1, 3, 4]. Dzigki tym cechom,
zaprawy z dodatkiem eterow celulozy sa proste
W przygotowaniu, wygodne w uzyciu, tatwe w obrob-
ce, co zapewnia uzyskanie odpowiednich wtasciwo-
$ci finalnego produktu.

Mimo powszechnego zastosowania eteréw celulo-
zy do modyfikacji wlasciwosci zapraw cementowych,
nie sg one grupg domieszek chemicznych w sposéb
jasny i przejrzysty opisang w literaturze, miedzy in-
nymi nie jest do konca wyjasniony problem wptywu
eterow celulozy na hydratacje cementu i mikrostruk-
ture zapraw cementowych [4, 5]. Wynika¢ to moze
z powodu ich szerokiego asortymentu, a takze tajem-
nic handlowych firm, ktére zajmuja si¢ produkcja
1 sprzedazg samych eterow celulozy, jak i catej che-
mii budowlanej. Ocena zakresu przydatnosci tych

domieszek chemicznych w zastosowaniach praktycz-
nych wcigz wymaga dodatkowych badan.

W pracy przedstawiono wyniki doswiadczen labo-
ratoryjnych dotyczace wpltywu eteru celulozy na wy-
brane wtasciwosci zapraw cementowych w fazie pla-
stycznej. Sposrod szeregu roéznych eteréw celulozy
dostepnych na rynku, wybrano te, ktore w znaczacy
sposob roznig si¢ lepkoscig. Wiasciwa ocena wply-
wu 1 zakresu dziatania eteréw celulozy na parametry
stwardniatej zaprawy powinna by¢ poprzedzona wni-
kliwg analizg ich oddziatywania na zaprawe w fazie
plastycznej — bezposrednio po dodaniu wody do su-
chej mieszanki (etap wykonania i aplikacji zaprawy),
na czym skoncentrowano si¢ w niniejszym artykule.

2. Metodologia badan

Program badan obejmowal ocen¢ wybranych wta-
sciwosci cementowych zapraw tynkarskich (w fazie
plastycznej) modyfikowanych polimerowa domiesz-
ka w postaci eteru celulozy. Do oznaczenia badania
procesOwW wigzania i twardnienia oraz wskaznika
zatrzymania wody WRV zmniejszono masy sktadni-
kéw zapraw o polowe, zachowujac te same propor-
cje. W recepturach zmieniano rodzaj eteru celulozy
ze wzgledu na jego lepkos¢ i ilos¢ eteru celulozy;
w przypadku zapraw ZA do ZC domieszke chemicz-
ng dozowano odpowiednio od 0,5 do 4,0 g, zwieksza-
jac ten sktadnik proporcjonalnie co 0,5 g. Symbolem
70 oznaczono zaprawe wzorcowa, niemodyfikowana
eterem celulozy.

Kazda probke przygotowywano w ten sam spo-
sob — do wymieszanych ze soba suchych sktadnikow
dodawano stata ilos¢ wody. 1los¢ ta zostata dobrana
doswiadczalnie w taki sposob, aby konsystencja za-
prawy wzorcowej Z0 byla optymalna (w granicach
16+17 cm), co warunkuje odpowiednie wlasciwosci
aplikacyjne zaprawy. Wszystkie mieszanki sporza-
dzono w klimatyzowanym laboratorium, w tempera-
turze 20°C (£2°C) i wilgotnosci wzglednej powietrza
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65% (£5%), z zachowaniem stalego czasu mieszania
zapewniajgcego prawidlowg homogenizacje badane-
go materiatu (90 s mieszania mechanicznego + 30 s
przerwy + 90 s mieszania mechanicznego). Do badan
wykorzystano mieszarke laboratoryjng LMB-S.

Badanie konsystencji zapraw wykonano metoda sto-
lika rozptywu, zgodnie z normg PN-EN 1015-3 [6].

Wspoétezynnik zatrzymania wody (WRV — Water
Retention Value) oznaczono na podstawie procedury
zawarte] w [7]. Badanie polegato na okresleniu pro-
centowej zawartosci wody, ktora pozostaje po krot-
kotrwatym odsysaniu wody przez bibute filtracyjng
w okres$lonych warunkach i w okre§lonym czasie. Po-
miary wykonano po 10 i 60 minutach, oznaczajac ten
parametr jako WRV10 oraz WRV60.

Oceng procesow wigzania i twardnienia okreslono
przy uzyciu metody ultradzwickowej. Badanie po-
legato na rejestracji predkosci fali ultradzwickowej,
ktorej wartos$¢ ulegata zmianie w trakcie wigzania
materiatu. Wyniki pomiarow w artykule obejmo-
waty odczytang z wykresow maksymalna predkosc
fali ultradzwigkowej po 48 godzinach wigzania oraz
czas indukcji. Za okres indukcji przyjeto czas podany
w minutach, zmierzony od poczatku badania do mo-
mentu naglej zmiany predkosci fali ultradzwickowe;.

3. Wyniki badan i ich analiza

Konsystencja wszystkich modyfikowanych za-
praw byla silnie zr6znicowana (rys. 1). Parametr ten
ksztaltowat si¢ na poziomie miedzy 12,1 cm (zapra-
wa ZDS8) a 18,5 cm (zaprawa ZA2). Zaprawa wzor-
cowa dla porownania uzyskata rozplyw na poziomie
16,8 cm. Przy czym zgodnie z zalecaniami normowy-
mi i praktycznymi warto$¢ konsystencji w granicach
16+17 cm poszczegodlne zaprawy uzyskaty przy roz-
nych zawarto$ciach eteru. Na podstawie zestawionych
wynikow stwierdzono, ze po osiggnieciu maksymalnej
warto$ci rozpltywu (przy zawartosci domieszki wyno-
szacej 1 g) we wszystkich przypadkach nastepuje pro-
porcjonalny spadek konsystencji wraz ze wzrostem za-
warto$ci eteru. W przypadku zapraw modyfikowanych
eterem celulozy w ilosci 0,5 g warto$¢ konsystencji
ksztaltowata si¢ na zblizonym poziomie, tj. w grani-
cach 16,3+16,5 cm, co $swiadczy o podobnym dziata-
niu domieszki bez wzgledu na jej lepkos¢.

Zaprawa wzorcowa charakteryzowata si¢ duzo niz-
szym zatrzymaniem wody w pordwnaniu z materia-
fami modyfikowanymi (rys. 2), gdyz wskaznik WRV
zaprawy Z0 wynosil zaledwie 85% (co jest zjawi-
skiem niekorzystnym). Zaprawy z domieszka eteru
celulozy uzyskaty warto$¢ tego parametru w zakresie
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od 89,8% (zaprawa ZAl) do 100% (zaprawa ZC6).
Wskaznik WRV zapraw (zdolnos¢ do zatrzymywania
wody) ro$nie wraz ze wzrostem ilosci domieszki ete-
ru celulozy. Powyzej zawarto$ci polimeru rownej 2 g
zaobserwowane ubytki wody sa praktycznie niewiel-
kie dla wszystkich zapraw, co jest zjawiskiem korzyst-
nym szczegolnie w przypadku aplikacji materialu na
chtonne podtoze, przy zmiennych warunkach tempe-
raturowo-wilgotnosciowych czy w przypadku wypraw
pocienionych (o grubosci 3 mm). Przy mniejszych ilo-
sciach eteru celulozy wskaznik WRYV jest relatywnie
proporcjonalny w stosunku do ilo$ci domieszki, cho¢
mozna zaobserwowac, ze w przypadku zapraw zawie-
rajacych etery o lepkosci 25000 mPa-s i 45000 mPa-s
wskaznik WRV jest wyraznie wickszy. Z punktu wi-
dzenia samego zatrzymania wody w zaprawie, zapew-
niajacego odpowiednie warunki wigzania i hydratacji
cementu, korzystne byloby zastosowanie eterow celu-
lozy w ilosci co najmniej 1,5 g i wysokiej lepkosci.

Wyniki badan wskazuja na zréznicowane oddzia-
tywanie eteru celulozy na konsystencj¢ zapraw oraz
ich zdolno$¢ do zatrzymywania wody. O ile parametr
konsystencji mozemy przyja¢ zgodnie z wymaga-
niami w granicach 16+17 cm (dobierajac odpowied-
nig ilo§¢ wody), o tyle problem zatrzymania wody
1 wpltyw tego parametru na wlasciwosci §wiezej, jak
i stwardniatej zaprawy wymaga szerokiej analizy.
Nalezy w tym wypadku wzig¢ pod uwage wiele czyn-
nikow, migdzy innymi warunki i sposob aplikacji
zaprawy czy chlonno$¢ podloza. Wyniki przeprowa-
dzonych doswiadczen moga postuzy¢ posrednio do
oceny zachowania badanych zapraw pozostajacych
w kontakcie z materiatami o zréznicowanej chtonnosci.

Warto rowniez zwroci¢ uwage na fakt, iz zaprawy
o wymaganej — okreslonej konsystencji, ktora warun-
kuje odpowiednie wiasciwosci aplikacyjne zapraw,
majg parametr zatrzymania wody (wskaznik WRV)
na poziomie silnie zréznicowanym, przy réznych
ilosciach i lepkos$ciach eteru (rys. 3). Wsrod wszyst-
kich badanych materiatow tylko 9 z 25 zapraw miato
konsystencje zgodna z wymaganiami normowymi
i zalozeniami praktycznymi.

Dodatkowo dla zapraw o wymaganej konsystencji
wykonano badanie wskaznika WRV60 oraz badanie
metoda ultradzwickowa (tab. 4). Wida¢ wyraznie,
ze eter celulozy obniza predkos¢ fali ultradzwigko-
wej w trakcie badania, opdznia zachodzace procesy
wigzania i twardnienia zapraw. Im wicksza jego ilos¢
w sktadzie zaprawy, tym nizsza predkos¢ fali ultra-
dzwigkowej, dtuzszy okres indukcji — tym samym
wigksze opdznienie procesOw wigzania i twardnie-
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nia. Parametr WRV60 byl najwyzszy dla zaprawy
z najwigkszg ilo$cig eteru celulozy, dla ktorej ubytek
wody w trakcie calego badania byl najmniejszy. Ana-
lizujac wszystkie wyniki z tabeli 4, wida¢, ze zapra-
wy o zblizonej konsystencji charakteryzuja si¢ silnie
zréznicowanymi wlasciwosciami uzytkowymi, dlate-
go tak wazna jest kompleksowa ocena modyfikowa-
nych materiatlow i wptywu domieszki na poszczegol-
ne wlasciwosci.

4. Wnioski

Przeprowadzone badania wskazuja na zrdznico-
wane oddzialywanie eteru celulozy na konsystencje,
zdolno$¢ do zatrzymywania wody oraz proces wig-
zania i twardnienia badanych zapraw cementowych.
Zastosowanie polimerowej domieszki wplywa silnie
na konsystencje zapraw. Wraz ze wzrostem ilosci
1 lepkosci domieszki wida¢ wyrazng tendencj¢ do
zmniejszania si¢ konsystencji zapraw przy jednocze-
snym wzroscie wskaznika zatrzymania wody. Pre-
zentowane wyniki badan wskazuja, ze eter celulozy
zwicksza retencje wody, ale jednocze$nie opdznia
procesy wigzania i twardnienia zapraw. Wybor ro-
dzaju domieszki pod katem jej ilosci i lepkosci powi-
nien by¢ poprzedzony doktadna analiza wptywu eteru
celulozy nie tylko na wlasciwo$ci normowe zaprawy
w stanie plastycznym, ale takze nalezy wzia¢ pod
uwage wplyw tej domieszki na parametry uzytkowe
modyfikowanych materiatéw. Dopiero komplekso-
wa ocena badanych zapraw oraz poprawnie dobrane
proporcje eteru celulozy pozwolg spetni¢ wymagania
normowe oraz zapewnig odpowiednie wiasciwosci
techniczne.
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TEIGENVALUE PROBLEMS IN STABILITY
OF INDUSTRIAL STEEL BUILDING WITH
A HANDLING SYSTEM

Abstract

The paper presents the eigenvalue problems of the stability of industrial steel buildings with a handling system. The aim of
the calculations was to determine eigenvalues (critical forces) and corresponding eigenvectors for the building structure
adapted to a crane operation. The FEM analysis was performed using Robot software. The impact of discretisation on the

values of critical forces obtained was also examined.

Keywords: industrial steel buildings, handling system, eigenvalue problem, stability

1. Introduction

Steel buildings are typical industrial structures.
Those can be built relatively quickly and construction
costs are lower compared with masonry structures.
Excellent strength properties of steel, which allow large
spans without additional internal columns, possibility
of structure extension or conversion make those an
attractive option, increasingly frequently selected by
investors in Poland. Additionally, such structures have
some aesthetic value, and also they can be recycled,
which fits in well with sustainability policy.

Generally, a steel building can be defined as
follows. It is a single-storey (most often slab-on
grade), single or multi-bay building, which does not
have partitions (dividing walls), either longitudinal or
transverse, inside (Fig. 1). External walls and the roof
form the building envelope enclosing the useful floor
space, and they also withstand environmental loads.
By providing stiffness, they have an important role
to play in the structural performance of the building.
The design of steel building structure makes it stable
and protects it from external climate.

Although such structures offer many advantages,
failures and even collapses (Katowice, 2006) may
also occur. Therefore, it is important those structures
are properly designed and erected.
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Fig. 1. Industrial steel building [1]

2. Industrial buildings with handling systems

Single-storey buildings can have multiple uses.
Those include industrial steel buildings (production
sites and warehouses), logistics facilities (hangars,
depots, service stations), commercial buildings (retail
outlets and shops, exhibition centres, sports halls,
concert halls, railway stations, etc).
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Industrial buildings are the most commonly found
steel structures. They provide large, open floor areas
and freedom for activities that involve manufacturing,
and also sale, storage, and sorting of different
products. The buildings are usually rectangular in
plan and have structural pattern composed of flat,
repeatedly arranged framing members with transverse
bracing. Additionally, those may contain components
related to the intra-facility handling system, such as
girders of overhead travelling cranes or track cranes,
auxiliary structures such as mezzanines or entresols.

Cranes are needed to lift and lower materials and
workers, thus facilitating human labour (Fig. 2).
Cranes can be of almost the same length as the
building itself. Those machines operate vertically and
horizontally. Their operation is limited by the length
of the runway, distance over which materials can be
hoisted or lowered, and the width of bridge. Nowadays,
it would not be possible for manufacturing or storage
facilities to operate without crane handling systems.
That particularly refers to heavy industry, in which
handled components are bulky and heavyweight.
Therefore, cranes are popular and widely used to
handle items inside industrial steel buildings.

Fig. 2. Industrial steel building with a handling
system [2]

3. Structure of steel building - key role of stability

In the structural system of each steel building, the
principal load-bearing system and ancillary structures
for wall cladding and the roof can be distinguished.
The primary steel frame of the building consists of
transversely arranged portal frames, connected and
braced. The role of the frame is to provide strength
and stability, and also stiffness necessary for the
structure to ensure safe service of the building. The
load-bearing frames comprise solid or latticed rafters
and columns, also solid or latticed, which support the

former. Each load-bearing structure of the building
has to satisfy the condition of the system geometric
invariability in the three-dimensional space. The
loads acting on the steel building include vertical
loads (from the dead load, cranes, snow), and also
horizontal ones and those parallel and perpendicular
to the structure longitudinal axis. The load-bearing
system supports multi-directional loads applied to the
structure.

Stability is the fundamental issue related to the steel
building structural system. Stability must be ensured
at the erection or service stage, and also when the
building is extended, refurbished or disassembled
[3]. Structural stability involves the capability of
the structure to maintain unchanged position and
shape under loads acting on it. As regards steel
buildings, stability is of crucial importance because
of the slenderness of the load-bearing members,
i.e. compressed columns. Structures are exposed
to a hazard of a sudden occurrence of stability loss
when they are subjected to massive compressive
loads. The stability loss is manifested as buckling of
the structure, e.g. of a column. To put that in simple
words, the member starts suddenly deflecting in all
directions although lateral forces, even small ones,
do not act on it. To ensure appropriate and safe
operation of the structure, i.e. its being in the state of
static equilibrium, the value of equilibrium (critical
load) and eigenvectors (buckling modes) must be
determined.

4. Eigenvalue problems in the stability of industrial steel
building with a handling system
The stability analysis was performed for an industrial
steel building, the cross-section of which is presented
in Figure 3, and axonometric projection in Figure 4.

| |
7.500 | . | HTSDD

—_———

-] 0,200 Hy.000 L
~11.200 :

i 12,000 i

Fig. 3. Cross-section of the industrial steel building with
a handling system [6]
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Fig. 4. Axonometric drawing of the building structure [6]

The building of concern has steel structure and it
sits on reinforced concrete pad foundations. The
building is located in Kielce, in the wind load zone
I, and in the snow load zone III. Sandy clays having
the degree of plasticity of IL = 0.2 form a soil stratum
at the foundation level. The depth of foundation was
assumed to be Im below the ground level.

The principal structural component of the building
consists in a flat steel frame, which is single-bay,
single-storey, with a single-sloped roof and with
short brackets supporting crane girders. Column to
foundations connection was fully restrained, whereas
hinge joints were used to connect roof girts to columns.
The axial span is 12 m, and the roof apex is at 7.8
m. The portal frame rafter is solid IPE 400 section,
whereas column is solid HEB 320 section. Crane girder
is supported by short steel bracket, rigidly connected
to the steel column shank. The steel bracket is a plate
girder element having variable height.

The short bracket is fillet welded to the column
shank and the node is additionally strengthened with
ribs. The roof grit is bolted to the column.

Spatial arrangement of the building is created by
five portal frames spaced 6 m apart. The building
roof cladding is made from troughed sheet which
is supported by IPE 200 steel purlins spaced 2.4 m
apart. In the roof plane, the end panels contain
bracing made from 20 mm diameter steel bars. All
components of the roof structure are bolted together,
and the troughed sheet roof cladding is installed using
self-drilling screws.

Side walls and end walls are made from double skin
panels fixed to steel side rails. In the end panels, wall

162

bracings, made from 80 x 80 x 6 equal leg angle, are
installed.

Solid crane girder is made from HEA300 section.
The crane runways are secured with end caps with
buffer. ZXJ overhead crane installed in the building,
with a capacity of 50 kN, travels at the speed of
40 m/min. The trolley travel speed is 30 m/min, and
the hoisting speed is 12.5 m/min.

All structural components were made from S235JR
steel grade, pad foundations from C30/37 class
concrete with RB500W steel reinforcement.

4.1. Core of the issue - eigenvalue problems in structure
stability

The lowest value of the load that corresponds to
stability loss is termed critical load. The value of it
depends on the structural form of the member, e.g.
its length, shape, dimensions of the cross-section,
manner of support, therefore it is called eigenvalue.
Buckling mode, i.e. the deformation of the structure
under the critical load is represented by eigenvector.
The term eigenvalue problem is understood to include
the determination of eigenvalues and corresponding
vectors.

In the study, the problem was solved using FEM.
Eigenvalues o_were determined using equation (1),
which expresses the critical equilibrium state of the
system under analysis [5]:

det(K-Kg)=0 (1)

where: K — linear stiffness matrix of the structure,
K, — geometric stiffness matrix of the structure.
Eigenvectors do_were determined from equation (2),
which indicates that in the critical state of the system,
different positions of its equilibrium are possible:

[K -Kg (0*)]50*=0 ()

where: do_— eigenvector (specifying new, possible
system position in the critical equilibrium state),

50_* = {50-*1,50-*2, 50*”} (3)

Eigenvector expressed by equation (3) gives the
mode of the system stability loss.

4.2. Eigenvalue problem in the stability of industrial
steel building with a handling system - analysis

The stability analysis for the building of concern
was performed using Autodesk Robot Structural
Analysis Professional 2014 software, based on FEM.
The transverse structural arrangement of the building



TEIGENVALUE PROBLEMS IN STABILITY OF INDUSTRIAL STEEL BUILDING WITH A HANDLING SYSTEM

structure

is shown in Figure 5. In the other direction, individual
transverse units were connected by means of bracings,
purlins and the crane girder.

Fig. 5. Structural arrangement of the building model

The analysis was performed using Robot “Buckling
Analysis” software. Columns were loaded by a unit
force, computation results produced, among others,
a pre-set load multiplier. It is equivalent to the
critical force given in kN. Columns were modelled
using a different number of finite elements, namely
one, three and five. In this way, it was possible to
analyse variation in results depending on the degree
of discretisation of compressed members.

The table and figures below present the results of
computations of the critical force, and also buckling
modes and eigenvectors for the first four eigenvalues.
The dependence of the successive values of critical
forces on the degree of discretisation of columns is
shown in Table 1.

Table 1. Critical force dependence on the degree of
discretisation of columns

Force Critical force [kN] (ritical force [kN] (ritical force [kN]
number 1 element 3 elements 5 elements
1 2172 2167 2167
2 5933 5879 5878
3 7261 6934 6918
4 7870 7392 7373

The results above indicate that with an increase in
the number of finite elements, into which the column
was divided, the values of individual critical forces
approach the exact (precise) value. For that reason,
buckling modes were shown for the column division
into five finite elements. Those buckling modes are
presented in Figures 6 to 9. For the first critical force
value, the most interesting for the design engineer,
the tilt mechanism of the buckling mode is observed.
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Fig. 8. Buckling mode for critical force 3
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o

Fig. 9. Buckling mode for critical force 4

For buckling modes presented in Tables 2-5, values
of nodal displacements corresponding to eigenvectors
were given. Linear displacements UX and UZ were
expressed in centimetres, and the angle of rotation
RY of the node was measured in radians. Numbers of
nodes and the arrangement of the axes were adopted
as in Figure 5.

Table 2. Displacement values — eigenvector for critical force 1

Node | Case | Form | Eigenvector UX | EigenvectorUZ | EigenvectorRY
2 3 1 0.01702551 -0.00000106 0.00457266
6 3 1 0.01596688 0.00000100 0.00434994
7 3 1 0.01702552 -0.00228739 0.00457265
8 3 1 0.01596688 0.00217596 0.00434993
9 3 1 0.02659905 -0.00000139 0.00489209
10 3 1 0.02657054 0.00000135 0.00473988

Table 3. Displacement values — eigenvector for critical force 2

Node | Case | Form | Eigenvector UX | EigenvectorUZ | EigenvectorRY
2 3 2 0.01883840 -0.00007905 0.005884638
6 3 2 0.01734691 0.00008146 0.00555568
7 3 2 0.01883912 -0.00300322 0.00585002
8 3 2 0.01734758 0.00286021 0.00555905
9 3 2 0.03142206 -0.00010319 0.00655243
10 3 2 0.03139164 0.00011006 0.00642742
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Table 4. Displacement values — eigenvector for critical force 3

Node | Case | Form | EigenvectorUX | EigenvectorUZ | Eigenvector RY
2 3 3 -0.00172898 0.00001100 -0.00056889
6 3 3 -0.00164279 0.00002474 -0.00052136
7 3 3 -0.00172907 0.00029558 -0.00056936
8 3 3 -0.00164288 -0.00023583 -0.00052142
9 3 3 -0.00296590 0.00001436 -0.00064800
10 3 3 -0.00295654 0.00003309 -0.00060105

Table 5. Displacement values — eigenvector for critical force 4

Node | Case | Form | EigenvectorUX | EigenvectorUZ | EigenvectorRY
2 3 4 -0.00133757 -0.00002853 -0.00041083
6 3 4 -0.00117016 -0.00000776 -0.00041001
7 3 4 -0.00133767 0.00017675 -0.00041082
8 3 4 -0.00117023 -0.00021285 -0.00041034
9 3 4 -0.00221857 -0.00003689 -0.00045871
10 3 4 -0.00222515 -0.00001050 -0.00048773

5. Conclusions

The analysis conducted for the study shows that for
a specific transverse structure of the steel building
with a handling system, the tilt mechanism is decisive
for stability loss. The degree of discretisation affects
the values of the critical force obtained, additionally
this impact is particularly manifested for the second
and successive values of critical forces. Then, a
relatively low value of the first critical force (2167
kN) justifies the statement that stability issues are of
key importance in the design of the transverse system
of the steel building with a handling system. The
load-bearing structure of the steel building in service
should not be overloaded, especially in crane lifting
operations, due to loads greater than specified safe
working load.
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Zagadnienie wlasne w statecznosci stalowej hali
przemystowej z transportem wewnetrznym

1. Wprowadzenie

Hale stalowe to typowe konstrukcje budownictwa
przemystowego. Obiekty te wznoszone sa w stosun-
kowo krotkim czasie, a koszty ich budowy sg nizsze
niz w przypadku hal murowanych. Znakomite wta-
sciwosci wytrzymatoSciowe stali, zapewniajace duze
rozpigtosci konstrukcyjne obiektu bez dodatkowych
podpor, tatwos¢ rozbudowy i adaptacji sprawity, ze
budynki te coraz czgéciej wybierane sa przez pol-
skich inwestorow. Ponadto konstrukcje tego typu
sa estetyczne i podlegaja procesom recyklingu, do-
skonale wpisujac si¢ we wspotczesny trend dbatosci
o $srodowisko naturalne.

Ogolng definicje hali stalowej mozna przedstawic¢
W nastepujacy sposob: halg stalowg nazywamy bu-
dowlg parterowa (najczesciej niepodpiwniczong) jed-
no- lub wielonawowg charakteryzujacg si¢ brakiem
przegrdd (Scian dziatowych) w obu kierunkach — po-
dluznym 1 poprzecznym w obrebie wnetrza obiektu
(rys. 1). Zewnetrzne $ciany oraz pokrycie dachowe
stuza do wyodrgbnienia powierzchni uzytkowej hali,
a takze zabezpieczaja konstrukcje przed wplywem
obcigzen wywolanych oddzialywaniem $rodowiska
zewnetrznego, zapewniajac konstrukcji sztywnos$c.
Konstrukcja stalowa hali sprawia, ze jest ona stabilna
oraz wytrzymata i odporna na warunki atmosferyczne.

Mimo tak licznych zalet tego typu ustrojow zda-
rzyty si¢ ich awarie, a nawet katastrofy (Katowice,
2006), dlatego tak wazne jest prawidlowe projekto-
wanie oraz wykonawstwo tego typu konstrukcji.

2. Stow kilka o halach przemystowych z transportem
wewnetrznym

Hale to budynki jednokondygnacyjne o réznorod-
nym przeznaczeniu. Mozna wyrdznié: hale przemy-
stowe (produkcyjne i magazynowe), hale obstugowe
(hangary, zajezdnie, stacje obstugi), hale uzyteczno-
Sci publicznej (handlowe, wystawowe, sportowe, wi-
dowiskowe, dworcowe itp.).

Najwieksza grupe stanowie hale przemystowe.
Powierzchnia stalowych obiektéw przemystowych

jest stosunkowo rozlegta, dzigki czemu umozliwia
realizacj¢ zadan zwigzanych ze sprzedazg, przecho-
wywaniem i sortowaniem produktow oraz ich pro-
dukcja. Budynki te majg najczesciej rzut prostokatny
1 powtarzalng konstrukcje ztozong z ptaskich ustro-
jow nosnych stezonych poprzecznie. Wystepuja
w nich dodatkowo elementy zwigzane z transportem
wewngtrznym, takie jak belki suwnic podwieszonych
lub natorowych, oraz konstrukcje pomocnicze, np.
antresole, pomosty.

Suwnice, czyli dzwigi, potrzebne sg do podnoszenia
1 opuszczania materiatdw, ludzi, tzn. wspomagaja
i udoskonalajg ich prace (rys. 2). Suwnice moga miec¢
dlugosc¢ prawie takg sama jak sam budynek. Urzadze-
nia te pracujg w pionie i w poziomie. Ich ograniczni-
kiem jest dlugosc¢ toru jazdy, wysokos$¢ na jaka moz-
na podnosi¢ i opuszcza¢ materiaty oraz szeroko$c¢
mostu. Obecnie mozna nawet stwierdzié, ze bez suw-
nic przemyst i magazynowanie nie moglyby istniec.
Szczegolnie jesli mamy na mysli przemyst ciezki,
gdzie transportowane materialy sa wielkogabarytowe
1 0 znacznym cig¢zarze. Suwnice sg zatem bardzo po-
pularnymi i powszechnie stosowanymi urzadzeniami
w transporcie wewnetrznym hal przemystowych.

3. Konstrukcja stalowa hali - statecznosc to podstawa

W uktadzie konstrukcyjnym kazdej hali mozna
wyodrebni¢ gléwny ustrdj nosny oraz konstrukcje
wsporcze obudowy $cian i dachu hali stalowej. Glow-
nym ukltadem no$nym hali jest szkielet ztozony z po-
przecznych ustrojow nosnych (ram), polaczonych ze
sobg i usztywnionych stezeniami. Jego zadaniem jest
zapewnienie wytrzymalos$ci i statecznosci elementom
konstrukeji hali, a takze sztywnosci niezbednej przy
spetieniu zadanych warunkéw eksploatacji obiektu.
Ramy no$ne sktadaja si¢ z rygli (pelnos$ciennych lub
kratowych) oraz podpierajacych je stupéw (petno-
sciennych lub kratowych). Kazda konstrukcja no$na
budynku musi spetnia¢ warunki geometrycznej nie-
zmiennosci ustroju w przestrzeni trojwymiarowej. Na
budynek hali dziatajg obcigzenia pionowe (od ci¢zaru
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wlasnego, suwnic, $niegu) oraz poziome, rownolegle
i prostopadte do podluznej osi obiektu (od wiatru,
temperatury, suwnic). Uktad no$ny przenosi wielo-
kierunkowe obcigzenia dziatajace na konstrukcje.
Podstawowym zagadnieniem zwigzanym z ukta-
dem konstrukcyjnym hali jest jego stateczno$¢, ktora
musi by¢ zapewniona w warunkach realizacji, eks-
ploatacji, przy rozbudowie, remontach i demontazu
konstrukcji [3]. Statecznos¢ konstrukcji to zdolnosé
konstrukcji do zachowania niezmienionego potoze-
nia i ksztaltu pod wptywem dziatajacego obcigzenia.
W przypadku hal stalowych pojecie statecznosci jest
szczegblnie wazne z uwagi na smukto$¢ elementow
no$nych, tj. Sciskanych stupow. Wystepuje bowiem
ryzyko naglej utraty statecznosci, w sytuacji gdy
konstrukcje te sa poddane duzym obcigzeniom $ci-
skajacym. Utrata stateczno$ci objawia si¢ tym, ze
konstrukcja, np. stup hali, ulega wyboczeniu (zaczy-
na nagle ,,wygina¢ si¢ na wszystkie strony”’) mimo,
ze nie dziatajg na niego zadne (nawet niewielkie) sity
boczne. By zapewni¢ wtasciwag 1 bezpieczng prace, tj.
by konstrukcja znajdowata si¢ w stanie rownowagi
statecznej, nalezy okresli¢ jej wartosci (obcigzenie
krytyczne) i wektory wlasne (postaci wyboczenia).

4. Zagadnienie wtasne w statecznosci stalowej hali
przemystowej z transportem wewnetrznym

Analizie statecznos$ci poddano stalowa hale przemy-
stowa przedstawiong w przekroju na rysunku 3 oraz
w aksonometrii na rysunku 4.

Rozwazana hala wykonana zostata w konstrukcji
stalowej oraz posadowiona na zelbetowych stopach
fundamentowych. Hala zlokalizowana jest w Kiel-
cach, w 1-szej strefie obcigzenia wiatrem oraz 3-ciej
strefie obcigzenia $niegiem. Grunt w poziomie posa-
dowienia stanowity gliny piaszczyste o stopniu pla-
styczno$ci IL = 0,2. Poziom posadowienia przyjeto
1 m ponizej poziomu terenu.

Gtowny uktad konstrukcyjny hali to stalowa rama
ptaska, jednonawowa, jednopigtrowa z dachem jed-
nospadowym oraz z krétkimi wspornikami, na kto-
rych wsparte zostaty belki podsuwnicowe. Potacze-
nie stupéw z fundamentami zrealizowano jako peine
utwierdzenie, natomiast polgczenie rygla dachowego
ze stupem jako przegubowe. Rozpigtos¢ osiowa ukta-
du wynosi 12 m, a wysoko$¢ konstrukcji najwyzsze-
go punktu dachu wynosi 7,8 m. Rygiel ramy to petno-
Scienny ksztaltownik IPE 400, za$ stup — pelnoscien-
ny HEB 320. Belki podsuwnicowe oparte zostaty na
krétkim wsporniku stalowym, potagczonym sztywno
z trzonem stupa stalowego. Wspornik stalowy wyko-
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nano jako element blachownicowy o zmiennej wy-
sokosci.

Potgczenie krotkiego wspornika z trzonem stupa
zrealizowano jako spawane za pomocg spoin pachwi-
nowych i dodatkowo wzmocniono wezet zebrami.
Potaczenie rygla dachowego ze stupem wykonano
jako srubowe.

Uktad przestrzenny hali stanowig wspomniane wy-
zej uklady ptaskie w ilosci 5 sztuk, w rozstawie 6 m.
Konstrukcje przekrycia hali wykonano z blachy trape-
zowej, utozonej na stalowych ptatwiach z ksztattow-
nika IPE 200 w rozstawie co 2,4 m. W plaszczyznie
dachu w skrajnych polach wykonano stezenia dacho-
we z pretow stalowych $rednicy 20 mm. Wszystkie
polaczenia elementow konstrukcji dachu zrealizowa-
no jako $rubowe, za$ blache trapezowa zamocowano
na wkrety samowiercace.

Sciany boczne i szczytowe hali wykonano z phyt
warstwowych, mocowanych do stalowej ryglowki.
W skrajnych polach wykonano stezenia $cienne z ka-
townika rownoramiennego 80 x 80 x 6.

Belke podsuwnicowg zrealizowano jako petno-
scienng z profilu HEA300. Tory jezdne suwnicy za-
bezpieczono koztami odbojowymi. Zamontowana
w hali suwnica natorowa ZXJ o catkowitym udzwigu
50 kN, porusza si¢ z predkoscig 40 m/min. Predkosé¢
jazdy wozka wynosi 30 m/min, a pr¢dkos¢ podnosze-
nia 12,5 m/min.

Catos¢ konstrukeji stalowej wykonano ze stali kla-
sy S235JR, a stopy fundamentowe z betonu klasy
C30/37 zbrojonego stala RB5S00W.

4.1. Istota zagadnienia - zagadnienie wiasne
w statecznosci konstrukcji

Najmniejszg warto$¢ obcigzenia odpowiadajaca
utracie statecznosci nazywamy obcigzeniem kry-
tycznym. Jego warto$¢ zalezy od konstrukcyjnego
uksztattowania elementu, np. dhugosci elementu,
ksztaltu i wymiaréw przekroju poprzecznego, sposo-
bu podparcia. Posta¢ wyboczenia, tzn. odksztatcong
postac konstrukcji pod wptywem obcigzenia krytycz-
nego obrazuje wektor wiasny. Pod pojeciem zagad-
nienie wlasne rozumiemy wyznaczenie wartosci wia-
snych i odpowiadajacych im wektorow.

W pracy zagadnie wlasne rozwigzane zostato przy
uzyciu MES. Wartosci wlasne o,_okreslono, korzysta-
jac z réwnania (1) wyrazajacego krytyczny stan row-
nowagi analizowanego uktadu [5].

Wektory wlasne do_wyznaczono z rownania (2), co
wskazuje, ze w krytycznym stanie uktadu mozliwe sa
rézne potozenia jego rownowagi.
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Wektor wilasny opisany rownie (3) okresla postaé
utraty stateczno$ci uktadu.

4.2. Zagadnienie wiasne w statecznosci stalowej hali
przemystowej z transportem wewnetrznym - analiza

Analize stateczno$ci przedmiotowej hali przepro-
wadzono z wykorzystaniem programu Autodesk Ro-
bot Structural Analysis Professional 2014, opartego
na MES. Schemat statyczny pojedynczego uktadu
poprzecznego hali przyjeto jak na rysunku 5. Po-
szczegblne uktady poprzeczne zostaty polaczone
w drugim kierunku za pomocg stezen, ptatwi i belki
podsuwnicowe;j.

Jako typ analizy przyj¢to w programie Robot ,, Wy-
boczenie”. Stupy zostaly obcigzone jednostkowa sita,
a jako wynik obliczen program zwrdcit m.in. mnoz-
nik zadanego obciazenia. Mnoznik ten jest rowno-
wazny z sitg krytyczng wyrazong w kN. Stupy zostaty
zamodelowane z r6znym stopniem podziatu na liczbe
elementéw skonczonych, a mianowicie na 1, 3 oraz
5 elementow. W ten sposdb mozliwe byto przepro-
wadzenie analizy zmienno$ci wynikoéw zaleznie od
stopnia dyskretyzacji elementow $ciskanych.

Ponizej zestawiono, w formie tabelarycznej oraz
w postaci rysunkow, wyniki obliczen dotyczace
wartosci sit krytycznych oraz postaci wyboczenia
1 wektorow wlasnych dla pierwszych czterech warto-
$ci wlasnych. Zaleznos$¢ kolejnych wartosci sit kry-
tycznych od stopnia dyskretyzacji stupéw przedsta-
wia tabela 1.

Na podstawie powyzszych wynikéw mozna zauwa-
zy¢€, ze wraz z rosnacg liczba podziatu shupa na ele-
menty skonczone wartosci poszczego6lnych sit kry-
tycznych dazg do wartos$ci Scistej (doktadnej). Dla-
tego tez postacie wyboczenia pokazano przy podziale
stupow na pig¢ elementéw skonczonych. Postacie te
zebrane sg na rysunkach od 6 do 9. Dla najbardziej
interesujacej projektanta pierwszej wartosci sity kry-
tycznej posta¢ wyboczenia ma charakter przechytowy.

Dla zaprezentowanych postaci wyboczenia w ta-
belach od 2 do 5 podano wartoSci przemieszczen
wezlowych odpowiadajacych wektorom wilasnym.
Przemieszczenia liniowe UX 1 UZ wyrazone sg
w centymetrach, a kat RY obrotu we¢zta podano w ra-
dianach. Numery wezlow i uktad osi przyjeto jak na
rysunku 5.

5. Wnioski

Przeprowadzona analiza pozwala stwierdzi¢, ze
w przypadku specyficznej konstrukcji uktadu po-
przecznego hali z transportem wewngtrznym, domi-
nujaca jest przechytlowa posta¢ utraty statecznosci.

Stopien dyskretyzacji ma wptyw na uzyskane war-
tosci sit krytycznych, przy czym wplyw ten ujawnia
si¢ szczegolnie dla drugiej i kolejnych wartosci sit
krytycznych. Z kolei relatywnie niska warto$¢ pierw-
szej sily krytycznej (2167 kN) pozwala stwierdzi¢,
ze problemy zwigzane ze statecznoscig beda jednymi
znajwazniejszych podczas projektowania konstrukcji
uktadu poprzecznego hali z transportem wewngtrz-
nym. Podczas eksploatacji hali nalezy natomiast uni-
ka¢ niepotrzebnego przecigzania ustroju nosnego,
szczegollnie poprzez nieprzestrzeganie dopuszczalne-
go udzwigu suwnicy.
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SACRED ARCHITECTURE AFTER ADMINISTRATION
REFORM OF CHURCH IN POLAND

Abstract

The period attributable to the 90s of the twentieth century in the field of religious architecture, is related to the time of
major changes, which have the greatest effect a complete change of political and economic system: the introduction of
the Constitution guaranteed the democratic system, freedom of speech, but also the introduction of free market principles,
economic restructuring and changes in many areas. Significant changes that have taken place in Poland since 1989, and in
particular political and economic transformation of the country, contributed to the acceleration of social and civilization,
as well as the inevitable technological progress. These changes, influenced by many factors as the introduction of the new
rules with the change of the old legislation: construction, architecture, urban design and planning. The Polish Church

regained the property and the freedom in the church building.

Keywords: reform of church administration in Poland, architecture of church, contemporary architecture

1. Introduction. Background problem

In the period of systemic transformation and
economic Catholic Church in Poland gained
the possibility of unrestricted functioning. New
opportunities for pastoral and evangelization created
a reform of church administration' [1], which also
completed stage exit from communism. Adjusted the
administrative structures of the Church to the changes
that began in Poland and in Europe after 1989. Polish
Church regained ownership, which in the years of
the communist Polish State took over, as well as full
freedom in church building [1].

The change political authorities to regulate State-
Church relations, and above all no longer relevant
in the Third Republic of Poland — the fight against
totalitarian rule limiting the freedom of creative
completely changed the investment process in the
field of religious architecture. There are new material
and technological conditions and favorable conditions
and new circumstances. The problems in obtaining
building permits and the purchase of building
materials disappeared. It has increased diversity of

' On March 25, 1992. Pope John Paul II papal bull Totus Tubus
Poloniae Populus divided the Church in Poland on 39 diecezjii
for: [1].

168

technologies in construction. It developed market
of design and building services. The expectations of
the public in relation to public buildings, including
church buildings have increased significantly.

Occurring after 1990, economic changes and socio-
political system in Poland, were associated include
the reduction of state subsidies for culture and art.
This had an impact on the overall investments in the
church building. The main problem has now become
the economic situation and the question of access to
money.

Number of churches constructed in Poland in the
last decade of the twentieth century, is not as large
as in previous years. After 1989, there is a marked
decrease in the number of investments church.
However, due to the lack of existing restrictions and
normalized the legal situation, emerging churches
are designed without unnecessary haste in close
cooperation with the architect and priest-investor.
The Church hierarchy and architects, undertaking
new investment projects, precisely to prepare them
carefully analyze the needs of the parish, assumptions
and software that appropriate forecasts. The church is
being built for a specific community and responds to
the needs and demands reported.
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The new political conditions created also impossible
in previous years, the chance occurrence of a critical
discussion, the possibility of subjecting projects to
public scrutiny and competition procedure. Previous
actions of the Church hierarchy rather not encourage
the faithful to participate in this process. They
supported only investments church in a financial
and through participation in construction works.
Currently, this task is performed by specialized
construction companies using modern technologies
and building materials. Modern technology allows
developers to sacred architecture design almost
unlimited structural systems, affecting the plasticity
of interior and architectural forms [2].

2. Sacral Architecture after the reform of church
administration - for example Kielce (Diocese of Kielce)

In the last decade of the twentieth century, a lively
building activity from the 70s and 80s, was significantly
inhibited. Due to the large number of churches and
many initiatives in previous years construction — due
to the favorable political and economic situation.

In contrast to the massive build churches — after 1975,
90s years of the twentieth century produced much less.
In the city of Kielce, occupying an area of four deaneries
Diocese of Kielce, in the 90s of the twentieth century,
the construction of 5 churches (Church of St. Stanislaw
Biskup 1 Megczennika — Kielce-Barwinek, Church
of Ducha Swietego — Kielce — Na Stoku, Church of
the Blessed Jerzy Matulewicz — Kielce — Slichowice,
Church of St. Vincent Pallotti — Kielce — Podkarczowka,
Church of St. Jozef NMP — Lodz street) [3].

Since 1990 church architecture began to develop
the full creative freedom. Economic factors and
considerations savings, which played a significant role
in the development of architecture, led to a significant
reduction and the reduction current (strongly expanded
in years: 1971-1989), the functional program and
pastoral sacred objects. There are new proposals on
shaping function, which resulted primarily from the
actual needs of the parish, including the number of
faithful participating in the masses. In addition to
the rectory for the priests, not designed as often as in
the eighties of the twentieth century, the function of
accompanying cultural, educational and entertaining.
It departs from the prevailing far duplex solutions.
Most of the recent proposals connects two different
types of space in a single level. The church is now
being built for a specific community and responds to
the most important needs and demands reported [4].
In the architecture of years 1990-2000 predominant

form of peaceful. Derived from the plans elongated,
which is particularly evident in the architecture and
composition of solids (the church of St. Stanislaw
Biskup i Meczennika, the Church Ducha Swietego,
the church of St. Jozef NMP).

The new projects sacral notes the search for a new
form and a new space "sacrum". There are proposals
to establish the modern language of forms and the new
author's interpretation of the meaning and symbolism
of the "sacrum" (church of St. Stanislaw Biskup
iMeczennika, Church ofthe Blessed Jerzy Matulewicz).

Antoni Mazur wrote that to get the proper shape
of the church's project should have two essential
features: the Church must be shaped to externally as
a solid read was only as a sacred object - as a church
by the general public. Forming a solid depends on the
environment that it has become a dominant feature of
his background. (...) The mood of the interior, should
promote the prayerful recollection. The conditions
needed to achieve a good result is to harmonize the
architecture of internal and external (...) [5].

Very important is the context and harmonious enter
the church in the modern urban structures, while
obtaining the sacred building, which is an important
object of the public. Religious building becomes an
important compositional element in the architecture
and landscape, both urban and rural areas.

Since the early nineties of the twentieth century, it
is noted in the Kielce Diocese tendency of reduction
volume of sacred objects. Produced modest and
functional churches with an intimate interior, to be
primarily economical and easy to maintain.

In the last decade of the twentieth century in the
architecture of churches returns traditional roof,
which has become an important element in shaping
the architectural form (St. church of St. Stanislawa
Biskup i Meczennika, Church of Ducha Swietego,
church of St. Jozef, church of St. Vincent Pallotti).

Blocks churches were covered most often sloping
roofs: double and multi stressed that regionalism and
local tradition. However, in addition to traditional
pitched roofs there are also forms of flat roofs and
flat roofs.

In the architecture of church observes a return,
a model of traditional architecture in principle
frontalno$ci and superficiality (the church of Stanislaw
Biskup i Meczennika, the Church of Ducha Swietego,
the church of St. Jozef NMP). The facade becomes
a feature of sacred architecture in its surroundings.
Often, it is additionally exposed prismatic tower form
a strong and underpinned by a multi- increase.
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In the 90s of the twentieth century, the tower as
an important part of the local tradition, becomes an
integral part of the planned and implemented modern
religious buildings.

The model of ancient architecture was assumed on the
plan of the square, as a free-standing or growing out of
the facility. In the urban landscape due to dominant high
buildings, no longer a strong dominant architecture.

On the facades are used in a variety of materials:
natural and artificial (brick, stone, plaster, other
linings). Most often dominates the sleek white-painted
plaster, distinguishing objects from the environment
and conferring them elegance (the church of the
Blessed Jerzy Matulewicz). This fact is confirmed
J.Sz. Wronski: (...) Considerations liturgical caused
the interior concept of the Church emerged from the
needs of the liturgical and external form was merely
a festive shell enclosing the body [6].

Fondness for brick walls marked in the church of
St. Stanistaw Biskup and Martyr in Kielce. The use
of this material further accentuates the sharp texture
of the brick walls.

Fig. 1. Church of Bt. Jerzego Matulewicza — view from
above, Kielce — O$. Slichowice, 1993-2003-2005,
designers expansion of the church Piotr Bielanski

i Krzysztof Filus, source: [7]

Fig. 2. Church of Bt. Jerzego Matulewicza — general
view of the building structure, Kielce — O$. Slichowice,
1993-2003-2005, designers expansion of the church Piotr
Bielanski i Krzysztof Filus, photo by author, 2015

170

Fig. 3. Church of Bt. Jerzego Matulewicza — view blocks,
Kielce — 0. Slichowice, 1993-2003-2005, designers
expansion of the church Piotr Bielanski i Krzysztof Filus,
photo by author, 2015

Fig. 4. Church of Bt. Jerzego Matulewicza — west
elevation, entrance, Kielce - O$. Slichowice, 1993-2003-
2005, designers expansion of the church Piotr Bielanski

i Krzysztof Filus, source: [8]

To sum up, based on your research, you can say
that sacral architecture 90s, characterized by rational
solution. Around the mid-90s, previously active in
church — strong expressive forms, soothe and soften. It
has to do with the stable political situation of the country
and normalized the legal situation of the Church.

Dominates the creative individualism. Moving
away from dynamic forms and sculptural. Return to
classical forms. The block is formed with reference
to the environment and the right blend into existing
urban tissue. Particularly accented care harmonious



SACRED ARCHITECTURE AFTER ADMINISTRATION REFORM OF CHURCH IN POLAND

structure

fit new temples in the existing terrain, mild adjusting
the elevation and form of objects to the immediate
surroundings and landscape of cities. Still these are
buildings, which because of its size, scale and high
altitude, remain visible and dominate the surrounding
landscape [3].

The shape design and its coverings dominates
functional and intimate space design, primarily due
to the high costs associated with maintaining the
buildings. Characterized by a higher content and
a unified spatiality. The composition of the interior
becomes calmer, produces a sacral mood and
atmosphere of recollection and prayer.

In the design indicates a return to the traditional
orientation of the interior — on the altar, with the
indication and isolation of the choir. This also means
the return of the traditional axial. The chancel is also
exposed through the multi-stage elevation in relation
to the basic level of the church floor.

The design of the plastic interior is dominated by
religious calmer and less expressive stained glass —
different in style and mood, painting murals.

The decoration of churches complement — peaceful
in the forms of sacred sculptures, Stations of the Cross
(painted and others), to harmonize with the character
of the interior sacred paintings.

Fig. 5. Church of St. Jézefa Oblubienca NMP — view
from above, Kielce, ul. Lodzka, 1995-2002, designer A.
Gtowacki, source: [7]

Fig. 6. Church of St. Jozefa Oblubienica NMP — general
view of the building structure, Kielce, ul. L.6dzka, 1995-
2002, designer A. Glowacki, photo by author, 2015

Fig. 7, 8. Church of St. Jozefa Oblubienca NMP,
Kielce, ul. Lodzka, 1995-2002, designer A. Glowacki,
photo by author, 2015

171



structure

Joanna Gil-Mastalerczyk

Fig. 9, 10. Church of St. J6zefa Oblubienca NMP —
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interior, Kielce, ul. Lodzka, 1995-2002, designer
A. Glowacki, photo by author, 2015

3. Conclusions

The transformation that have taken place in church
architecture 90s of the twentieth century, regarding
the formation of lumps and disposal of the interior
- by means of a purely architectural point to the fact
that many of today's implementation is a work of
thoughtful and valuable.

With the advent of favorable conditions, many
contemporary realization of the Church, while
preserving the culture and talent of the creators, it
is an example of valuable works and an example
of thought-out and widely accepted religious
architecture.

The architectural legacy also shows that during
this period were formed as churches, which critics
allege incorrect rules of composing the space, the
scale of the urban poor or improper form leads to
zdesakralizowania architecture. Nevertheless, despite
the universal creative freedom, many new churches
shows the level not eligible for any assessment
stylistic. Many sacred objects remain representative,
but due to the lack of architectural assets. The
search for originality from the point view of the
architectural workshop, have also led to the creation
of implementation without aesthetic values.
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Architektura sakralna po reformie
administracji koScielnej w Polsce

1. Wprowadzenie. Tto problemowe

W okresie transformacji ustrojowo-gospodarczej
Kosciot katolicki w Polsce zyskal mozliwosci nie-
ograniczonego funkcjonowania. Nowe mozliwosci
duszpasterskie i ewangelizacyjne stworzyta refor-
ma administracji koscielnej' [1], ktora jednoczesnie
ukonczyta etap wychodzenia z komunizmu. Dosto-
sowano wowczas struktury administracyjne Kosciota
do zmian, ktoére rozpoczely sie¢ w Polsce i w Euro-
pie po 1989 roku. Kosciot polski odzyskat utracone
wlasnosci, ktore w latach PRL-u przejeto panstwo,
a takze pelng swobode w budownictwie sakralnym [1].

Zmiana wladz politycznych, uregulowanie sto-
sunkow panstwowo-koscielnych, a przede wszyst-
kim nieistotna juz w III Rzeczypospolitej walka
z totalitarng wtadza ograniczajaca swobody tworcze,
catkowicie odmienity proces inwestycyjny w dzie-
dzinie budownictwa sakralnego. Pojawily si¢ nowe
warunki materialowo-technologiczne oraz sprzyja-
jace uwarunkowania i nowe okolicznosci, w obliczu
ktérych stangt Kosciot katolicki. Zniknetly trudnosci
w uzyskiwaniu pozwolen na budowe oraz zdobywa-
niu materiatow budowlanych. Znacznie zwickszyta
si¢ ilo$¢ i r6znorodnos¢ technologii w budownictwie.
Rozwinat si¢ rynek ustug projektowych i wykonaw-
czych. Wzrosty takze oczekiwania spoteczenstwa
w stosunku do obiektow uzytecznosci publicznej,
w tym obiektow koscielnych.

Zachodzace po roku dziewiecdziesiatym przemia-
ny gospodarcze oraz spoleczno-ustrojowe w Polsce
wigzaly si¢ takze m.in. z ograniczeniem ze strony
panstwa dotacji na kulture i sztuke. Mialo to wptyw
na przedsigwziecia inwestycyjne w budownictwie sa-
kralnym. Najwazniejszym problemem stata si¢ teraz
sytuacja ekonomiczna oraz zagadnienia finansowania
inwestycji.

Ilo$¢ powstajacych w Polsce, w ostatnim dziesig-
cioleciu XX wieku, kosciotow nie jest juz tak duza
jak w poprzednich latach. Po roku 1989 nastepuje

! Dnia 25 marca 1992 r. Jan Pawel II bullg papieska Totus Tubus
Poloniae Populus podzielit Kosciél w Polsce na 39 diecezjii za: [1].

wyrazny spadek liczby inwestycji koscielnych.
Z uwagi jednak na brak dotychczasowych ograniczen
oraz unormowang sytuacj¢ prawng, powstajace ko-
Scioty projektowane sa bez zbednego pospiechu, przy
Scislej wspotpracy architekta i ksiedza-inwestora. Ko-
sciot, jak i architekcei, podejmujac nowe zadania inwe-
stycyjne, doktadnie si¢ do nich przygotowuja, staran-
nie analizujg potrzeby parafii, zatozenia programowe
i prowadza odpowiednie prognozy. Kosciot budowa-
ny jest dla konkretnej spotecznos$ci i odpowiada na jej
zapotrzebowania oraz zglaszane postulaty.

Nowe warunki polityczne stworzyly takze, nie-
mozliwa w poprzednich latach, szanse zaistnienia
krytycznej dyskusji, mozliwo$¢ poddawania projek-
tow publicznej ocenie i procedurze konkursowej. Do-
tychczasowe dziatania KosSciota raczej nie zachecaty
wiernych do partycypacji w ten proces. Wspierali oni
jedynie inwestycje koscielne w sposob finansowy
i poprzez udziat w robotach budowlanych. Obecnie
zadanie to wykonywane jest przez wyspecjalizowane
firmy budowlane z wykorzystaniem nowoczesnych
technologii i materiatow budowlanych. Wspotczesna
technika umozliwia tworcom architektury sakral-
nej projektowanie wregcz nieograniczonych uktadoéw
konstrukcyjnych, wptywajacych na plastyke wnetrza
i form architektonicznych [2].

2. Architektura sakralna po reformie administracji
koscielnej - na przyktadzie Kielc (Diecezja Kielecka)

W ostatnim dziesi¢cioleciu XX wieku zywa dotad
dziatalnos¢ budowlana z lat 70. 1 80. ulegta znaczne-
mu zahamowaniu. Pozostawalo to w pewnym zwigz-
ku znasyceniem sieci ko$ciotéw i licznymi podjetymi
w latach wczesniejszych inicjatywami budowlanymi
— w zwigzku z korzystng sytuacja polityczno-gospo-
darcza.

W przeciwienstwie do masowego budowania ko-
sciotéw po 1975 roku, od lat 90. XX wieku powstaje
ich znacznie mniej. Na terenie miasta Kielce, zajmuja-
cego obszar czterech dekanatow Diecezji Kieleckie;j,
w latach 90. XX wieku rozpoczgto budowe 5 kosciotow
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($w. Stanistawa Biskupa i Meczennika — Kielce-Bar-
winek, Ducha Swietego — Osiedle Na Stoku, Btogosta-
wionego Jerzego Matulewicza — Osiedle Slichowice,
sw. Wincentego Pallottiego — Osiedle Podkarczowka,
$w. Jozefa Oblubienca NMP — ul. Lodzka) [3].

Od roku 1990 architektura sakralna zaczgta rozwi-
jac sie z pelng swobodg tworczg. Czynniki ekono-
miczne oraz wzgledy oszczgdno$ciowe, ktore ode-
graty znaczacg role w rozwoju architektury, doprowa-
dzity do znacznego ograniczenia oraz pomniejszenia
dotychczasowego (silnie rozbudowanego w latach
1971-1989) programu funkcjonalnego i duszpaster-
skiego obiektow sakralnych. Pojawity si¢ nowe pro-
pozycje dotyczace ksztattowania funkcji, ktore wy-
nikaty przede wszystkim z aktualnych potrzeb danej
parafii, z uwzglednieniem liczby wiernych uczest-
niczacych we mszach. Obok plebanii dla ksiezy nie
projektuje sie tak czesto jak w latach osiemdziesia-
tych XX wieku funkcji towarzyszacych: kultural-
no-o$wiatowych i rozrywkowych. Odchodzi si¢ od
przewazajacych dotad rozwiazan dwupoziomowych.
Wigkszo$¢ najnowszych propozycji taczy ze soba te
dwa rozne typy przestrzeni w jednym poziomie. Ko-
$ciol budowany jest teraz dla konkretnej spoteczno$ci
i odpowiada na jej najwazniejsze zapotrzebowania
i zglaszane postulaty [4].

W architekturze lat 1990-2000 przewazaja formy
spokojne. Wywodza si¢ z planéw podluznych, co
szczegblnie uwidacznia si¢ w architekturze i kom-
pozycji bryt (kosciot §w. Stanistawa Biskupa i Me-
czennika, ko$ciot Ducha Swietego, kosciot $w. Jozefa
Oblubienca NMP).

W nowych realizacjach sakralnych, zauwaza si¢
poszukiwania nowej formy oraz nowej przestrzeni
»sacrum”. Pojawiajg si¢ propozycje nawigzania do
wspolczesnego jezyka form oraz nowej autorskiej in-
terpretacji znaczen i symboliki ,,sacrum” (ko$ciot §w.
Stanistawa Biskupa i Mgczennika, kosciot Blogosta-
wionego Jerzego Matulewicza).

Antoni Mazur napisal, ze dla uzyskania wtasciwego
ksztaltu kosciota jego projekt powinien posiada¢ dwie
niezbedne cechy: Kosciof winien by¢ tak uksztattowa-
ny, aby zewnetrznie jako bryta odczytywany byt tylko
i wylgcznie jako obiekt sakralny — jako kosciol przez
0got spoleczenstwa. Formowanie bryly zalezne jest
od otoczenia aby ona stata si¢ dominantg na jego tle.
(...) Nastroj wnetrza, winien sprzyjac¢ modlitewnemu
skupieniu. Warunki potrzebne dla uzyskania dobrego
wyniku to zharmonizowanie architektury wewnetrz-
nej i zewnetrznej (...) [5].
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Bardzo waznym staje si¢ kontekst oraz harmonijne
wpisanie kosciota we wspotczesne struktury urbani-
styczne, przy jednoczesnym uzyskaniu sakralno$ci
budynku, bedacego waznym obiektem publicznym.
Obiekt sakralny staje si¢ waznym elementem kompo-
zycyjnym w architekturze oraz krajobrazie zarowno
miast, jak i wsi.

Od poczatku lat dziewieédziesiatych XX wieku,
zauwaza si¢ na terenie Diecezji Kieleckiej tenden-
cje pomniejszenia kubatury obiektow sakralnych.
Powstajg skromne i funkcjonalne koscioty z kame-
ralnym wnetrzem, ktore maja by¢ przede wszystkim
ekonomiczne i tatwe w utrzymaniu.

W ostatnim dziesigcioleciu XX wieku w archi-
tekturze kosciotow powraca dach tradycyjny, kto-
ry stat si¢ waznym elementem ksztattowania formy
architektonicznej (koscioét $w. Stanistawa Biskupa
i Meczennika, kosciot Ducha Swigtego, kosciot §w.
Jozefa Oblubienca NMP, kosciot sw. Wincentego
Pallottiego). Bryty kosciolow nakrywano najczesciej
dachami spadzistymi: dwuspadowymi, wielospado-
wymi, namiotowymi, ktore podkreslaty regionalizm
oraz miejscowg tradycje. Jednak oprocz tradycyjnych
dachow dwuspadowych pojawily si¢ takze formy da-
chow ptaskich i stropodachy.

W architekturze ko$ciotoéw zauwaza si¢ powrot,
wzorem architektury tradycyjnej, do zasady frontal-
nosci i fasadowosci (kosciot sw. Stanistawa Biskupa
i Meczennika, kosciot Ducha Swigtego, kosciot §w.
Jozefa Oblubienca NMP). Fasada staje si¢ wyrozni-
kiem architektury sakralnej w jej otoczeniu. Czgsto
zostaje ona dodatkowo wyeksponowana graniastg
wiezg o mocnej formie i podbudowana kilkustopnio-
wym podwyzszeniem.

W latach 90. XX wieku wieza, jako wazny element
lokalnej tradycji, staje si¢ nieodlgcznym elementem
projektowanych i realizowanych wspotczesnych bu-
dowli sakralnych.

Wzorem dawnej architektury zaktadana byla na
rzucie kwadratu, jako element wolnostojacy lub wy-
rastajacy z obiektu. W krajobrazie miejskim, z uwa-
gi na dominujacg wysoka zabudowe, nie stanowi juz
mocnej dominanty architektoniczne;.

Na elewacjach stosowane sa roznorodne materiaty:
naturalne i sztuczne (cegta, kamien, tynk, inne okta-
dziny). Najczesciej dominuje gladki pomalowany na
bialo tynk, wyr6zniajacy obiekty z otoczenia i nada-
jacy im elegancji (kosciot Blogostawionego Jerzego
Matulewicza). Fakt ten potwierdzit J.Sz. Wronski:
(...) Wzgledy liturgiczne spowodowaty, iz koncepcja
wnetrza koScielnego wyfonita si¢ z potrzeb liturgicz-
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nych, a forma zewnetrzna byla jedynie odswigtng po-
wlokq otulajgcq bryle [6].

Upodobanie do surowej cegly zaznaczylo si¢ w ko-
sciele $w. Stanistawa Biskupa i Meczennika w Kiel-
cach. Zastosowanie tego materiatu podkresla dodat-
kowo ostrg fakture ceglanych murow.

Podsumujac, na podstawie dokonanych badan,
mozna stwierdzi€¢, ze architektur¢ sakralng lat 90.
XX wieku charakteryzuja racjonalne rozwigzania.
Okoto potowy lat 90., aktywne dotychczas w sztuce
sakralnej — silne formy ekspresyjne, uspokajaja sie
i fagodnieja. Ma to zwigzek z ustabilizowang sytuacja
polityczng kraju oraz unormowang sytuacja prawng
Kosciota.

Dominuje indywidualizm twoérczy. Odchodzi si¢
od form dynamicznych i rzezbiarskich. Nastepuje
powrdt do form klasycznych. Bryta formowana jest
z nawigzaniem do otoczenia i odpowiednim wkom-
ponowaniem Ww istniejaca tkanke urbanistyczna.
Szczegolnie zaznacza si¢ dbatos¢ harminijnego wpa-
sowania nowych §wigtyn w istniejacy teren, tagodne
dopasowanie elewacji i form obiektow do bezposred-
niego otoczenia oraz pejzazu miast. Nadal sg to bu-
dowle, ktore z uwagi na swoje rozmiary, skale i duza
wysokos¢, pozostaja widoczne i dominuja w otacza-
jacym krajobrazie [3].

W uksztaltowaniu wnetrz oraz jego nakrycia domi-
nuje funkcjonalne i kameralne projektowanie prze-
strzeni, przede wszystkim z uwagi na duze koszty
zwigzane z utrzymaniem budowli. Charakteryzuja si¢
przez to wigksza zwartoscig oraz jednolitg przestrzen-
noscig. Kompozycja wnetrz staje si¢ spokojniejsza,
wywotuje sakralny nastrdj oraz atmosfere skupienia
i modlitwy.

W zalozeniach zaznacza si¢ powro6t do tradycyj-
nego ukierunkowania wnetrza — na ottarz glowny,
z zaznaczeniem i wyodrgbnieniem czgsci prezbi-
terialnej. Oznacza to takze powrdt do tradycyjnego

uktadu osiowego. Prezbiterium dodatkowo ekspono-
wane jest poprzez kilkustopniowe wyniesienie w sto-
sunku do podstawowego poziomu posadzki kosciota.

W wystroju plastycznym wnetrz sakralnych domi-
nuje spokojniejsze i mniej ekspresyjne witrazownic-
two — zréznicowane stylistycznie i nastrojowo, malo-
widla malarskie.

Wystroj kosciotlow uzupeiajg — spokojna w for-
mach rzezba sakralna, stacje drogi krzyzowej (ma-
lowane i inne), harmonizujgce z charakterem wnetrz
obrazy sakralne.

3. Podsumowanie

Przemiany jakie dokonaty si¢ w architekturze sa-
kralnej lat 90. XX wieku, odnosnie ksztaltowania
bryly oraz dyspozycji wnetrza — przy pomocy srod-
kéw czysto architektonicznych, wskazujg na fakt, ze
wiele wspotczesnych realizacji stanowig dzieta prze-
myslane i warto§ciowe.

Dzieki pojawieniu si¢ sprzyjajacych uwarunkowan,
wiele wspolczesnych realizacji ko$cielnych, przy
zachowaniu kultury i talentu tworcow, stanowi przy-
ktad dziet warto$ciowych oraz przyktad przemyslane;
1 powszechnie akceptowanej architektury sakralne;.

Niewatpliwie spuscizna architektoniczna pokazuje
rowniez, ze w okresie tym powstawaty takze kosScio-
ly, ktérym krytycy zarzucaja nieprawidtowe zasady
komponowania przestrzeni, zlg skale urbanistyczna
czy niewlasciwg forme¢ prowadzaca do zdesakrali-
zowania architektury. Nie mniej jednak, pomimo po-
wszechnej swobody twoérczej, wiele nowych koscio-
16w przedstawia poziom niekwalifikujacy si¢ do zad-
nej oceny stylistycznej. Wiele obiektow sakralnych
pozostaje reprezentatywna, ale ze wzgledu na brak
walordw architektonicznych. Poszukiwania oryginal-
no$ci, z punktu widzenia warsztatu architektonicz-
nego, doprowadzily réwniez do powstania realizacji
pozbawionych warto$ci estetycznych.

175









environment

EDYTA NARTOWSKA!
TOMASZ KOZkOWSKI2
MARTA KOLANKOWSKA3
Kielce University of Technology

'email: enartowska@tu.kielce.pl
’email: tomkoz@tu.kielce.pl
3email: kolankowska.marta@wp.pl

FID SIGNAL INTENSITY IN THE NMR STUDIES
OF COHESIVE SOILS AT THE POSITIVE
TEMPERATURE RANGE

Abstract

The purpose of this study was to explain the reason of the FID signal intensity change for soil samples in the positive
temperature range (0-40°C). According to the reference data the main cause is the presence of the paramagnetic ions in
soil. The experiment conducted on 4 cohesive soils showed that the main reason of FID changing could be the change of
the water s heat of the vaporization, decreasing as the temperature increases. NMR Spectrometry method was used in the

research and Statistica 9.1 software was used for statistical analysis.

Keywords: cohesive soils, FID signal intensity, nuclear magnetic resonance

1. Introduction

Free Induction Decay (FID) is a parameter
used in H'-NMR researches for the determination
of the amount of liquid water in a sample. Based
on the FID signal intensity we can also calculate
the water content of the soil samples with the
known mass [1]. This parameter changes with
temperature. In the negative temperature range,
FID signal intensity decreases from the beginning
of the freezing, what is associated with decreasing
of the unfrozen water content [2, 3]. FID reduction
is also observed in the positive temperature range
as the temperature increases [4, 5]. According to
the reference data [5], the main cause of the FID
variability observed in positive temperatures is
the presence of paramagnetic ions. The authors’
research showed a relationship between the mass of
the water in the sample and the heat of vaporization
of water, decreasing with temperature increase. This
relationship may indicate another reason for the
increase of FID signal intensity. In turn, the adoption
of the thesis that paramagnetic ions don’t have a
significant effect on the FID signal intensity will

allow the optimization of research methodology and
analysis in the case of the research using soils with
different content of paramagnetic ions.

2. Experiment and Materials

The experiment was conducted by the use of the
Bruker Minispec mq 20 spectrometer. The mass of
the water in each soil sample was determined at the
following temperatures: 0°C, 10°C, 20°C, 30°C,
40°C. The amount of the water evaporated from each
soil sample and temperatures was compared to the
water’s heat of vaporization, which decreases as the
temperature increases (Table 1) [6].

Table 1. The dependence between the water’s heat of
vaporization and temperature [6]

Temperature [°C] He:ft :,fa::: [\:(aﬁ:;ljz]ation
0 2500.8
10 24773
20 2453.5
30 2430
40 2406
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Experiments were performed on the 11 samples of
four different cohesive soils because of that, the size
distribution of the soil has no effect on the FID signal
intensity [7]. Research material consisted of three
model soils: SWy-2 (Wyoming bentonite), KGa-1b
and KGa-2 (kaolins from Georgia) and one natural
silty sand saSi (according to PN EN ISO 14688-
1: 2006) derived from the Beczkow near Kielce.
Physico-mechanical parameters of the soils are
presented in Table 2.

Table 2. Physico- mechanical parameters of the soils

SWy-2 KGa-1b KGa-2 saSi
Plastic limits, wp [%] 35 26 30 8
Liquid limits, wl [%] 519 40 51 15
Theaveragemassof | 10000 | 12351 | 1372 | 8416
water in soils [mg]

3. Results and Analysis

A decrease of the FID signal intensity with
temperature increasing (0-40°C) was observed.
Masses of the water in the soil samples in the different
temperatures were successively calculated on the
base of the FID signal intensity. Statistical analysis
showed that the mass of evaporated water in each soil
sample at given temperature is proportional to the
change of the temperature (Fig. 1, Table 3).

20

mass of evaporated water [mg]

10 20 30 40

temperature [*C]

Fig. 1. The increase in the amount of the water evaporated
from the soil as the temperature increases

Table 3. Analysis of variance for the influence of the
temperature on the mass of evaporated water in soil samples

SS df Ms F p
Intercept 20278.33 | 1 | 20278.33 | 823.6123 | 0.000000
Mass of evaporated water | 4227.56 | 16 | 264.22 | 10.7315 | 0.000001
Error 54167 | 22| 2462
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The correlation coefficient of the mass of the
evaporated water with the temperature was high and
amounted to 0.9. A similar correlation was obtained for
the same correlation with the heat of the vaporization
of water (r = -0.9) (Fig. 2), which may indirectly
evidence the significant influence of the water’s heat
of vaporization on the FID signal intensity.

2z
=

20

B

mass of evaporated water [mg]

2 L L L L -
2400 2410 2420 2430 2440 2450 2480 2470 2480 2480

heat of vaporization of water [kl kg'1 ]

Fig. 2. The decrease in the mass of water evaporated from
the soil with an increase in heat of vaporization of water

A significant correlation between the heat of the
evaporation of water and the mass of evaporated water
at specified temperatures for testing of soil samples
was confirmed by analysis of variance (Table 4).

Table 4. Analysis of variance for the influence of the heat
of vaporization of water on the mass of water evaporated
from the soil.

ss | df| Mms F P
Intercept 4888.163 | 1 | 4888.163 | 1062.897 | 0000000
Heatof vaporization | ., .00 | 5 | 3530 | 52954 | 0.000000
of water
Terror 160.962 | 35 4,599

4. Conclusions

— The mass of the evaporated water increases
proportionally with the increase of temperature (0-
40°C) in each sample cohesive soils.

— The change of the amount of mass of evaporated
water in each of the sample of cohesive soil has
a direct relationship with the heat of water’s
evaporation in the soil.

— The mass of evaporated water in each soil sample
in the positive temperature decreases along with
increasing of the heat vaporization of the water in the
soil. This is probably connected with the increase of
the energy required in order to evaporate the portion
of water in the soil at lower temperatures.
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— The decrease of the FID signal intensity with
temperature increase (0-40°C) in H-NMR studies
of the cohesive soils is related to the change of
the amount of evaporated water mass in each soil
sample, which depends on the heat of water’s
evaporation in the soil.

— NMR studies of the water content in soil should be
made in as low temperature as possible in order to
reduce the water evaporation in a soil sample.

— The FID signal intensity in H-NMR tests for the
various soil samples is comparable only in this
specified positive temperature.
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Intensywnosc sygnatu (FID) w badaniach NMR
gruntow spoistych w zakresie temperatur dodatnich

1. Wprowadzenie

Free Induction Decay (FID) to parametr wykorzy-
stywany w badaniach H'-NMR do okreslenia ilo$ci
wody w stanie cieklym w probce gruntu. Na jego
podstawie mozemy réwniez obliczy¢ wilgotnosé
probki gruntu o znanej masie [1]. Intensywnos¢ sy-
gnatu FID zmienia si¢ z temperatura. W zakresie tem-
peratur ujemnych intensywnos¢ sygnatu (FID) male-
je od momentu rozpoczgcia zamarzania, co ma zwia-
zek ze zmniejszeniem ilo$ci wody niezamarznigtej
[2, 3]. Spadek FID jest rowniez obserwowany wraz
ze wzrostem temperatury w zakresie temperatur do-
datnich [4, 5]. Zrodta literaturowe [5] wskazuja, ze
gléwna przyczyna obserwowanej zmiennosci FID
w zakresie temperatur dodatnich jest obecnos¢ jo-
néw paramagnetycznych. W badaniach autorskich

zaobserwowano pewng zaleznos¢ miedzy masg wody
W probce a cieptem parowania wody malejacym wraz
ze wzrostem temperatury. Zalezno$¢ ta moze wska-
zywaC na inng przyczyn¢ wzrostu intensywnosci
sygnatu FID niz obecnos¢ paramagnetykow. Z kolei
przyjecie tezy o braku znaczacego ich wptywu na in-
tensywno$¢ sygnalu FID pozwoli na optymalizacj¢
metodyki badawczej i analizy wynikow w przypadku
badan na gruntach o réznej zawarto$ci jonoOw para-
magnetycznych.

2. Materiat i metody badawcze

Badania przeprowadzono przy uzyciu spektrome-
tru NMR minispec mq20 firmy Bruker. Mas¢ wody
w poszczeg6lnych probkach gruntéw okreslano dla
temperatur: 0°C, 10°C, 20°C, 30°C, 40°C. Ilos¢
wody wyparowanej w poszczegdlnych probkach
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gruntéw i1 temperaturach porownywano do ciepla
parowania wody, ktore maleje wraz ze wzrostem tem-
peratury (tab. 1) [6].

Z racji, iz sktad granulometryczny nie ma wptywu
na intensywnos$¢ sygnatu FID[7] eksperymenty prze-
prowadzono na 11 probkach czterech r6znych grun-
tow spoistych. Materiat badawczy stanowity 3 grunty
uznawane zamodelowe: SWy-2 (bentonitz Wyoming),
KGa-1b i KGa-2 (kaoliny z Georgia) oraz naturalny
pyt z piaskiem saSi (zgodnie z PN-EN ISO 14688-
1:2006) pochodzacy z Beczkowa koto Kielc. Para-
metry fizykomechaniczne badanych gruntéw zebrano
w tabeli 2.

3. Analiza wynikow badan

Zaobserwowano spadek intensywnosci sygna-
hu FID wraz ze wzrostem temperatury (w zakresie
0-40°C). Kolejno obliczono mas¢ wody w probkach
gruntéw w poszczegolnych temperaturach na podsta-
wie intensywnos$ci sygnatu FID. Analiza statystycz-
na wykazala, iz masa wody wyparowanej w kazdej
probee gruntu w okreslonej temperaturze jest propor-
cjonalna do zmian temperatury (rys. 1, tab. 3).

Wspotczynnik korelacji masy wody wyparowanej
z temperaturg byt wysoki 1 wyniést 0,9. Podobng za-
lezno$¢ uzyskano dla tej samej korelacji z cieplem
parowania wody (r = -0,9) (rys. 2) co moze $§wiad-
czy¢ posrednio o istotnym wptywie ciepta parowania
wody na intensywno$¢ sygnatu FID. Istotng zalez-
nos$¢ miedzy cieptem parowania wody a masg wody
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wyparowanej w okreslonych temperaturach dla bada-
nych probek gruntéw potwierdzita analiza wariancji
(tab. 4).

4. Wnioski

— Wraz ze wzrostem temperatury (w zakresie 0-40°C)
proporcjonalnie wzrasta masa wody wyparowanej
w poszczegdlnych probkach gruntéw spoistych.

— Zmiana ilosci masy wody wyparowanej w kazdej
z probek gruntow spoistych ma bezposredni
zwiazek z cieptem parowania wody w gruncie.

— Masa wody wyparowane] w poszczegdlnych
probkach gruntow w danej temperaturze dodatnie;j
spada wraz ze wzrostem ciepta parowania wody
w gruncie. Prawdopodobnie ma to zwigzek
ze wzrostem energii potrzebnej w nizszych
temperaturach do odparowania wody w gruncie.

— Spadek intensywnosci sygnalu FID wraz ze
wzrostem temperatury (w zakresie 0-40°C)
w badaniach H-NMR na gruntach spoistych ma
zwiazek ze zmiang ilo$ci masy wody wyparowanej
w poszczegdlnych probkach gruntdéw, ktora zalezy
od ciepta parowania wody w gruncie.

— Badania wody w gruntach przy uzyciu NMR
powinny by¢ wykonywane w mozliwie niskich
temperaturach dodatnich w celu ograniczenia
parowania wody w probce gruntu.

— Intensywno$¢ sygnatlu FID w badaniach H-NMR
dla réznych probek gruntéw jest poréwnywalna
tylko w danej okreslonej temperaturze dodatnie;.
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THE TRANSFER COEFFICIENT OF HEAVY METALS
FROM THE INPUT SEWAGE SLUDGE TO THE ASH

Abstract

Sewage sludge incineration may have adverse impact on the environment due to heavy metals toxicity. Heavy metals
concentrations in sewage sludge ash increased in comparison to concentrations in sewage sludge. The aim of the study is to
evaluate the impact of temperature and time incineration on the transfer coefficient of heavy metals from the sewage sludge
into the sewage sludge ash. The transfer coefficient range from a minimum of 0.0 for lead and cadmium to a maximum of
3.5 for zinc. The study shows that the transfer coefficient of heavy metals mainly depend on the incineration temperature.

Keywords: sewage sludge, ash, heavy metals, incineration, transfer coefficient

1. Introduction

Nowadays thermal processes such as incineration,
especially in fluidized bed furnace, are good solutions
for the disposal of sewage sludge from wastewater
treatment plants in large urban agglomerations [1].
Thermal utilization of sewage sludge offers the
following advantages: volume reduction, oxidation of
organic matter, destruction of pathogens and energy
recovery. However, sewage sludge incineration may
have adverse impact on the environment due to heavy
metals toxicity [2].

One of the major problems related to heavy metals
is their tendency towards bioaccumulation and
biomagnification. The most commonly found heavy
metals in sewage sludge include copper, cadmium and
lead. Copper is an essential substance to human life,
but its high values cause e.g. anemia, liver and kidney
damage [3]. Cadmium distributed in the environment
will remain in soils and sediments for several
decades. Plants gradually take up this metal which get
accumulated in them and concentrated along the food
chain, reaching ultimately the human body [4].

According to [5], heavy metals concentrations
in sewage sludge ash increased in comparison to
concentration in sewage sludge. Metals which are
present in wastes incinerated in fluidized bed furnace
can either remain in the bottom ash, be retained in
the fly ash or in raw flue gas. The metals portioning
depends on, for instance, the physical and chemical
properties of the metals [6, 7].

The transfer of zinc, lead, copper, manganese
and cadmium in sewage sludge into flue gas was
investigated through the incineration of sewage
sludge. The transfer behavior of the heavy metals was
expressed as a transfer coefficient [8].

The aim of the study is to evaluate the impact of
incineration temperature and time on the transfer
coefficients of heavy metals from the sewage sludge
into the sewage sludge ash.

2. Material and methods

The sewage sludge from Wastewater Treatment
Plant in Sitkéwka-Nowiny was used in this research.
The wastewater treatment plant receives sewage from
Kielce agglomeration, located in the central part of
Poland.

The sewage sludge ash was obtained as a result
of sewage sludge incineration. The sewage sludge
was dried in a laboratory drier at 105°C. Then, the
sewage sludge was reduced to the fraction < 125 um.
The sewage sludge was incinerated in Naberthem
laboratory furnace for given temperatures within the
range of 600-980°C and time of 2-20 minutes.

The research was conducted in accordance with the
Box's two-factor experimental design [9]. The design
was created by adding symmetrically positioned star
points and a central point to the two-level design
type 22. The experiment involved five independent
repetitions in each point of the design (Table 1).
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Table 1. Experimental design

Sample Incineration temperature, T Incineration time, t
S1 600 il
S2 980 1
S3 655.6 4.6
S4 790 20
S5 655.6 17.4
S6 924.4 17.4
S7 790 1

ST 790 1
S8 790 2
S9 924.4 4.6

Concentrations of metals in sewage sludge and
sewage sludge ashes are the sum of four fractions
of the heavy metals studied in accordance with
four-step BCR sequential extraction procedure [10-
12]. A change in the method of residual fraction
mineralisation was introduced, i.e. aqua regia was
used in the process of mineralization [13].

The heavy metals in the obtained extracts were
determined using an optical spectrometer with
inductively coupled plasma ICP Perkin-Elmer
Optima 8000.

The values of transfer coefficients of heavy metals
input sewage sludge to the ash were calculated using
the equation (1). The equation (1) was an adjustment
of'a formula proposed by Yao et al., describing transfer
coefficient of heavy metals from input municipal
solid waste to the bottom ash [14]:

Kij :CBAij *Rj/cwij *(1_)"]) (D

where: K|, — transfer coefficient of heavy metal i from
input sewage sludge to ash during combustion at
temperature and time j, C, Aj — content of heavy metal
i in ash at temperature and time j [mg/kg d.m.], Ci
— content of heavy metal i in input sewage sludge to
combustion in temperature and time j [mg/kg d.m.],
R, — ash mass production ratio of combustion at
temperature and time j, y; — water ratio of input SS of
combustion at temperature and time j.

A high transfer coefficient indicates that the heavy
metal is mainly transferred to the ashes [5].

The correlation coefficients of transfer coefficients

were analysed with STASISTICA version 8 software.

3. Results and discussion

Table 2 shows the heavy metals content in sewage
sludge and sewage sludge ashes. In sewage sludge,
the maximum concentration of heavy metals was zinc
—344.68 mg/kg d.m. and the mimimum concentraion
was cadmium — 1.36 mg/kg d.m.
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The heavy metals content in the sewage sludge
followed the increasing sequence of Cd < Ni < Cr <
Pb < Cu < Zn. The content of copper, nickel and lead
was maximum in sewage sludge after incineration at
the temperature of 600°C during 11 minutes. Whereas
the maximum of zinc content was in sewage sludge
after incineration at temperature 655.6°C during
17.4 minutes. The minimum of contents of chrome,
zinc and lead were in sewage sludge, which was
incinerated at the temperature of 924.4°C during 4.6
minutes.

The sewage sludge incinerated at temperature 980°C
during 11 minutes was characterized the maximum of
cadmium concentration. Seven out of ten ashes had
less content of cadmium compared to the content in
sewage sludge. The specific behavior of this element
potentially was impacted by the temperature of the
incineration of sewage sludge. The temperature range
was excess the melting point and boiling point of the
cadmium compounds present in the sewage sludge
[15, 16].

The average heavy metals content in the sewage
sludge ashes followed the sequence of Zn > Cu > Cr >
Ni > Cd > Pb. The sequence of heavy metals content in
sewage sludge ashes was partly coherent with sequence
in researched sewage sludge. In all sewage sludge
ashes, the minimum content was cadmium, while the
maximum contents were copper and zinc. Furthermore,
the sequence of heavy metals in the sewage sludge ashes
is similar to sequence of heavy metals in municipal
solid waste incineration bottom ash [14].

Thehigh variation ofthe heavy metals concentrations
in sewage sludge ashes can attribute to volatile of their
and incineration conditions, like temperature and time.

Table 2. Concentration of heavy metals in sewage sludge
and sewage sludge ashes, mg/kg d.m.

Sample Cr In Cu (] Ni Ph
Sewagesludge | 61.98 | 344.68 | 222.42 1.36 26.27 | 130.51
S1 174.8.0 | 2755.23 | 553.51 | 1.09 53.76 | 170.28
S2 70.48 | 1430.76 | 351.79 | 0.81 38.40 0.32
S3 10533 | 2479.30 | 383.80 0.9 42.22 | 108.82
S4 103.24 | 2730.79 | 433.90 bd. 5247 | 93.83
S5 166.92 | 3091.66 | 462.88 | 0.70 57.27 | 156.01
S6 96.00 | 1620.01 | 314.94 | 0.06 46.59 0.25
S7 97.97 | 2542.87 | 388.93 | 0.18 | 47.88 | 87.37
S7be 106.32 | 2616.96 | 387.36 | 0.16 51.68 | 97.65
S8 84.24 | 2844.42 | 401.13 bd. 5422 | 75.55
S9 53.66 | 1398.53 | 326.37 bd. 40.25 bd.

bd. — below detection threshold
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Table 3. Average mass reductions of samples after
incineration

Sample Mass reduction, %
S1 56.49 (+3.68)
S2 70.87 (£0.10)
S3 62.64 (+2.48)
S4 70.28 (+0.89)
S5 65.3 (£2.12)
S6 70.88 (+0.32)
S7 69.46 (+2.43)

ST 69.51(+2.43)
S8 68.1(£1.35)
59 70.22 (+1.24)
Furthermore, concentrations of chrome, zinc,

copper, nickel and lead in incinerated sewage sludge
increased because of the mass reduction of samples.
The average mass reductions equaled 56.49-70.88%
(tab. 3).

Figure 1 shows the transfer coefficients of heavy
metals from the input sewage sludge to the ashes. The
transfer coefficients range from a minimum of 0.0 for
lead and cadmium to a maximum of 3.5 for zinc. The
maximum transfer coefficients of heavy metals were
in sewage sludge incinerated at the temperature of
600°C (during 11 minutes) and 655.6°C (during 4.6
minutes).

The results indicated that the transfer of studied
heavy metals in sewage sludge during combustion
could be explained by thermodynamic equilibrium.
Copper, cadmium and lead are transferred to gas
when temperature is more than 800°C [17].

Figure 1. Transfer coefficients of heavy metals from the
input sewage sludge to sewage sludge ashes

Linear regression coefficients R?> and models
of transfer coefficients of research heavy metals
are shown in table 4. It can be noted that transfer
coefficients mainly depend on the incineration
temperature of sewage sludge. Therefore, the values

of transfer coefficients were determined by metal
characteristics, especially of volatility.

Table 4. Linear regression coefficients and models of
transfer coefficients of heavy metals from the input sewage
sludge to sewage sludge ashes

Metal R? Model
Cr 0.86 f(Cr) = 0.6736 — 0.3039T + 0.1473t
In 0.71 f(Zn) = 2.6897 — 0.8952T + 0.136t
Cu 0.72 f(Cu) =0.71-0.1536T + 0.0357t
(] 0.28 f(Cd) =0.113 - 0,0993T - 0.0072t
Ni 0.51 f(Ni) = 0.7277 — 0.0915T + 0.0502t
Pb 0.95 f(Ph) = 0.2388 — 0.2698T + 0.0393t

4. Conclusions

The concentrations of chrome, zinc, copper and
nickel in sewage sludge ashes were higher level
compared to contents in sewage sludge. Mainly
because of the mass reduction of the sewage sludge
concentrations of heavy metals in incinerated sludge
increased. Average heavy metals contents in sewage
sludge ashes followed the increasing sequence of
Zn > Cu > Cr > Ni> Cd > Pb.

The quantities of the transfer coefficients indicated
that heavy metals were concentrated in the sewage
sludge ashes. The study of statistical results showed
that the transfer coefficients of heavy metals mainly
depend on the incineration temperature of sewage
sludge. The higher incineration temperature mainly
causes lower quantities of transfer coefficients.
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Wspotczynnik transferu metali ciezkich z osadow
sciekowych do popiotu

1. Wprowadzenie

Wspolczesnie procesy termiczne, szczegdlnie spa-
lanie w ztozu fluidalnym sa dobrym rozwiazaniem
unieszkodliwiania osadéw Sciekowych z oczyszczal-
ni $ciekow w duzych aglomeracjach [1]. Termiczne
unieszkodliwianie osadow sciekowych oferuje naste-
pujace korzysci: redukcje objetosci, utlenienie ma-
terii organicznej, destrukcje patogenow oraz odzysk
energii. Jednak z powodu toksycznos$ci metali ciez-
kich, spalanie osadow $Sciekowych moze niekorzyst-
nie wptywacé na srodowisko [2].

Jednym z gtownych probleméw zwiazanych z me-
talami ciezkimi jest ich tendencja do biokumulacji
oraz biomagnifikacji. Wedlug [5], stezenia metali
ciezkich w popiele z osadow wzrastaja w porowna-
niu do stezen w osadach $ciekowych. Metale, ktore
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sg obecne w odpadach spalanych w ztozu fluidalnym
moga pozosta¢ w popiele dennym, popiele lotnym
lub w spalinach. Transfer metali zalezy od ich fizycz-
nych i chemicznych wtasciwosci [7].

Przejscie cynku, otowiu, miedzi, magnezu i kadmu
z osadow Sciekowych do spalin bylo badane przez
spalenie osadéw Sciekowych, a zachowanie przej-
scia metali cigzkich byto wyrazone wspoétczynnikiem
przejscia [8].

Celem badan jest ocena wptywu temperatury i cza-
su spalania na wspotczynnik przejscia metali ciezkich
z osadow Sciekowych do popiotu z osadow.

2. Materiat i metody

Osady $ciekowe pobrano z komunalnej oczysz-
czalni $ciekow w Sitkéwce-Nowiny, ktéra odbiera
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scieki z aglomeracji Kielce, zlokalizowanej w cen-
tralnej czesci Polski. Popioty z osadow $ciekowych
otrzymano w wyniku spalenia osadow s$ciekowych.
Osady Sciekowe wysuszono w suszarce laboratoryj-
nej w temperaturze 105°C. Nastepnie osady Sciekowe
rozdrobniono do frakcji < 125 um i spalono w piecu
laboratoryjnym Naberthem dla zadanych temperatur
z zakresu 600-980°C i czasu 2-20 minut.

Badania zrealizowano zgodnie z dwuczynnikowym
planem kompozycyjnym Boxa [9]. Plan ten powstat
przez dodanie do dwupoziomowego planu typu 22
symetrycznie potozonych punktéw gwiezdnych oraz
punktu centralnego. Eksperyment obejmowat pie¢ nie-
zaleznych powtorzen w kazdym punkcie planu (tab. 1).

Stezenie metali w osadach $ciekowych i1 popiotach
z osadow Sciekowych jest suma czterech frakcji me-
tali cigzkich, badanych zgodnie z czterostopniowa
procedurg ekstrakcji sekwencyjnej BCR [10-12].
Wprowadzono zmian¢ w sposobie mineralizacji frak-
cji rezydualnej, tj. zastosowano mineralizacj¢ woda
krolewska [13]. Metale cigzkie w otrzymanych eks-
traktach oznaczono, uzywajac spektrofotometru emi-
syjnego ze wzbudzong plazma ICP-OES Perkin-EI-
mer Optima 8000.

Warto$ci wspotczynnika transferu metali cigzkich
z osadow S$ciekowych do popioldw obliczono na
podstawie rownania (1). Réwnanie (1) byto zapro-
ponowane przez Yao i inni do opisu wspotczynnika
przejscia metali ciezkich ze statych odpadéw komu-
nalnych do popiotu [14].

3. Wyniki i dyskusja

Tabela 2 przedstawia zawatos¢ metali ciezkich
w osadach $ciekowych 1 popiotach z osadéw $cieko-
wych. Najwigksze stezenie w osadach Sciekowych
byto cynku — 344,68 mg/kg s.m., a najmniejsze kad-
mu — 1,36 mg/kg s.m. Stezenia badanych metali cigz-
kich w osadach $ciekowych byty w nastepujacej ko-
lejnosci rosnacej: Cd < Ni < Cr < Pb < Cu < Zn. Ste-
zenie cynku, miedzi, niklu oraz otowiu byto najwiek-
sze w osadach $ciekowych spalonych w temperaturze
600°C w czasie 11 minut. Natomiast najwieksza za-
warto$¢ cynku stwierdzono w osadach Sciekowych
po spaleniu w temperaturze 655,6°C w czasie 17,4
minuty. Najnizsza zawarto$¢ chromu, cynku i otowiu
byta w osadach $ciekowych po spaleniu w temperatu-
rze 924,4°C w czasie 4,6 minuty.

Stezenie kadmu w osadach $ciekowych spalonych
w temperaturze 980°C w czasie 11 minut bylo naj-
wieksze sposrdéd probek badanych popiotow. Dla
siedmiu z dziesi¢ciu badanych popiotéw zawartos¢

kadmu byla mniejsza w porownaniu do stezenia
w osadach $ciekowych. Na specyficzne zachowanie
tego pierwiastka potencjalnie wptynely temperatura
spalania osadow $ciekowych ze wzgledu na zakres
przekraczajacy temperatur¢ topnienia oraz wrzenia
zwigzkow tego metalu wystepujacych w osadach
sciekowych [15, 16].

Srednie zawartosci metali ciezkich w popiotach
z osadow Sciekowych byly nastepujacej kolejnosci:
Zn > Cu > Cr > Ni > Cd > Pb. Kolejnos¢ stezen ba-
danych metali cigzkich w popiotach z osadow byla
czegsciowo zgodna z kolejnoscia w osadach $cieko-
wych. Dla wszystkich badanych popiotow z osadow
najmniejsze stezenie byto kadmu, a najwigksze mie-
dzi i cynku.

Ponadto kolejnos¢ badanych metali cigzkich
w popiotach z osadoéw Sciekowych jest podobna do
kolejnosci metali cigzkich w popiele ze spalenia sta-
tych odpadow komunalnych [14].

Wysoka zmienno$¢ stezen metali ciezkich w popio-
fach z osadéw sciekowych moze by¢ przypisana ich
lotnosci oraz warunkom spalania, takich jak tempe-
ratura i czas.

Ponadto stezenia chromu, cynku, miedzi i otowiu
w spalonych osadach $ciekowych wzrosty z powodu
redukcji masy probek. Srednia redukcja masy rowna-
ta si¢ od 56,49% do 70,88% (tab. 3).

Rysunek 1 przedstawia wspolczynniki przejs$cia
metali cigzkich z osadow Sciekowych do popiotow.
Zakres wspotczynnika przejscia byt od minimum —
0,0 dla otowiu i kadmu do warto$ci maksymalnej —
3,5 dla cynku. Maksymalne wspolczynniki przejs$cia
metali cigzkich byty dla osadow $ciekowych spalo-
nych w temperaturze 600°C (przez 11 minut) oraz
w temperaturze 655,6°C (przez 4,6 minuty).

Otrzymane wyniki wskazujg, ze przejscie bada-
nych metali cigzkich w osadach $ciekowych podczas
spalania moze by¢ wyjasnione rownowagg termody-
namiczng. Miedz, kadm i otow przechodza w forme
gazowa, kiedy temperatura spalania jest wyzsza od
800°C [17].

Wspotczynnik liniowej regresji i modele wspotczyn-
nika transferu badanych metali cigzkich przedstawia
tabela 4. Wspotczynnik przejscia gtownie zalezat od
temperatury spalania osadow $ciekowych. Zatem war-
tosci wspotczynnikow przejscia byty determinowane
charakterystyka metali, szczegolnie lotnosci.

4. Wnioski
Stezenia chromu, cynku, miedzi i niklu w popio-
tach z osadow Sciekowych byly na wyzszym pozio-
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mie w porownaniu do stezen w osadzie Sciekowym.
Stezenia metali ciezkich w spalonym osadzie scieko-
wym wzrosty gtoéwnie z powodu redukcji masy osa-
dow. Srednie zawarto$é metali ciezkich w popiotach
z osadow $ciekowych byty nastepujacej kolejnosci
rosngcej: Zn > Cu > Cr > Ni > Cd > Pb.

Wartoéci wspotczynnikéw przejscia wskazuja, ze
metale ciezkie koncentruja si¢ w popiotach z osadow
sciekowych. Wyniki analizy statystycznej pokazaty,
ze wspotczynniki przej$cia metali ciezkich glownie
zaleza od temperatury spalania osadow $ciekowych.
Wyzsza temperatura spalania osadéw spowodowata
glownie mniejsze wartosci wspotczynnikow przejscia.
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EFFECT OF SEWAGE SLUDGE DIGESTION
ON THE MOBILITY OF HEAVY METALS
ON THE EXAMPLE OF THE WASTEWATER TREATMENT
PLANT IN SITKOWKA-NOWINY

Abstract

In sewage sludge, heavy metals can be dissolved, precipitated, co-precipitated with metal oxides, adsorbed or associated
on particles of biological residue. Heavy metals come as oxides, hydroxides, sulphides, sulphates, phosphates, silicates,
organic connections in the form of humic complexes, and compounds with complex sugars. Sequential extraction
procedures based on Tessier et al. are widely used for examining sewage sludge. The method makes it possible to extract
the following fractions that are operationally defined: exchangeable, bound to carbonates, reducible, oxidisable (bound to
organic matter) and residual. For the investigations, communal sewage sludge was collected from mechanical-biological
sewage treatment plant located in Sitkéwka-Nowiny; the Swietokrzyskie Province, Poland. Heavy metal content [ppm] in
the sewage sludge was collected before and after digestion process. After the digestion process, for a majority of metals,
the content of reducible form is clearly decreased and the concentration of organic and residual fractions is increased.
As a result of redistribution, copper; zinc and nickel mobility in the sludge decreased, and the strength of bond, measured
with index I increased for all metals.

Keywords: Heavy metals, sewage sludge, metals speciation, metal redistribution index I,

1. Introduction To design technological processes for sewage
sludge treatment and disposal, it is necessary to know
the characteristic features of the sludge. They are
always related to the source of sewage generation and
the technology used for treatment.

In sewage sludge, heavy metals can be dissolved,

precipitated, co-precipitated with metal oxides,

Sewage sludge, generated in unit physical, physico-
chemical and also biological processes of communal
sewage treatment, makes an organo-mineral
suspension, which is a disperse system. In this
system, water with substances dissolved in it is the
dispersive phase. The dispersed phase is composed

of the solid phase containing particles of insoluble
substances and microorganisms, and of the gaseous
phase. In such type of sludge, high hydration and
the presence of organic compounds susceptible to
biological decomposition result in putrescibility and
emission of foul odour.

adsorbed or associated on particles of biological
residue. Heavy metals come as oxides, hydroxides,
sulphides, sulphates, phosphates, silicates, organic
connections in the form of humic complexes, and
compounds with complex sugars [1, 2]. All those
changes contribute to the diversity of chemical forms
of heavy metals accumulated in the sewage sludge,
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from where the mobile forms can migrate into to the
soil environment [3].

The total heavy metal content does not provide
a reliable indicator of the bioaccessibility of heavy
metals. Such an assessment can only be made
by determining the amounts of metals bound by
individual components (fractions) of the sewage
sludge. Sequence analysis is the method most
frequently used to identify groups of compounds
to which a metal is bound. Sequential extraction
procedures based on Tessier et al. are widely used
for examining sewage sludge. The method makes
it possible to extract the following fractions that
are operationally defined: exchangeable, bound to
carbonates, reducible, oxidisable (bound to organic
matter) and residual [4-9].

2. Materials and methods

For the investigations, communal sewage sludge
was collected from mechanical-biological sewage
treatment plant located in Sitkdéwka-Nowiny (the
Swigtokrzyskie Province, Poland) following the PN-
EN ISO 5667-13:2004 standard.

Treatment and disposal of the sewage sludge
generated at the sewage treatment plant is carried out
by mechanical thickening of the surplus sludge and
mesophilic digestion of the primary and surplus sludge.

Sludge digestion takes place in two separate sealed
digesters (SD), cylindrical in shape, each having
a capacity of 4200 m?®. An old digester of 3000 m?
capacity, presently out of service, is kept as a back-
up facility. The digesters are independent, operating
in parallel, complete-mixing septic tanks, where
the process of mesophilic (37°C) methanogenetic
anaerobic digestion occurs. The sludge, which
is subjected to this process, is heated outside the
digester in tubular heat exchangers. The content of
each digester is mixed 24 h/day using slow-rotating
stirrer with two propellers.

The sequence extraction

The tests were conducted in accordance with the
four-step BCR sequential extraction procedure
introducing a change in the method of residual
fraction mineralisation, i.e. aqua regia was used in
the process of mineralisation [10].

Step one: acid soluble/exchangeable fraction (F-1)
A2 gsample of sewage sludge was placed ina 100 cm?
test-tube for centrifuging. Then, 40 cm?® of 0.11-molar
acetic acid solution was added. The sample was
shaken for 16 hours at room temperature. The extract
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was separated from the sewage sludge by centrifuge
(4000 rpm). The content of the water — soluble metals
was marked in the liquid.

Step two: reducible fraction (F-11)

Sewage sludge was washed in 20 cm® of distilled
water (shaken and centrifuged). Subsequently, 40 cm?
of 0.1-molar hydroxylamine hydrochloride solution,
of pH = 2, was added to the sewage sludge. Nitric
acid was used for the correction of the pH value. The
procedure was the same as in step one, the mixture
was shaken and centrifuged. Fraction Il metals were
marked in the liquid.

Step three: oxidisable fraction (F-111)

The sewage sludge was carried over quantitatively to
a quartz evaporating dish and 10 cm® of 30% hydrogen
peroxide was added. The contents of evaporating dish
were heated in a water bath at 85°C for one hour. The
process was repeated with the addition of 10 cm® of
8.8-molar hydrogen peroxide solution to the sewage
sludge. After drying, the sewage sludge sample was
transferred to test-tubes to be centrifuged and then
50 cm’ of ammonium acetate solution (I mol/dm’,
pH = 2; nitric acid was used to correct the pH value)
was added. The sample was shaken for 16 hours and
afterwards the sewage sludge was separated from
the extract. Fraction III metals were marked in the
solution.

Step four: residual fraction (F-1V)
The sludge was washed and dried to a solid state. The
microwave mineralization of the residual fraction was
conducted with nitric acid; 10 cm?® of concentrated
nitric acid were added carefully to a 50 cm® teflon
reaction cells together with 0.5 g of sludge. The teflon
reaction cells was microwave-heated for 30 min. using
Multivawe 3000 platform. After cooling, 10 cm® of
deionized water were added. The sewage sludge was
dissolved, carried over to a metal measuring flask and
topped up with 100 cm® of distilled water. Then, the
sample was mixed and strained to a dry dish. In the
filtrate, the metal forms, Fraction IV, were marked.
The heavy metals in the extracts obtained were
determined in accordance with ISO 9001:2000 using
a Perkin-Elmer Optima 8000 ICP-OES.

3. Results and discussion

The experimental results are presented in Figures
1-5. The results of determination of the sludge heavy
metal content in the fractions concerned are reported
on dry-weight basis and presented in Figure 1 — before
digestion, and Figure 3 — after digestion. Figures 2
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and 4 show a relative content (mass percentage) of
a selected heavy metal determined in the BCR fraction
in relation to its total content in the sewage sludge. The
sequence analysis performed in the tests demonstrated
the presence of various metal forms in the sewage
sludge.

Fig. 1. Heavy metal content [ppm] in the sewage sludge
collected before digestion

The average content of heavy metals under
consideration expressed in ppm in separate fractions
in the sludge collected prior to digestion is shown in
the following series of decreasing ppm content:

« for Cu: FIV (160.11) > FI (11.67) > FIII (4.28) >
FII (2.68)

« for Cr: FIV (40.51) > FIII (0.98) > FI (0.76) > FII
(0.29)

« for Cd: FIV (9.31) > FIII (0.56) >FI (0.19) > FII
(0.16)

« for Ni: FIV (10.02) > FI (2.15) > FIII (1.19) > FII
(0.49)

« for Pb: FIV (96.45) > FI (1.19) > FIII (0.97) > FII
(0.12)

« for Zn: FIV (108.9) > FIII (89.1) > FI (24.5) > FII
(20.9)

Fig. 2. Percentage content of heavy metals in individual
mobility groups in the sewage sludge collected before
digestion

As regards heavy metals obtained in fraction I,
which are water—soluble and bound to carbonates, the
highest content, exceeding 10%, was found for nickel
and for zinc (Fig. 2). Except for copper, the content
of which amounted to only less than 7%, other heavy
metals showed a small percentage content — lower
than 3%. Nickel and zinc were also the most mobile
metals, 18.5% and 19.8%, respectively.

In the residual fraction, the highest heavy metal
content for was found for lead. In fraction 1V,
it constituted as much as 97.2% of the content.
Chromium and cadmium contents were also high,
95.1% and 91.9%, respectively (Fig. 2). The lowest
percentage content in fraction IV was shown by zinc,
it amounted to only 45.6%.

Fig. 3. Heavy metal content [ppm] in the sewage sludge
collected after digestion

The average content of heavy metals under
consideration expressed in ppm in separate fractions
in the sludge collected after digestion is shown in the
following series of decreasing ppm content:

« for Cu: FIV (295.18) > FI (7.02) > FIII (4.43) > FII
(1.52)

« for Cr: FIV (105.97) > FIII (1.67) > FI (1.0) > FII
(0.31)

« for Cd: FIV (9.41) > FIII (0.65) > FI (0.14) > FII
(0.07)

« for Ni: FIV (21.97) > FI (2.85) > FIII (1.59) > FII
(0.5)

« for Pb: FIV (123.52) > FIII (13.45)> FI (0.2) > FII
(0.03)

« for Zn: FIV (246.7) > FIII (148.3) > FI (14.3) > FII
(10.4)
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Fig. 4. Percentage content of heavy metals in individual
mobility groups in the sewage sludge collected after
digestion

As regards heavy metals obtained in fraction I, which
are water—soluble and bound with carbonates, the
nickel content was found to be 10.9% (Fig. 4). Apart
from zinc, the content of which was a little less than
3.4%, other heavy metals showed a low percentage
content, less than 2.3%. Nickel was also the most
mobile metal (fraction I + fraction II = 12.5%)).

The results of tests for stabilised communal
sewage sludge confirmed trends in heavy metal
concentrations observed in immobile fractions
(fraction III and fraction IV). Copper, lead and zinc
showed a substantial content of the fraction bound to
organic matter and/or sulphides (fraction III).

Fig. 5. Amounts of heavy metals in communal sewage
sludge intended for land application in accordance with
different guidelines [11]

The highest heavy metal content in the residual
fraction was found for copper. In fraction IV it
constituted as much as 95.8%. The contents of
chromium and cadmium were also high, 97.3 and
91.6% respectively (Fig. 4). The lowest percentage
content was found for zinc, only 58.8%. Copper and
chromium showed the highest cumulative values
(fraction III + fraction IV) as regards immobility. The
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content levels of heavy metals in the sewage sludge
under consideration did not exceed the admissible
limits that are in force in Poland for the sludge
intended for agricultural use [11].

Metal redistribution index I, provides information
on the strength of metal bond with mineral and organic
soil components over the time that elapsed from the
moment of contamination. The index can take on
values from interval 0 > [, > 1. If a metal occurs in
the form that is readily soluble and exchangeable,
the value of /_ is close to zero. If I, = 1, the metal is
predominantly found in stable forms, mainly in the
residual one. Intermediate values indicate a varied
metal content both in mobile and stable forms. Index
I, is expressed by formula [12]:

where: i — denotes a successive stage of the sequential
extraction, K — maximum number of extractions (in
the BCR procedure, k = 4), F, —relative metal content
in the ith chemical form

The index values obtained for individual metals are
shown in Table 1.

Table 1. Metal redistribution index I in the sewage sludge
before and after digestion

Index Trial type (| Cu Cr Ni Pb In
/ before digestion | 0.94 | 092 | 0.96 | 0.79 | 098 | 0.69

R
after digestion 096 | 097 | 099 | 087 | 096 0.79

4. Conclusions

In the sewage sludge from the Sitkéwka-Nowiny
sewage treatment plant, heavy metals occurred mainly
in the forms that are considered immobile. They were
metals bound to aluminosilicates, and their sulphides,
and also stable metal-organic connections. These
forms do not pose a toxicological hazard. The content
levels of heavy metals in the sewage sludge under
consideration did not exceed the admissible limits
that are in force in Poland for the sludge intended for
agricultural use.

The results of sequential extraction indicate that
metals were characterised by a substantial content
of potentially stable forms (residual fraction). After
the digestion process, for a majority of metals, the
content of reducible form is clearly decreased and
the concentration of organic and residual fractions is
increased. As a result of redistribution, copper, zinc
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and nickel mobility in the sludge decreased, and the
strength of bond, measured with index I increased
for all metals.
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Wplyw fermentacji osadow sciekowych na mobilnos¢
metali ciezkich w oczyszczalni Sciekow
w miejscowosci Sitkowka-Nowiny

1. Wprowadzenie

Osady powstajace w fizycznych, fizyczno-che-
micznych i biologicznych procesach jednostkowych
oczyszczania $ciekow komunalnych stanowia zawie-
sing organiczno-mineralng bgdaca uktadem dyspersyj-
nym. W uktadzie tym faza dyspersyjna jest woda wraz
Z rozpuszczonymi w niej substancjami, za$ faze zdy-
spergowang tworza: faza stata utworzona przez czastki
substancji nierozpuszczalnych i mikroorganizmy oraz
faza gazowa. Wysokie uwodnienie oraz obecno$¢ po-
datnych na rozktad biologiczny zwigzkow organicz-

nych w tego typu osadach powoduja sktonnos¢ do
zagniwania i wydzielania nieprzyjemnych zapachow.

Znajomos¢ cech charakterystycznych danego osa-
du jest niezbedna do wlasciwego zaprojektowania
procesow technologicznych jego przerdbki i uniesz-
kodliwiania. W kazdym przypadku sa one pochodna
zrodla powstawania $ciekow oraz zastosowanej tech-
nologii ich oczyszczania.

W osadach $ciekowych metale cigzkie moga wyste-
powacé w postaci rozpuszczonej, wytraconej, wspot-
stragconej z tlenkami metali, zaadsorbowane lub zaso-
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cjowane na czastkach resztek biologicznych, a takze
moga mie¢ forme tlenkow, wodorotlenkéw, siarcz-
kow, siarczanow, fosforanow, krzemiandw, organicz-
nych potaczen w postaci kompleksow huminowych
oraz zwigzkoéw z cukrami ztozonymi [ 1, 2]. Wszystkie
te przemiany wptywaja na zréznicowanie form che-
micznych metali cigzkich skumulowanych w osadach
sciekowych, z ktorych formy mobilne moga przeni-
ka¢ z osadow do Srodowiska gruntowego [3].

Ogolna zawartos¢ metali cigzkich nie jest miarodaj-
nym wskaznikiem oceny biodostgpnosci metali ciez-
kich. Oceny takiej mozna dokona¢ jedynie poprzez
okreslenie ilosci metali zwigzanych przez poszcze-
golne sktadniki (frakcje) osadow Sciekowych. Najcze-
Sciej stosowana metoda jest analiza sekwencyjna, po-
zwalajaca na identyfikacje grup zwiazkow, z ktorymi
metal jest zwigzany. Powszechnie stosowang metoda
ekstrakcji sekwencyjnej osadow Sciekowych jest me-
toda wg Tessiera i in., ktora pozwala na wyodrebnie-
nie nastgpujacych operacyjnie zdefiniowanych frak-
cji: wymiennej, weglanowej, redukcyjnej, utlenialnej
(zwigzanej z materig organiczng) oraz rezydualnej [4].

2. Materiaty i metody badan

Do badan wykorzystano komunalne osady Scie-
kowe pobrane zgodnie z PN-EN ISO 5667-13:2004
z mechaniczno-biologicznej oczyszczalni $ciekow
w Sitkowce-Nowiny (woj. Swietokrzyskie).

Przerébka 1 unieszkodliwianie osadéw $ciekowych
powstajacych na oczyszczalni prowadzone jest przez
mechaniczne zageszczanie osadu nadmiernego, fer-
mentacj¢ mezofilowa osadu wstepnego 1 nadmiernego.

Fermentacja osadow odbywa si¢ w dwoch cy-
lindrycznych, zamknietych wydzielonych komo-
rach fermentacyjnych (WKF), kazda o pojemnosci
4200 m®. Jako rezerwe pozostawiono stary WKFz
o pojemnosci 3000 m3, ktory obecnie wytaczony jest
z eksploatacji. WKF sg niezaleznymi, pracujacy-
mi réwnolegle reaktorami przeptywowymi petlnego
wymieszania. Zachodzi w nich proces mezofilowej
(37°C), metanowej fermentacji osadu. Osad, ktéry
poddawany jest temu procesowi podgrzewany jest
poza komora w rurowych wymiennikach ciepta. Za-
wartos¢ kazdego WKF mieszana jest 24 h/dobe wol-
noobrotowym mieszadtem z dwoma $migtami.

Przebieg ekstrakcji:

Krok pierwszy — ekstrakcja metali wymienialnych
i/lub zwiazanych z weglanami (F-I):

Odwazono 2 g osadu $ciekowego i przeniesiono do
probowki wirnikowej o pojemnosci 100 cm?®. Nastep-
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nie dodano 40 cm? 0,11-molowego roztworu kwasu
octowego. Probe wytrzasano 16 h w temperaturze po-
kojowej. Oddzielono ekstrakt od osadu $ciekowego
poprzez wirowanie (4000 obr/min). W cieczy ozna-
czono zawartos¢ metali cigzkich.

Krok drugi — ekstrakcja frakcji redukowalnych
(F-11):

Osad $ciekowy przemyto 20 cm® wody destylowane;j
(wytrzasano i wirowano). Nastepnie do osadu $cieko-
wego dodano 40 cm® 0,1-molowego roztworu chlo-
rowodorku hydroksyloaminy o pH = 2. Do korekty
pH wykorzystano kwas azotowy. Postepowano jak
w kroku pierwszym (wytrzasano i wirowano). W cie-
czy oznaczono metale frakcji II.

Krok trzeci — ekstrakcja frakcji utlenialnych
(F-11):

Osad sciekowy przeniesiono ilo§ciowo do parownic
kwarcowych i dodano 10 cm® 30% nadtlenku wodo-
ru. Zawarto$¢ parownicy ogrzewano w tazni wodnej
w temperaturze 85°C w czasie jednej godziny. Czyn-
nos$¢ powtorzono, dodajac do osadu sciekowego 10
cm® 8,8-molowego roztworu nadtlenku wodoru. Po
wystudzeniu probe osadu Sciekowego przeniesiono do
probowek wirnikowych, po czym dodano 50 cm? roz-
tworu octanu amonu (1 mol/dm?®, pH = 2). Probe wy-
trzasano 16 h, a nastepnie oddzielono osad $ciekowy
od ekstraktu. W roztworze oznaczono formy metali I11.

Krok czwarty — identyfikacja zawartoSci frakcji
rezydualnej, ZFR (F-1V):

Osad przemyto i wysuszono do stalej masy. Minerali-
zacje frakcji rezydualnej przeprowadzono z udziatem
wody krolewskiej. Do kolby stozkowej o objetosci
300 cm® zawierajacej 0,5 g osadu dodano ostroznie
30 cm’ stez. HCl i 10 cm’ stez. HNO,. Zawarto$¢
kolby ogrzewano 30 minut, nastgpnie odparowano
do sucha. Po ochtodzeniu dodano 25 cm?® HCI (1+5),
rozpuszczono osad Sciekowy i przeniesiono do kol-
by miarowej i uzupelniono woda destylowana do 50
cm’, nastgpnie wymieszano i przesgczono zawarto$¢
kolby do suchego naczynia. W przesaczu oznaczono
metale frakcji IV.

3. Wyniki i dyskusja

Uzyskane wyniki badan zaprezentowano na rysun-
kach 1-5. Rysunki 1 oraz 3 przedstawiaja wyniki ozna-
czen zawartosci metali ciezkich w badanych frakcjach
w przeliczeniu na suchg mase¢ osadu, odpowiednio ry-
sunek 1 — przed fermentacja i rysunek 3 — po fermen-
tacji. Rysunki 2 i 4 przedstawiaja relatywng zawartos¢
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wybranego metalu (% mas.) cigzkiego oznaczanego
we frakcji BCR w stosunku do jego sumarycznej za-
wartosci w osadzie Sciekowym. Przeprowadzona ana-
liza sekwencyjna wykazata, ze w osadach $ciekowych
s obecne roznorodne formy metali.

Sredni udzial badanych metali cigzkich wyrazo-
nych w ppm w wydzielonych frakcjach w analiz-
owanym osadzie $cieckowym pobranym przed fer-
mentacjg przedstawiono w nastepujacych szeregach
malejacych zawarto$ci ppm:

+ dla Cu: FIV (160,11) > FI (11,67) > FIII (4,28) >

FII (2,68)

« dla Cr: FIV (40,51) > FIII (0,98) > FI (0,76) > FII

(0,29)

* dla Cd: FIV (9,31) > FIII (0,56) >FI (0,19) > FII

(0,16)

« dla Ni: FIV (10,02) > FI (2,15) > FIII (1,19) > FII

(0,49)

« dla Pb: FIV (96,45) > FI (1,19) > FIII (0,97) > FII

(0,12)

« dla Zn: FIV (108,9) > FIII (89,1) > FI (24,5) > FII

(20,9)

W przypadku metali cigzkich uzyskanych we frakeji
I, rozpuszczalnych w wodzie i zwigzanych z wegla-
nami, najwiekszy udziat, bo ponad 10%, odnotowano
dla niklu oraz dla cynku (rys. 2). Poza miedzia, ktorej
udziat wyniost niespelna 7%, pozostate metale cigzkie
uzyskaty niewielki — bo nizszy niz 3% udziat. Nikiel
oraz cynk byty réwniez metalami najbardziej mobil-
nym, odpowiednio 18,5% oraz 19,8%.

Najwicksza zawartos¢ metali ciezkich we frakcji
rezydualnej odnotowano dla otowiu. W przypadku
frakeji IV stanowit on az 97,2% udziatu. Wysoka byta
rowniez zawarto$¢ chromu i kadmu, odpowiednio
95,1% oraz 91,9% (rys. 2). Najmniejszy udziat pro-
centowym we frakcji [V wystapit w przypadku cynku
i wynosit jedynie 45,6%.

Sredni udzial badanych metali ciezkich wyrazonych
w ppm w wydzielonych frakcjach, w analizowanym
osadzie sciekowym pobranym po fermentacji, przed-
stawiono w nastgpujacych szeregach malejacych za-
warto$ci ppm:

« dla Cu: FIV (295,18) > FI (7,02) > FIII (4,43) > FII

(1,52)

« dla Cr: FIV (105,97) > FIII (1,67) > FI (1,0) > FII

(0,31)

« dla Cd: FIV (9,41) > FIII (0,65) > FI (0,14) > FII

(0,07)

« dla Ni: FIV (21,97) > FI (2,85) > FIII (1,59) > FII

(0.5)

+ dla Pb: FIV (123,52) > FIII (13,45)> FI (0,2) > FII

(0,03)

* dlaZn: FIV (246,7) > FIII (148,3) > FI (14,3) > FII

(10,4).

W przypadku metali cigzkich uzyskanych we frak-
cji I, rozpuszcezalnych w wodzie 1 zwigzanych z we-
glanami, prawie 10,9% udziat odnotowano dla niklu
(rys. 4). Poza cynkiem, ktorego udzial wyniost nie-
spelna 3,4%, pozostate metale cigzkie uzyskaly nie-
wielki bo nizszy niz 2,3% udzial procentowy. Nikiel
byt rowniez metalem najbardziej mobilnym (frakcja I
+ frakcja II = 12,5%).

Wyniki badan dla ustabilizowanych komunalnych
osadow sciekowych potwierdzily obserwowang ten-
dencje koncentracji metali cigzkich we frakcjach nie-
mobilnych (frakcja II1 i frakcja IV). Miedz, otow oraz
cynk wykazaty znaczng zawartos¢ frakcji zwigzanej
z materig organiczng i/lub siarczkowej (frakcja III).

Najwicksza zawartos¢ metali cigzkich we frakcji
rezydualnej odnotowano dla miedzi. W przypadku
frakcji IV stanowit on az 95,8% udziatu. Wysoka
byla rowniez zawartos¢ chromu i kadmu, odpowied-
nio 97,3 oraz 91,6% (rys. 4). W najmniejszym udziale
procentowym wystapit cynk, jedynie 58,8%. Miedz
oraz chrom wykazuja sumarycznie najwyzszg niemo-
bilnos¢ (frakcja III + frakcja IV).

Wskaznik stabilnosci metali I, informuje o sile wia-
zania metali z mineralno-organicznymi sktadnikami
gleb w czasie, jaki uptyngl od momentu zanieczysz-
czenia, i moze przyjmowac warto§¢ w przedziale
0 > I, > 1. Jezeli metal wystepuje w formie tatwo
rozpuszczalnej i wymiennej, to warto$¢ I jest bliska
zeru, natomiast w przypadku gdy I = 1, metal domi-
nuje w formach stabilnych, gtownie w pozostaloscio-
wej. Wartosci posrednie wskazujg na zréznicowany
udziat metalu zarowno w formach mobilnych, jak
i stabilnych.

4. Wnioski

W badanym osadzie Sciekowym z oczyszczalni
sciekow Sitkowka-Nowiny metale cigzkie wystepo-
waly gléwnie w formach uznawanych za niemobilne.
Byly to metale zwiazane z glinokrzemianami oraz ich
siarczki i trwale potaczenia metaloorganiczne. Formy
te nie stanowig zagrozenia toksykologicznego. Pozio-
my zawartosci metali ciezkich w badanych osadach
sciekowych nie przekroczyly dopuszczalnych limi-
tow obowigzujacych w Polsce dla osadow przezna-
czonych do wykorzystania rolniczego.

Wiyniki ekstrakcji sekwencyjnej wskazuja, ze meta-
le charakteryzowaty si¢ znacznym udziatem form po-
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tencjalnie stabilnych (pozostalosciowa). Po procesie
fermentacji dla wigkszosci metali odnotowano wy-
razne zmniejszenie si¢ udziatu formy zredukowanej
oraz wzrost stezenia frakcji organicznej i pozostato-
sciowej. Na skutek redystrybucji, w osadzie nastapito
zmniejszenie mobilno$ci miedzi, cynku i niklu oraz
wzrost sity wigzania, mierzonej wskaznikiem 7, dla
wszystkich metali.
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STUDY OF THE CONDITION OF THE SELECTED
UNDERGROUND CAVES IN KADZIELNIA AREA, KIELCE

Abstract

The area of Kadzielnia in Kielce is one of the best known cave areas in the region. Part of the caves (the group Jaskinia
Odkrywcow — Prochownia — Szczelina) has been made available to tourists. This requires proper protection of a tourist
route, in the caves there is a possibility of threats in the form of rock falls, cracks, depressions, etc. Therefore, the state of
the caves requires monitoring, including surveying methods. For this reason, an inventory of four selected parts of said
group of caves was conducted with the use of modern surveying techniques. The measurement was performed with the
use of scanning tacheometry, complemented with digital images of the monitored fragments. The results are presented in
the form of spatial models (in AutoCAD Civil 3D and Surfer) and compiled with the taken pictures. Presented results are
initiating a broader study on the state of the Kadzielnia caves.

Keywords: inventory survey of the caves, scanning tacheometry

1. Introduction

The inanimate nature reserve Kadzielnia in Kielce
is the most famous cave area in the Swigtokrzyskie
(Holy Cross) Mountains. Inside the walls of the
former quarry 25 caves with a total length of 678
m were inventoried and large sinkholes filled with
deposits were described. Most of them are located
within Skatka Geologow (Geologists Rock), and
the biggest ones are located in the eastern wall
of the quarry. The caves are partly accessible to
tourists (the group: Jaskinia Odkrywcow (Explorers
Cave) — Prochownia (Gunpowder Works) -
Szczelina (Fissure)). This requires ensuring safety
while exploring the tourist route. The nature of the
geological structure of Kadzielnia, especially the
presence of karst phenomena, however, implies the
possibility of threats in the form of rock fragments
falling off, the appearance of fissures, sinkholes and
other deformations of the rock mass. The caves thus

require frequent inventory to determine the possibility
of occurrence of deformations and to adopt protective
measures.

The inventory consists in determining the current
state of the object and the development of appropriate
documentation for it, necessary for conservation
and design works. This is a complex and laborious
process requiring high precision from the doer. It
consists of both survey and analysis as well as proper
visualization of their results [1].

Initiating the survey of fragments of the caves in
Kadzielnia, Kielce in order to conduct an inventory and
identify the sites at risk took place in 2014 within the
statutory research, the activity of Geomatica Student
Academic Circle and engineering theses defended
in 2015 at the Faculty of Environmental, Geomatic
and Energy Engineering at the Kielce University of
Technology [2-5], in parallel with other measurements
for the inventory of Kadzielnia area [6, 7].

197



environment

Lidia Kowalczyk, Karol Krawczyk, Agnieszka Makuch, Jakub Mosiofek, Bartosz Piskiewicz,
Michal Pluta, Agata Proboszcz, Jacek Szewczyk, Karolina Swidzicka, Anna Wirecka

Surveying included four fragments of the group
Jaskinia Odkrywcow (Explorers Cave) — Prochownia
(Gunpowder Works) — Szczelina (Fissure) (Fig. 1):
Wiestaw Chamber, the chamber of Korytarz
Potudniowy (Southern Corridor), second and third
room from the side of Szczelina (Fissure) and
Korytarz Lewy (Left Corridor).

Fig. 1. The system of the caves Jaskinia Odkrywcow-
Prochownia-Szczelina (Explorers Cave-Gunpowder Works-
Fissure) in Kadzielnia, after joining them and finishing
mining works which made the caves available in summer
2011. Explanation of the markings: 1 — the contours of the
cave corridor, 2 — the contours of the corridor, 3 — arrow
pointing at the opening of the cave, 4 — steep sloping of
the corridor walls of the cave, 5 — scarp, 6 — sloping of the
bottom of the cave, 7 — cave chimney, 8 — cave well,

9 — blocks and rubble rock at the bottom of the cave,

10 — clayey silt at the bottom of the cave, 11 — artificial
elements in the cave: masonry, stairs, 12 — an observation
point on the educational path (according to [8, 9]).
Sites of inventory surveying are shown
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The cave system — Jaskinia Odkrywcow-
Prochownia-Szczelina is the largest underground
object in Kadzielnia, Kielce. Originally there were
three separate caves which were connected in a
series of caves during exploration work conducted
by speleologists in 2004-2009. The openings of
the caves are artificial, located on the wall which
remained after the exploitation of the quarry. Most
places in the system of the caves were accessible for
surveying, which enabled the stabilization and survey
of control point as a traverse, with the points placed in
the positions enabling visibility and proper set-up of
the surveying equipment. Conditions for monitoring
were not favorable. Very narrow fissures in which it
was difficult to set up and level the instrument were
a significant problem. These fissures also called for
the need for very short side lines. Sometimes there
were problems with visibility between two points,
as a result of the difficult position of the points. The
caves are winding (Fig. 2), usually dimly lit, with big
height differences between the points.

Fig. 2. Photo of the fragment of the studied area [4]

2. Methods of inventory of the underground objects

Inventory methods of underground objects used in
the past and currently are following [1]:
— Photogrammetric method — used in the inventory
of overground and underground objects with
stereophotogrammetric cameras; it requires good
lighting of the object.
Tacheometric method — known in traditional
geodesy, convenient for the inventory of the
bottom, often for the cave roof; the advantages of
this method are high accuracy and simplicity of
survey and study.
Cross section method — is a tacheometric method
in which the measurement is taken at regular space
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intervals. The measurement of the side walls and
roofs of caves is conducted with this technique.

— Orthogonal method was very popular in surveying
before the era of electronic total stations.
Simplicity of measuring, low cost and high
availability of the required instruments meant
that a large part of field surveying was performed
using this method. However, it is labor-intensive
and not very accurate.

— Surveying method of underground excavations
using laser pointers — in mining conditions laser
pointers act as auxiliary devices used for signalling
situational and height details of a chamber.
Measuring horizontal and vertical angles from
two independent positions to the laser spot realizes
spatial section; replaced by scanning tacheometry.

— Inventory method using laser rangefinders — in
underground conditions surveying is conducted with
the instruments equipped with laser rangefinders,
operating in the visible light, i.e. the wavelength of
light in the range 380 to 780 mm (laser spot of red
or green); replaced by scanning tacheometry.

— Scanning tacheometry method — enables semi-
automatic measurements of angular-linearnetworks,
manual measurements of situational details and
measurement of the details in the automatic mode
while keeping a specific work interval.

— Laser scanning — measurements are made with
a laser beam (near infrared) with high frequency
due to prism rotating in a vertical plane. Maximum
scanning speed depends on the scanner model,
most often several — several tens of thousands
(for modern scanners up to one million) points
per second. By automating the measurement,
especially in dangerous mining conditions, the
degree of the user’s exposure to hazards that may
occur can be greatly eliminated.

Significant technological progress which took place
also in geodesy and cartography caused that scanning
instruments began to enjoy increasing popularity,
greatly accelerating the work of land surveyors.
The first measurements with the use of scanning
devices began in the 1990s, but the process of their
improving and of increasing their functions is still
being continued. This development also applies to
specialized software for processing data from laser
scans. Laser scanning has begun to play an important
role in the inventory measurement of large enclosed
structures, including caves. Currently, this method is
competitive, compared with conventional surveying
methods, due to high efficiency in performing high

accuracy studies and the possibility of integration of
laser scanning into sensors recording in the optical
range of radiation (hyperspectral scanners, thermal
cameras) used in photogrammetry. Laser scanner
imaging is independent of lighting conditions, lack
of sunlight does not constitute a problem during
night measurements as the device is powered by an
independent source of energy. The results obtained by
the method of laser scanning are usually much more
accurate compared with traditional surveying methods.

3. Selection of inventory method and performing
measurements

While assessing the lay of the land of the caves in the
Kadzielnia nature reserve, the best possible method
for the measurement of the condition of the caves — if
the use of laser scanning which gives a fuller picture
of the measured objects is impossible — is the method
of cross section combined with use of scanning
tacheometry; this allows for high automation of
surveying works and a relatively large number of
measured points within a short time. These points
will be measured with an error not exceeding 1.5 mm
with regard to the traverse points.

The project of control network should consider
the choice of the optimum geometrical structure of
the network, ensuring durability and stability of the
measurement marks and the required accuracy of
observation. Due to the fact that the control runs
through a long and narrow route the best solution was
to establish a polygon traverse [10].

Inside the cave system 15 points were stabilized,
from the entrance through Szczelina to the exit
through Jaskinia Odkrywcoéw, where the traverse
was connected to the external points. Eventually,
the control network is made up of a 17-point closed
traverse, including 2 points outside the caves (Fig. 3).

From the adjustment of the control network errors
of positions of the points within the range of up to
6.5 mm were obtained. Error of the height of control
point of the traverse ranges to 7.7 mm.

In the inventory measurements two methods of
scanning tacheometry were used: reflector and
reflectorless. Reflector method was used mainly to
measure and stabilize the network points. Reflectorless
method was used to measure the interior of the caves.

Measurements in the caves were performed with
the use of an electronic total station TOPCON QSI1A,
operating in automatic and manual reflectorless mode.
Using the appliance was possible thanks to the purchase
within the project,,Retrofitting laboratories assisting the
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teaching process in the course of study at Environmental
Engineering and Geodesy and Cartography Faculties
at Kielce Univesity of Technology”, the project co-
financed by the European Union under the European
Regional Development Fund Operational Programme
Swietokrzyskie Voivodship for the years 2007-2013.
Total station is equipped with stepper motors which
enable variable work interval so that the data about
a specific density of points on the measured area can
be obtained automatically. The density of the points
enables control over the measurement data (a given
measurement point is a control point to an adjacent
point), it also gives the opportunity to build a spatial
model of inventoried objects. While plane measuring
(regular, with distinct planes) the fitting takes place,
e.g. with the method of the smallest editable squares,
planes and solids (cylinders, spheres, cones), whereas
while measuring irregular objects, stretching of
triangulation networks takes place directly on the sets
of points. In the cave the interval was typically 59.
Selecting the scan interval (and thus resolution of the
image) was dictated by organizational considerations
(the caves were available for the measurement one
day a week in limited hours). In some parts (where
it was not possible to use automatic reflectorless
measurement) manual reflectorless measurement was
also performed, by way of targeting the laser spot on
the measured point. Ceilings, footwall and sidewalls of
the caves were measured.

Fig. 3. Sketch of the control network [2—4]
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4. Development and visualization of the results
of observation

The data from the inventory measurement were
transmitted as a text file with a set of coordinates of
point cloud from the field computer. The obtained
data were processed further in Winkalk. Manual
filtration of the points was performed and the points
whose data were unnecessary or incorrect were
removed. The number of measured pickets after
filtration decreased insignificantly. The procedure of
manual filtering is more effective than computerized
procedures that automate the process of filtration. It
may be more time consuming, but reliable. Due to
the limited capabilities of the software, the remaining
points were divided between three areas: roof,
bottom, sidewalls to prevent incorrect visualization in
the software. A point cloud was loaded in AutoCAD
Civil 3D 2015. Then, the option to display a network
of triangles in the wireframe model with the use of
visualization options in this software was started.
After this procedure an edit option could be used to
eliminate the adverse combinations resulting from the
creation of a network of triangles which sometimes
connected even distant points on a plane.

Fig. 4. Sample visualization in AutoCAD Civil 3D 2015 [4]

Fig. 5. A picture to compare with the above
visualization [4]
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Fig. 6. The view of Korytarz Potudniowy (Southern
Corridor) [3]

Fig. 7. Comparison of the 3D model created in AutoCAD
Civil 3D 2015 with a picture taken in a cave. The
fragment shows the cavity at Korytarz Lewy (Left

Corridor) [5]

In addition, sample pictures were taken in the
observed cave in order to compare them with the
obtained results of visualization. Sample compilation
of models and pictures of fragments of the cave are
shown in Figures 4-7.

Due to the limited resolution of scanning the
created 3D model does not accurately reflect the
actual topography.

Models of the footwall and sidewalls of the caves
were also made in the Surfer software. Examples of
the obtained results are provided in Figures 8 and 9.

7473151
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Fig. 8. Contour map showing the situational position of
the height of contours of the sidewall [3]

Fig. 9. Wireframe map of the sidewall [3]

Presented schemes will facilitate the comparison of
performed inventory with measurements which will
be made in the future.

5. Conclusions

1. The need for inventory measurement of the caves
which are tourist objects stems from the likelihood
of their threat to tourism. These risks relate to the
possibility of destabilization of the rocks forming
caves, and resulting from mere movement of
people, the vibration caused by the events at
the amphitheater nearby, performed repairs and
geological structure of the orogen (karst).

2. The observation method of the geotechnical
object deformation presented in the paper is a new
inventory technology, with the use of scanning
technique. Instruments used for measuring —
TOPCON scanning total station QSIA — and
the applied methods worked in the harsh cave
conditions. The resulting accuracy matched the
assumptions of the observation. The results of
measurements and their accuracy depended on
the properties of an object and the prevailing
conditions such as high humidity reaching 80%,
surface texture of the walls and roofs, narrow and
winding galleries, low air temperature and ambient
field conditions. The constraint was also total
station scanning range, which was at least 1 m.
Measuring with laser scanner is in such conditions
more effective; however, due to the 5 m minimum
range of the scanner, it could not be implemented.

3. Error in the position of the pickets is within an
average error of measurement with scanning
technique. Assumed scan resolution, resulting from
organizational capabilities, however, did not provide
sufficient quality of a spatial model of the caves.

4. While developing the model, AutoCAD Civil 3D
and Surfer were used. After modelling in both
programs it can be concluded that the measurements
do not reflect the exact shape of the cave.

201



environment

Lidia Kowalczyk, Karol Krawczyk, Agnieszka Makuch, Jakub Mosiofek, Bartosz Piskiewicz,
Michal Pluta, Agata Proboszcz, Jacek Szewczyk, Karolina Swidzicka, Anna Wirecka

5. The results of visualization can, regardless of the
mentioned objections, serve to monitor specific
parts of the caves in order to study the displacements
and deformations that may pose a security threat
for the area of the cave.

6. Performing subsequent measurement cycles with
the use of established geodetic network and a
similar set of instruments will enable to compare
the position of the cave walls and to determine
their possible displacements. 10 cm is applied as a
significant value of displacement.

References

[1] Pielok J. (red.): Geodezja gornicza, Wyd. AGH,
Krakow 2011.

[2] Kowalczyk L., Mosiotek J.: Zastosowanie instrumentow
laserowych do inwentaryzacji jaskin na terenie Kadzielni
w Kielcach. Engineer’s thesis (under supervision of
J. Szewczyk), Kielce University of Technology, Kielce
2015.

[3] MakuchA., Proboszcz A.: Pomiary laserowe jako metoda
inwentaryzacji jaskin na terenie Kadzielni w Kielcach.
Engineer’s thesis (under supervision of J. Szewczyk),
Kielce University of Technology, Kielce 2015.

[4] Piskiewicz B., Pluta M.: Pomiar stanu jaskin na terenie
Kadzielni w Kielcach za pomocq przyrzqdow laserowych.

Lidia Kowalczyk
Karol Krawczyk
Agnieszka Makuch
Jakub Mosiotek
Bartosz Piskiewicz

Engineer’s thesis (under supervision of J. Szewczyk),
Kielce University of Technology, Kielce 2015.

[5] Swidzicka K., Wirecka A.: Inwentaryzacja jaskin za
pomocq instrumentow laserowych na przykladzie
terenu Kadzielni w Kielcach. Engineer’s thesis (under
supervision of J. Szewczyk), Kielce University of
Technology, Kielce 2015.

[6] Duma P. et alt.: Study of the condition of the selected
landslides in the area of Kadzielnia. Structure and
Environment, Kielce University of Technology (in print).

[7] Klimczyk P. et alt.: Determining the shape and volume
of the post-mining basin in Kadzielnia area, Kielce.
Structure and Environment, Kielce University of
Technology (in print).

[8] Urban J., Kasza A., Ochman K., Hercman H.:
Kenozoiczny kras Kadzielni, Instytut Geografii
Uniwersytetu Jana Kochanowskiego w Kielcach, 2011.

[9] Gérniak M., Jézwiak M., Kasza A., Urban J.:
Przewodnik sesji terenowych, Sitkdwka-Nowiny 2006.

[10]Gocat J.: Geodezja inzynieryjno-przemystowa cz. I,
wyd. AGH, Krakow 2004.

Research for the article was funded by statutory research
of the Faculty of Environmental, Geomatic and Energy
Engineering of Kielce University of Technology, No.
05.0.09.00/2.01.01.01.0022 MNSPIKGO.15.006

Michat Pluta
Agata Proboszcz
Jacek Szewczyk
Karolina Swidzicka
Anna Wirecka

Badania stanu wybranych jaskin podziemnych
na terenie Kadzielni w Kielcach

1. Wstep

Teren rezerwatu przyrody nieozywionej Kadziel-
nia w Kielcach Kadzielni to najbardziej znany obszar
jaskiniowy w Gorach Swietokrzyskich. W §cianach
dawnego kamieniotomu zinwentaryzowano 25 jaskin
o0 tacznej dlugosci 678 m oraz opisano duze leje kra-
sowe wypetione osadami. Wigkszo$¢ z nich znaj-
duje si¢ w obrebie Skatki Geologow, za$ najwicksze
mieszczg si¢ we wschodniej $cianie kamieniotomu.
Jaskinie sa czgsciowo dostepne dla ruchu turystycz-
nego (zespot Jaskinia Odkrywcow — Prochownia —
Szczelina). Wymaga to zapewnienia bezpieczenstwa
podczas zwiedzania trasy turystycznej. Charakter bu-
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dowy geologicznej Kadzielni, zwtaszcza wystepowa-
nie zjawisk krasowych, implikuje jednak mozliwos¢
wystapienia zagrozen w postaci odpadania odtamkow
skalnych, pojawiania si¢ szczelin, zapadlisk i innych
deformacji gorotworu. Jaskinie wymagaja wiec pro-
wadzenia czestej inwentaryzacji, w celu okreslenia
mozliwosci wystepowania deformacji i dla podjecia
zabiegbéw zabezpieczajacych.

Inwentaryzacja polega na okresleniu aktualnego sta-
nu obiektu oraz opracowaniu dla niego odpowiedniej
dokumentacji, niezbgdnej w pracach konserwatorskich
i projektowych. Jest to ztozony i pracochtonny proces,
wymagajacy od wykonawcy duzej precyzji. Sktadaja
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sie na niego zarowno pomiary, jak i analiza oraz odpo-
wiednia wizualizacja ich rezultatow [1].

Zainicjowanie pomiarow fragmentow jaskin na
terenie Kadzielni w Kielcach w celu inwentaryza-
cji 1 wskazania miejsc zagrozonych miato miejsce
w 2014 r., w ramach badan statutowych, dziatalno$ci
Studenckiego Kota Naukowego Geomatica oraz prac
dyplomowych inzynierskich, obronionych w 2015 r.
na Wydziale Inzynierii Srodowiska, Geomatyki
i Energetyki Politechniki Swietokrzyskiej [2-5], row-
nolegle do innych pomiaréw inwentaryzacyjnych ob-
szaru Kadzielni [6, 7].

Prace pomiarowe objely cztery fragmenty zespotu
Jaskinia Odkrywcow — Prochownia — Szczelina (rys.
1): komore Wiestawa, komore korytarza potudnio-
wego, druga i trzecig sale od strony szczeliny oraz
korytarz lewy.

System jaskiniowy — Jaskinia Odkrywcow-Prochow-
nia-Szczelina na Kadzielni jest najwigkszym obiektem
podziemnym na kieleckiej Kadzielni. Pierwotnie byly
to trzy osobne jaskinie, ktore potaczone zostaty w cza-
sie prac eksploracyjnych prowadzonych przez spele-
ologéw w latach 2004-2009 w jeden ciag jaskiniowy.
Otwory tych jaskin sg sztuczne, potozone na powstatej
w wyniku eksploatacji §cianie kamieniotomu. Wigk-
szo$¢ miejsc w systemie jaskin byta dostepna do prac
pomiarowych, co umozliwito stabilizacj¢ i pomiar
osnowy geodezyjnej w postaci ciggu poligonowego,
z punktami umieszczonymi w miejscach umozliwia-
jacych widoczno$¢ i prawidlowe rozstawienie sprze-
tu pomiarowego. Warunki nie byly sprzyjajace do
prowadzenia obserwacji. Istotny problem stwarzaly
bardzo waskie szczeliny, w ktorych utrudnione byto
ustawienie i spoziomowanie instrumentu. Szczeliny te
powodowaly rowniez koniecznos$¢ stosowania bardzo
krotkich celowych. Niekiedy wystepowaty problemy
z widoczno$cig pomigdzy dwoma punktami, wynika-
jaca z trudnego usytuowania punktow. Jaskinie sg krete
(rys. 2), zwykle stabo oswietlone, z duzymi réznicami
wysokos$ci pomigdzy poszczegdlnymi punktami.

2. Metody inwentaryzacji stanu obiektéw podziemnych

Do stosowanych w przesztosci i obecnie metod in-

wentaryzacji obiektow podziemnych naleza [1]:

— Metoda fotogrametryczna — stosowana jest w in-
wentaryzacji obiektow naziemnych i podziem-
nych za pomocg kamer stereofotogrametrycznych;
wymaga dobrego o$§wietlenia obiektu.

— Metoda tachimetryczna — znana z geodezji kla-
sycznej, dogodna jest do inwentaryzacji spagu,
czesto rowniez stropu w jaskiniach; do zalet meto-

dy nalezy duza doktadno$¢ oraz prostota pomiaru
1 opracowania.

— Metoda przekrojow — jest to metoda tachimetrycz-
na, w ktorej pomiary odbywaja si¢ w regularnych
odstepach przestrzennych. Za pomoca tej techniki
wykonuje si¢ pomiary ocios6w i stropow jaskin.

— Metoda ortogonalna byta metoda bardzo popular-
ng w pomiarach geodezyjnych przed erg tachime-
trow elektronicznych. Prostota pomiaru i niewiel-
ki koszt oraz duza dostgpnos¢ wymaganych przy-
rzadow sprawialy, ze znaczng cze¢$¢ pomiarow
terenowych wykonywano za pomoca tej metody.
Jest jednak pracochtonna i mato doktadna.

— Metoda pomiaru wyrobisk podziemnych przy za-
stosowaniu wskaznikow laserowych — w warun-
kach kopalnianych wskazniki laserowe petnig role
urzadzen pomocniczych stuzacych do sygnalizacji
szczegotow sytuacyjno-wysokosciowych komory.
Pomiar katéw poziomych i pionowych z dwoch
niezaleznych stanowisk do plamki lasera realizuje
przestrzenne wcigcie ,,w przod”; zastapiona przez
tachimetri¢ skanujaca.

— Metoda inwentaryzacji z wykorzystaniem dal-
mierzy laserowych — w warunkach podziemnych
wykonuje si¢ pomiary instrumentami wyposazo-
nymi w dalmierze laserowe, dzialajace w pasmie
Swiatta widzialnego, tj. dlugosci fali $wietlnej
z zakresu 380-780 mm (plamka lasera barwy
czerwonej lub zielonej); zastgpiona przez tachi-
metri¢ skanujaca.

— Metoda tachimetrii skanujacej — pozwala na pot-
automatyczne pomiary katowo-liniowe osnow,
pomiary manualne szczeg6tow sytuacyjnych oraz
pomiar szczegotow w trybie automatycznym przy
zachowaniu okreslonego interwatu pracy.

— Skaning laserowy — pomiary wykonywane s3 za
pomoca promienia laserowego (bliska podczer-
wien), z duza czestotliwoscia dzigki obracajacemu
si¢ w plaszczyznie pionowej pryzmatowi. Maksy-
malna szybko$¢ skanowania zalezy od modelu
skanera, najczesciej jest to kilka — kilkadziesiat
tysigcy (dla nowoczesnych skanerow nawet do
miliona) punktow na sekundg. Dzieki zautoma-
tyzowaniu wykonywania pomiarow, zwilaszcza
w niebezpiecznych warunkach kopalnianych,
mozna znacznie wyeliminowac stopien narazenia
uzytkownika na mogace wystapi¢ zagrozenia.

Znaczny postep techniczny, ktoéry miatl miejsce
rowniez w dziedzinie geodezji i kartografii spowo-
dowal, ze coraz wicksza popularnoscia zaczety cie-
szy¢ si¢ instrumenty skanujgce, w znacznym stopniu
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przyspieszajace prace mierniczych. Pierwsze pomia-
ry z zastosowaniem przyrzadow skanujacych rozpo-
czely sie w latach 90., jednak nadal trwa proces ich
udoskonalania i1 poszerzania ich funkcji. Rozwdj ten
dotyczy rowniez specjalistycznego oprogramowania
przeznaczonego do opracowywania danych pocho-
dzacych ze skaningu laserowego. Skaning laserowy
zaczat odgrywaé rowniez wazng role¢ w pomiarach
inwentaryzacyjnych duzych obiektow kubaturowych,
w tym jaskin. Obecnie metoda ta jest konkurencyjna
w stosunku do tradycyjnych metod geodezyjnych ze
wzgledu na duza wydajnos¢ w wykonywaniu opraco-
wan o wysokiej doktadnosci oraz mozliwosci integra-
cji skaningu laserowego z sensorami rejestrujacymi
w zakresie optycznym promieniowania (skanery hi-
perspektralne, kamery termowizyjne) wykorzystywa-
nymi w fotogrametrii. Obrazowanie skanerem lasero-
wym jest niezalezne od warunkow o$wietleniowych,
brak $wiatta stonecznego nie stanowi wigc problemu
przy nocnych pomiarach, gdyz urzadzenie zasilane
jest niezaleznym zrodtem energii. Wyniki uzyskane
za pomoca metody skaningu laserowego sa zwykle
znacznie doktadniejsze w porownaniu z tradycyjny-
mi metodami geodezyjnymi.

3. Wybér metody inwentaryzacji i przeprowadzenie
pomiarow

Oceniajac uksztaltowanie terenu jaskin w rezerwa-
cie przyrody Kadzielnia, najlepsza mozliwa metoda do
przeprowadzenia pomiardw stanu jaskin — przy braku
mozliwo$ci zastosowania skaningu laserowego daja-
cego pelniejszy obraz pomierzonych obiektéw — jest
metoda przekrojow w potaczeniu z zastosowaniem
tachimetru skanujacego; pozwala to na duzg automa-
tyke prac pomiarowych i stosunkowo znaczng liczbe
pomierzonych punktéw w krotkim czasie. Punkty
te beda pomierzone z bledem nieprzekraczajacym
1,5 mm wzgledem punktéw ciggu poligonowego.

Projekt osnowy pomiarowej powinien uwzglednié
wybor optymalnej struktury geometrycznej sieci,
zapewniajacej trwalos¢ 1 stabilnos¢ znakéw pomia-
rowych oraz wymagang dokladno$¢ obserwacji. Ze
wzgledu na fakt, ze osnowa przebiega przez diuga
oraz waska tras¢ najlepszym rozwigzaniem bylo za-
lozenie ciggu poligonowego [8].

Wewnatrz systemu jaskin zastabilizowano 15 punk-
tow, od wejscia przez szczeling az do wyjscia przez
Jaskinig¢ Odkrywcow, gdzie ciag nawigzano do punk-
tow zewnetrznych. Ostatecznie osnowe pomiarowg
tworzy siedemnastopunktowy cigg zamkniety, w tym
2 punkty na zewnatrz jaskin (rys. 3).
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Z wyréwnania osnowy otrzymano btedy poloze-
nia punktow mieszczace si¢ w granicach do 6,5 mm.
Btad wysokos$ci punktow osnowy ciggu poligonowe-
go zawiera si¢ w granicach do 7,7 mm.

W pomiarach inwentaryzacyjnych wykorzystano
dwie metody tachimetrii skanujacej: lustrowa oraz
bezlustrowa. Metode lustrowa wykorzystano przede
wszystkim do pomierzenia i zastabilizowania osno-
wy pomiarowej. Metode bezlustrowa wykorzystano
do pomierzenia wnetrza jaskin.

Pomiary w jaskiniach zostaly wykonane za po-
mocg tachimetru elektronicznego TOPCON QSI1A,
pracujacego w trybie automatycznym i manualnym
bezlustrowym. Tachimetr uzyty do pomiaru zostat
zakupiony w ramach projektu ,,Doposazenie labora-
toriow wspomagajacych proces dydaktyczny kierun-
ku inzynierii $rodowiska oraz geodezji i kartografii
w Politechnice Swictokrzyskiej”, wspéHinansowa-
nego przez Uni¢ Europejska ze $rodkow Europej-
skiego Funduszu Rozwoju Regionalnego Programu
Operacyjnego Wojewodztwa Swietokrzyskiego na
lata 2007-2013. Tachimetr wyposazony jest w silni-
ki krokowe umozliwiajace zmienny interwal pracy,
dzigki czemu mozna automatycznie uzyskiwac¢ dane
o okreslonym zageszczeniu punktow na mierzonej
powierzchni. Zageszczenie punktow umozliwia kon-
trole nad danymi pomiarowymi (dany punkt pomia-
rowy jest kontrolnym dla punktu sgsiadujacego), jak
rowniez daje mozliwo$¢ budowania modelu prze-
strzennego inwentaryzowanych obiektow. Przy po-
miarze ptaszczyznowym (regularnym, o wyrazistych
plaszczyznach) nastgpuje wpasowanie, np. metoda
najmniejszych kwadratow, ptaszczyzn i bryt (walcow,
sfer, stozkow) edytowalnych, natomiast przy pomia-
rze obiektow nieregularnych ma miejsce rozpinanie
siatek triangulacyjnych bezposrednio na zbiorach
punktéw. W jaskini zatozony interwat wynosit zwy-
kle 59. Wybor interwalu skanowania (a wigc rozdziel-
czo$ci otrzymywanego obrazu) byt podyktowany
wzgledami organizacyjnymi (jaskinie dostepne byty
do pomiaru przez jeden dzien w tygodniu, w ogra-
niczonych godzinach). W niektorych partiach (tam,
gdzie nie mozna byto zastosowac automatycznego
pomiaru bezlustrowego) wykonano réwniez pomiar
manualny bezlustrowy, realizowany przez nakiero-
wanie plamki lasera na mierzony punkt. Dokonano
pomiaru stropow, spagow i ociosow jaskin.

4. Opracowanie i wizualizacja rezultatow obserwacji

Dane z pomiardw inwentaryzacyjnych transmito-
wano w postaci pliku tekstowego ze zbiorem wspot-
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rzednych chmury punktéw pochodzacych z kompu-
tera polowego. Uzyskane dane przetwarzano dalej
w programie Winkalk. Wykonano reczng filtracje
punktow, usuwajac te, ktoérych dane byty zbedne badz
btedne. Liczba pomierzonych pikiet po procesie fil-
tracji zmalata w sposob nieznaczny. Procedura recz-
nej filtracji jest bardziej efektywna od procedur kom-
puterowych automatyzujacych proces filtracji. Jest
ona wprawdzie bardziej czasochtonna, ale wiarygod-
na. Ze wzgledu na ograniczone mozliwosci programu
pozostale punkty podzielono migdzy trzy obszary:
strop, spag, ociosy, aby zapobiec blednej wizualiza-
cji w programie. Chmura punktow zostata wczytana
w programie AutoCad Civil 3D 2015. Nastepnie wia-
czono opcje wyswietlania siatki trojkatow w modelu
szkieletowym za pomoca opcji wizualizacji w tym
programie. Po wykonaniu tej procedury mozna byto
za pomocg opcji edycji wyeliminowac niekorzystne
polaczenia wynikajace z utworzenia siatki trojkatow,
ktore niekiedy taczyly nawet odlegte do siebie punkty
na plaszczyznie.

Oproécz tego wykonano przyktadowe zdjecia w ob-
serwowanej jaskini, w celu pordwnania ich z otrzy-
manymi wynikami wizualizacji. Przyktadowe zesta-
wienia modeli i zdje¢ fragmentéw jaskini przedsta-
wiono na rysunkach 4-7. Ze wzgledu na ograniczong
rozdzielczos¢ skanowania zbudowany model 3D nie
odzwierciedla doktadnie rzeczywistego uksztalto-
wania powierzchni. Wykonano roéwniez modele spa-
gu i ocioséw jaskin w programie Surfer. Przyktady
otrzymanych rezultatow podano na rysunkach 8 i
9. Przedstawione wykresy ulatwiag porownanie wy-
konanej inwentaryzacji z pomiarami realizowanymi
W przysztosci.

5. Wnioski

1. Konieczno$¢ wykonywania pomiaré6w inwenta-
ryzacyjnych jaskin, stanowigcych obiekt ruchu
turystycznego, wynika z mozliwo$ci wystapienia
w nich zagrozen dla tego ruchu. Zagrozenia te wig-
73 si¢ z mozliwo$cig destabilizacji uktadu skat,
tworzacych jaskinie, a wynikajaca z samego ruchu
ludzi, drgan wywotanych imprezami na pobliskim
amfiteatrze, przeprowadzanych remontow oraz
z budowy geologicznej gorotworu (kras).

2. Przedstawiona w pracy metoda obserwacji od-
ksztatcen obiektu geotechnicznego jest nowg tech-
nologia inwentaryzacji, wykorzystujaca technike
skanowania. Zastosowane do pomiar6w instru-
menty — tachimetr skanujacy TOPCON QSI1A —
1 metody sprawdzity si¢ w trudnych warunkach pa-

nujacych w jaskiniach. Uzyskana doktadnos$¢ byta
odpowiednia do zalozen obserwacji. Wyniki po-
miarow 1 ich doktadnosci byty uzaleznione od wia-
Sciwosci obiektu i warunkow w nim panujacych,
takich jak: wysoka wilgotnos¢ powietrza siegajaca
80%, faktura powierzchni $cian i stropow, waskie
i krete korytarze, niska temperatura powietrza oraz
warunki terenowe otoczenia. Warunkiem ogranicza-
jacym byl rowniez zasigg tachimetru skanujacego,
wynoszacy minimum 1 m. Pomiar skanerem lasero-
wym jest w tych warunkach bardziej efektywny; ze
wzgledu na minimalny zasig¢g skanera, wynoszacy
5 m, nie nadawat si¢ jednak do realizacji.

. Blad potozenia pikiet miesci si¢ w granicach $red-

niego btedu w pomiarach technikg skanowania.
Zatozona rozdzielczo$¢ skanowania, wynikajaca
z mozliwosci organizacyjnych, nie zapewniata jed-
nak dostatecznej jako$ci modelu przestrzennego
Jjaskin.

. Przy opracowaniu modelu zastosowano programy

AutoCad Civil 3D oraz Surfer. Po wykonaniu mo-
delowania w obu programach mozna stwierdzi¢, ze
wykonane pomiary nie obrazuja doktadnie ksztattu
Jjaskini.

. Otrzymane wyniki wizualizacji moga — niezalez-

nie od wymienionych zastrzezen — stuzy¢ do pro-
wadzenia monitoringu okreslonych czgsci jaskin
w celu badania przemieszczen i odksztatlcen mo-
gacych stanowi¢ zagrozenie bezpieczenstwa dla
terenu jaskini.

. Wykonanie kolejnych cykli pomiarowych, z wy-

korzystaniem zalozonej osnowy geodezyjnej
i podobnego zestawu instrumentow, pozwoli na
dokonanie poréwnan potozenia §cian jaskin i wy-
znaczenia ewentualnych przemieszczen. Za zna-
czaca wielkos¢ przemieszczenia przyjeto 10 cm.
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THE ENERGY PARAMETERS OF FORMATION
OF THE POROUS STRUCTURE

Abstract

Research porosity thermal insulation of refractory materials is the important task of power engineering, because the
thermal conductivity of porous materials depends on the shape and especially location of pore. Analytical review of
existing technologies shows that research in this area is focused on the study of a process separately and generalized
theories are not sufficient to clear analysis and model building process heat mass transfer of alumina porous material.

Keywords: thermal conductivity, porosity, swelling, heat insulation

1. Introduction

The thermal insulating products are among the
most efficient materials for protecting elements of
various purposes. Low density, fire resistance, low
thermal conductivity and at the same time sufficiently
high structural strength allow considering the porous
ceramic material as one of the most promising
materials for construction [1, 2].

It is possible to determine three groups of
technologies covering all known methods for obtaining
porous structures. In the first group of technologies,
the porous structure is created by using artificial or
natural pore-forming materials and low-melting
clays via volumetric method or contact concreting —
ceramic pores; the second method is the pore forming
of slip mass with different ways of foam-forming, dry
mineralizing of foam, aeration, low-temperature gas
forming; the third method is high-temperature pore-
forming of light-alloy raw materials.

Table 1. The chemical composition of fire-clay

Let us consider the third method of structure
formation occurring during the hydration of raw
material composition [3-6].

Carrying out the practical research into raw mass,
we added the chamotte clay or pure structural clay,
the composition of which is shown in the Table 1.

The research objective is to determine the optimal
ratio of additives’ masses in accordance with energy
consumption to implement the thermal bloating
process, strength of the obtained material, porosity
and thermal conductivity.

Obviously, thermal conductivity and energy
consumption should be minimal.

The research was performed by the use of
differential thermal analysis (DTA) of the thermal
bloating process for the raw mixture.

Trails are performed at a constant rise of temperature
with recording the temperature difference on the
chart paper as a function of temperature. The

The content of oxides, %

Clay
Si0, ALO, Fe,0, Tio, (€[0] MgO K0 Na,0 S0, Lost on ignition
Structural clay | 44.59-54.14 | 27.13-35.85 | 1.48-2.47 | 1.14-197 | 0.38-0.81 | 0.23-0.42 | 0.21-0.60 | 0.25-0.45 | 1.34-3.62 11.48-13.86
Chamotte clay 46.80 36.80 1.58 = 0.20 0.76 0.34 0.18 = 13.6
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result is a curve DTA (Figs. 1-4). At processing the
experiment’s results, the horizontal axis should be
graded by temperature. According to the position
of peak of the endothermic process, the temperature
interval of phase transitions can be found.

Fig. 1. DTA of raw material mixture with a content
of 75 mass fractions of clay No 1 (Tablel)

Fig. 2. DTA of raw material mixture with a content
of 75 mass fractions of clay No 2 (Table 1)

Fig. 3. DTA of raw material mixture with a content
of 160 mass fractions of clay No 1 (Table 1)

Fig. 4. DTA of raw material mixture with a content
of 160 mass fractions of clay No 2 (Table 1)

Thereisno significant difference in thermal evidence
of phase transformations of clays of samples No 1
and No 2 in the charts. However, at increasing the
alumina content, the exotherm of moisture removal
has a higher minimum, which is a consequence of
higher water saturation of the raw material mixture.

On DTA curves the low-temperature endothermic
peak of 146°C is recorded, which is due to the removal
of adsorbed water; the presence of water is caused by
high specific surface area of particles that is directly
dependent on disorder of mixture.

Changes, which took place during the heating, showed
three endothermic effects: 146, 500, and 720 (average
temperature intervals in Figs. 1-4). A large endothermic
effect due to the removal of absorbed water is observed
at 146°C, and the step observed on the curve at 300°C
indicates removal of interpacket water. The second
effect (450-550°C) corresponds to the removal of the
constitutional water (bound into the form of OH). The
endothermic effect at 720°C explains the removal of
OH-ions. As it can be seen from the data chart, the
optimum temperature range for dehydration of the
mixture is within 146-720°C. It should be defined the
connection of temperature intervals with the structure
of bloated material, and, consequently, with the useful
application properties (strength, conductivity, heat
resistance, water absorption). For this, changing the
composition of the initial mixture, the measurements
were repeated under method presented above.

In the obtained DTA curves for all experimental
samples in the investigated temperature intervals, a
number of phenomena associated with thermal effects
are observed: 1) up to 100°C—evaporation of chemically
unbound water; 2) 100...170°C — a sudden loss of mass
and strongly expressed endothermic effect thatis related
to the partial dehydration of gel and phases of different
composition; 3) 450...550°C — endothermic effect that
corresponds to the decomposition of portlandite with
water vapor emission; 4) 700...900°C — a minor loss
of mass and weak endothermic effect, which is related
to the decomposition of carbonate minerals (calcite,
dolomite), and late-stage dehydration of gel and hydro
aluminates.

2. Studies of the pore structure

The morphology and porosity of the samples were
determined by optical methods. According to this
method, the macroscopic parameters of porosity
inside metric interval with a lower bound of 10 mp and
upper bound of 5 mm are determined. The specified
interval characterizes the strength parameters of the
substance and parameters of heat and mass transfer.

207



environment

Hanna V. Koshlak, Anatoliy Pavlenko, Jerzy Zb. Piotrowski

To analyze the structure a polished thin section of
bloated material was made and preliminary analysis
was carried out at the installation consisting of a
projection optical system, television camera and
computer with the interface. The general view of thin
section in visible light in gray with 256 shades of gray
was recorded at 10-times increase. Visualization of
pores was carried out by methods of shadow contrast,
which is based on applying a system of lighting the
surface of a sample, which consists of lights directed
at small angles to the surface. When using the method
of luminous contrasting the luminophore layer was
applied on the surface of the thin section. Thickness
of luminophore was preliminary rated by the method
of water sedimentation with reveal of luminophore
particles of submicron size. Excess luminophore is
removed from the surface by blowing, after what a
specialized film is applied on the surface to remove the
remaining luminophore particles. The sample’s surface
was controlled via a binocular microscope. In the plane
of granules and inter-granules planes the pores with a
minimum size of 150 mp were recorded. The object
marker lay-out defined by the contours of particles
of the fired granules was built. The resulting scene is
analyzed with determining the size (Figs. 5-10).

The interval factor of form

The distribution of pores by size

Fig. 5. The parameters of total porosity of the samples
No 1 and No 2 (75 mass fractions) bloated at temperature

of 160°C (the first endothermic minimum)
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The interval factor of form

The distribution of pores by size

Fig. 6. The parameters of total porosity of the samples
No 1 and No 2 (75 mass fractions) bloated at temperature
of 300°C (the first endothermic minimum)

The interval factor of form

The distribution of pores by size

Fig. 7. The parameters of total porosity of the samples
No 1 and No 2 (75 mass fractions) bloated at temperature
of 700°C (the first endothermic minimum)
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The interval factor of form

The distribution of pores by size

Fig. 8. The parameters of total porosity of the samples
No 1 and No 2 (160 mass fractions) bloated
at temperature of 160°C (the first endothermic minimum)

The interval factor of form

The distribution of pores by size

Fig. 9. The parameters of total porosity of the samples
No 1 and No 2 (160 mass fractions) bloated
at temperature of 300°C (the first endothermic minimum)

The interval factor of form

The distribution of pores by size

Fig. 10. The parameters of total porosity of the samples
No 1 and No 2 (160 mass fractions) bloated
at temperature of 700°C (the first endothermic minimum)

In Figures 5-10, the porosity parameters of
samples No 1 and No 2 for the mixture with different
content of 75 and 160 mass fractions are shown.
The characteristic feature of the obtained data is that
graphs for different types of clay are almost the same.
Significant differences are in reading for different
temperature minimums. So, for the first endothermic
minimum, we obtained the bloated material with
small and almost spherical pores [7-9]. Most of them
had a minimum size. The bloating of the raw material
mixture in the second endothermic minimum provides
a mixed porosity (spherical cellular and channel). The
material becomes less solid. When there is bloating
in the conditions of the third endothermic minimum
the channel porosity is mainly formed. This material
has the lowest strength. The reducing in thermal
conductivity with increasing temperature of bloating
should be expected.

3. Conclusions

The solution of task of creating new porous
thermal insulation materials and technologies of
their production is inextricably related to scientific
research in energy transferring of porous structure
during the stages of bloating, hardening and drying
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under the condition of providing the lowest thermal
conductivity and density.

The indicated material properties are determined
by a rate of their porosity, the ratio of micro and
macro porosities, properties of interporous material
that form a kind of supporting structure, which in its
turn is determined by the production technology, type
of raw materials and conditions of their preparation.
All mentioned above impose the special requirements
to the formation of material structure to ensure its
relatively high strength and durability.

With the help of differential thermal analysis,
the modes of heat treatment have been studied; the
rational parameters of thermal bloating has been
defined that allows to implement the process with
minimal energy consumption with predicted thermal
properties of obtained materials.
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