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Abstract

The study presents the results of theoretical investigations into the effect produced by support closed section ribs on the
critical moment for lateral torsional buckling (Mcr) of bisymmetric I-beams. Elastic restraint against warping, at the
site of support, was provided by closed section ribs made from selected rolled profiles (longitudinally cut circular tubes,
angles, and channels). Detailed calculations were made for beams under uniform load applied to the top flange of the
section. The results obtained in the investigations were compared with the values obtained for beams with end plate. The
analysis was conducted of the impact of ribs on the increase in the critical resistance of beams. Analytically estimated
critical moments for lateral torsional buckling were verified using FEM tools (LTBeamN, Abaqus).

Keywords: critical moment for lateral torsional buckling, closed section ribs, elastic restraint against warping

Streszczenie

W pracy przedstawiono wyniki badan teoretycznych wptywu podporowych zeber zamknigetych na moment krytyczny zwi-
chrzenia (Mcr) belek o bisymetrycznym przekroju dwuteowym. SprezZyste zamocowanie przeciw spaczeniu W miejscu
podparcia stanowily zebra o przekroju zamknigtym, ktore wykonano z wybranych profili walcowanych (podtuznie rozcigte
rury, kqtowniki, ceowniki). Obliczenia szczegolowe wykonano dla belek obcigzonych rownomiernie obcigzeniem przy-
tozonym do polki gornej przekroju. Uzyskane wyniki porownano z wartosciami otrzymanymi dla belek z Zebrowaniem
w postaci blachy czolowej. Przeprowadzono analiz¢ wplywu Zeber na zwigkszenie nosnosci krytycznej belek. Oszacowane
analitycznie momenty krytyczne zwichrzenia zweryfikowano za pomocg MES (LTBeamN, Abaqus).

Stowa kluczowe: moment krytyczny zwichrzenia, zebra o przekroju zamknietym, sprezyste zamocowanie przeciw

spaczeniu

1. Introduction

One of the methods for increasing the critical
resistance of steel beams, which results from lateral
torsional buckling condition, is the use of support
ribs that confine the warping of the section. Different
types of ribs are used to this end [7]. The advantages
offered by the use of closed section ribs were
reported, among others, by Kowal [1, 5], Trahair
[7], and Gosowski [3, 4]. Ribs of that type show
high torsional stiffness in the plane of the section
flanges. Stiff connections of ribs to beam flanges
and to the web considerably restrain the possibility
of the rotation of flanges relative to each other. Such
a significant reduction in beam section warping

1. Wprowadzenie

Jedna z metod zwigkszania nosnosci krytycznej
belek stalowych z warunku zwichrzenia jest zastoso-
wanie zeber podporowych ograniczajacych spaczenie
przekroju. W tym celu stosuje si¢ rozne typy zebrowa-
nia [7]. O korzysciach zwigzanych z zastosowaniem
zeber o przekroju zamknietym pisali m.in. Kowal
[1, 5], Trahair [7], Gosowski [3, 4]. Zebra tego typu
charakteryzuja si¢ duzg sztywnos$cig na skregcanie
w plaszczyznie potek przekroju. Sztywne potacze-
nie zeber z potkami oraz $rodnikiem belki znacznie
ogranicza mozliwos$¢ obrotu potek wzgledem siebie.
Tak istotna redukcja spaczenia (deplanacji) przekro-
ju belki w miejscu wystgpowania zebra zamknigtego

5
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(deplanation) at the site of closed section rib location
produces an increase in the critical moment (M)
for lateral torsional buckling (LTB). Experimental
investigations (e.g. [4]) and numerical calculations
with the use of FEM (e.g. [7]) confirmed an increase
in the critical load of beams stiffened with closed
section ribs. However, other types of ribs used at
beam supports (e.g. end plate, ribs parallel to the
web, N- or X-shaped ribs), which were reported, e.g.
in studies [1-4, 6-8], confine section warping to a
far lesser extent. The most common stiffener is the
end plate, which is used both in simply supported
beams [6—8] and also in beam connections to other
structural members (e.g. columns) [2]. The stiffening
of support sections with flexible double sided rib is
also applied [9]. However, much lower increase in
M, is received compared with closed section ribs.

From the technological standpoint, closed section
ribs can be obtained using rolled shapes (e.g.
longitudinally cut circular tubes, angles or channels)
that are welded on both sides (to the web and flanges),
as shown, e.g., in Figure 1.

This study analyses the impact of the support ribs
with different closed sections on the critical moment
for LTB. The analysis covered simply supported
I-beams with bisymmetric section (IPE300, IPE500,
and also HEA300 and HEA500), elastically restrained
against warping at the support nodes and uniformly
loaded at the top flange level. Computations were
performed for a few types of closed section ribs. The
results were compared with those for commonly used
end plate stiffeners. The selection of closed section
ribs was based on the geometry of beam shapes (the
height of the web and the width of flanges). Critical
moments for LTB were estimated by means of the
approximation formula acc. study [8]. Computations
were validated by comparison with FEM results
(LTBeamN, Abaqus).

daje wzrost momentu krytycznego zwichrzenia (M_,).
Zwickszenie obcigzenia krytycznego belek usztyw-
nionych zebrami zamkni¢tymi potwierdzono bada-
niami doswiadczalnymi (np. [4]) oraz obliczeniami
numerycznymi z wykorzystaniem MES (np. [7]). Na-
tomiast zastosowanie innego typu zebrowania belek
na podporach (np. blacha czolowa, zebra rownolegte
do $rodnika, zebra w ksztatcie litery N lub X)), ktore
zaproponowano m.in. w pracach [1-4, 6-8], w zde-
cydowanie mniejszym stopniu ogranicza spaczenie
przekroju. Najczesciej wystepujacym usztywnieniem
jest blacha czotowa, ktora jest stosowana zar6wno
w belkach swobodnie podpartych [6-8], jak roéw-
niez w doczotowych polaczeniach belek z innymi
elementami konstrukcji (np. stupami) [2]. Stosuje
si¢ réwniez usztywnienie przekrojow podporowych
obustronnym zebrem podatnym [9]. Jednakze w tych
przypadkach uzyskuje si¢ znacznie mniejszy wzrost
M_, w stosunku do zeber o przekroju zamknigtym.

Z technologicznego punktu widzenia zebra o prze-
kroju zamknigtym mozna uzyskaé, spawajac obu-
stronnie (do $rodnika i potek) ksztattowniki wal-
cowane (np. podhuznie rozcigte rury, katowniki lub
ceowniki), np. wedtug rysunku 1.

Fig. 1. Types of closed ribs: I — circular tubes (0), 1I —
angles (2L), 11 — channels (2C)

Rys. 1. Typy zeber o przekroju zamknigtym: I — rura (0),
1l — kqtowniki (2L), Il — ceowniki (2C)

W niniejszej pracy przeanalizowano wpltyw zeber
podporowych o réznych przekrojach zamknigtych na
moment krytyczny zwichrzenia. Badano swobodnie
podparte belki dwuteowe o przekroju bisymetrycznym
(IPE300 i IPE5S00 oraz HEA300 i HEA500), sprezy-
$cie zamocowane przeciw spaczeniu w weztach pod-
porowych i obcigzone réwnomiernie w poziomie potki
gornej. Obliczenia przeprowadzono dla kilku warian-
tow zeber o przekroju zamknietym. Wyniki poréwna-
no z powszechnie stosowanym zebrowaniem w posta-
ci blachy czotowej. Podczas doboru przekrojow zeber
zamknietych kierowano si¢ geometrig ksztattownikow
belek (tzn. wysokos$cig srodnika i1 szerokoscig potek).
Momenty krytyczne zwichrzenia oszacowano wzorem
aproksymacyjnym wedhug pracy [8]. Obliczenia zwe-
ryfikowano za pomocg MES (LTBeamN, Abaqus).
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2. Critical moment for lateral torsional buckling
of the beam elastically restrained against warping

Critical moment for LTB of the beam (Fig. 2),
bilaterally elastically restrained against warping
at supports, can be estimated with formula (1) put
forward in study [8]:

- BElzy +\[EL(BGI L + B,EI, + BIEN,22)

M
B,I’

cr

where: I, 1, 1 - beam section characteristics, L
— beam span (Fig. 2), B,, B,, B,, B, — coefficients
(Table 1), Z, - ordinate of the load application site
(Fig. 2).

2. Moment krytyczny zwichrzenia belki sprezyscie
zamocowanej przeciw spaczeniu

Moment krytyczny zwichrzenia belki (rys. 2), obu-
stronnie sprezyscie zamocowanej przeciw spaczeniu
na podporach, mozna oszacowa¢ za pomoca wzoru
(1) zaproponowanego w pracy [8]:

- BElLzy +\[EL(B,GI [ + B,EI, + BIEN,22)

M 2
B,L

cr

gdzie: I, 1, I ~— charakterystyki przekroju belki,
L — rozpigtos¢ belki (rys. 2), B, B,, B,, B, — wspot-
czynniki (tab. 1), z,—- rzedna miejsca przylozenia ob-
cigzenia (rys. 2).

a) z ¢ 22 d
qz 3] 7] z
‘#\HHHHHHHHHH‘H‘ "61‘2
1 N S (a S
] ; U g
2d HEmNtE
N . o
/ LJL g -
b) 1-1
L/ /| X
L
y

Fig. 2. Geometry and static beam diagram (a), section 1-1 (b), section 2-2 (c), section 3-3 (d)
Rys. 2. Geometria i schemat statyczny belki (a), przekroj 1-1 (b), przekroj 2-2 (c), przekroj 3-3(d)

Degree of the elastic restraint against warping,
which results from the action of support ribs, was
expressed by a dimensionless index of fixity x (2)
acc. [8], which ranges from x = 0 for complete
warping freedom, to x = 1 for complete warping
restraint:

L
L — 2)
2E ,+a,L
where: o~ stiffness of the elastic restraint against
warping, which is expressed by formula (3) acc. [7]:
B
%=—E=G|dho 3)
dx
where: |, — torsional moment of inertia of the whole
rib section (Table 2), h = h —t, - theoretical height of
ribs (see Fig. 2).

Stopien sprgzystego zamocowania przeciw spacze-
niu, wynikajacy z oddziatywania zeber podporowych,
wyrazono bezwymiarowym wskaznikiem utwierdze-
nia « (2) wedtug [8], zmieniajagcym si¢ od x = 0, dla
petnej swobody spaczenia, do x = 1, dla pelnej bloka-
dy spaczenia:

7 @)
2E ,+a,L
gdzie: o, — sztywnoS$¢ sprezystego zamocowania
przeciw spaczeniu, ktorg okreslono wzorem (3) [7]:

B
%=—E=G|dho A3)

dx
gdzie: |, — moment bezwladnosci na skrecanie catego
przekroju Zebra (tabela 2), h) = h —t, — teoretyczna

wysokosc¢ zebra (por. rys. 2).



str uct ure IMPACT OF SUPPORT CLOSED SECTION RIBS ON THE CRITICAL MOMENT FOR LATERAL TORSIONAL BUCKLING OF STEEL BEAMS

Table 1. Coefficients B, B,, B, B, [8]
Tabela 1. Wspotczynniki B, B, B,, B, [8]

[tem Loading diagram Coefficients
1. 2 3.
| P B, =7242-(1563-25x+x2) B, =1.522-2.467k + &
1. ,
L By =19.248-B,(L457 - 2.4k +x2) B, =231816-B,(1.2~«)
qz B, =525-(1.476 2429k +x>) B, =1.507 - 2,455k +
2. IEEEEEEEREREER RN
L ' B, =13.092-B,(1.457 - 2.4 + k) B, =157.633 B,12—«)
qz B, =5322-11476-2.429k+ >) B, =1.507-2.455k +
I e m N R R R
3. , ,
M By =13.624-B,L457-2.4c +x*) B, =163.486-B,(1.2—«)
3. Types of support ribs 3. Typy zeber podporowych

Table 2 shows types of support ribs considered in
the analysis (row 1) and formulas for their torsional
moments of inertia |, (row 2).

Table 2. Types of ribs included in the analysis
Tabela 2. Typy zeber uwzglednione w analizie

W tabeli 2 zamieszczono przyjete w analizie typy
zeber podporowych (wiersz 1) oraz wzory na ich mo-
menty bezwladnosci na skrecanie |, (wiersz 2).

Type of closed section ribs (lassic ribs
[tem

| — Circular tubes (@) I - Angles (2L) Il - Channels (2C) Plate (BL)

1.

2t
4 |, =F2— =
b I =D4l(l_(l_£J ] Iy :(b—t)3t ¢ a+2b-2t Iy =lbtg
32 D 3
F=(a-t)2b-t)

The types of ribs (I, II and III) that were identified
were classified into three groups (1, 2 and 3) on
the basis of the beam section geometry and the
“diameter” of the rib sections. Basic adjustment of
selected shapes (@, 2L, 2C) to individual groups is
presented in Table 3.

Wyrdznione typy zeber (I, II i IIT) sklasyfikowano
w trzech grupach (1, 2 1 3) w zalezno$ci od geometrii
przekroju belki oraz ,,srednicy” przekroju zebra. Pod-
stawowe przyporzadkowanie dobranych ksztattowni-
koéw (@, 2L, 2C) do poszczegdlnych grup zamiesz-
czono w tabeli 3.
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Table 3. Assignment of selected sections of rib types (I, Il and III) to groups (1, 2 and 3)
Tabela 3. Przyporzgdkowanie dobranych ksztattownikow zeber w ramach typow (I, 11 i I1l) do grup (1, 2 i 3)

Type of closed section ribs
Profile
Group | = Circular tubes (9) I - Angles (2L) Il - Channels (2C)
IPE300 1 0127.0/10 2L90x10 20140
IPE500 2 0177.8/10 2L120x10 20180
HEA300
HEAS00 3 0273.0/10 2L180x16 20300

Additionally, for larger sections, i.e. IPES500,
HEA300 and HEAS500, comparative calculations
were made. That was done relative to ribs of group 1,
which had a smaller “diameter” (Table 3).

Table 4 lists values |, determined acc. Table 2, and
stiffnesses o acc. formula (3) [7] for the sections
analysed, and also types and groups of ribs (see Table
3). For the sake of comparison, column 6 (Table 4)
features corresponding characteristics when support
sections were stiffened by means of classic end plate
with the thickness of t .

Table 4. Characteristics of the ribs included in the analysis
Tabela 4. Charakterystyki przyjetych w analizie zeber

Ponadto dla przekrojow ,,wigkszych”, tzn. IPE500
oraz HEA300 i HEA500, wykonano réwniez obli-
czenia pordwnawcze z zastosowaniem grupy 1 zeber
o mniejszej ,,$rednicy” wedtug tabeli 3.

W tabeli 4 podano wartosci |, wyznaczone wedtug
tabeli 2, oraz sztywnosci a , wedlug wzoru (3) [7] dla
analizowanych przekrojoéw i przyjetych typoéw i grup
zeber (por. tabele 3). Dla porownania, w kolumnie 6
(tabela 4) podano odpowiednie charakterystyki dla
usztywnienia przekrojow podporowych klasyczna
blachg czotowa o grubosci t.

- Types of closed section ribs Classic ribs
rofile
Group | — Circular tube (9) I — Angles (2L) Il - Channels (2C) End plate (BL)
1. 2. 3. 4, 5. 6.
S 0127.0/10 2190x10 20140 tp =16 mm
2 1 I,=1267 cm* [,=512cm* [,=1285 cm?* l,=20 (m*
- a =297 kNm*/rad a =120 kNm*/rad a,=301kNm*/rad a,=5kNm’/rad
1. a =497 k\m*/rad a,=201kNm*/rad a, =504 kNm*/rad
o t =20mm
§ 0177.8/10 2L120x10 20180 /’ =53¢m’
= 2. l.=3722m' 1,=1331cm* 1,=2713 em* 4 =21 KNm¥/rad
a,=1459 kNm?*/rad a, =522 kNm*/rad a, = 1064 kNm?*/rad ¢
1 a,= 283 kNm*/rad a, =114kNm*/rad a, =287 kNm*/rad
S tp =20mm
% 0273.0/10 2L180x16 20300 /d =80 cm*
== 3. ld= 14301 cm* Id=7058 m? ld=12650 amt a =18 kNm¥/rad
a,=3197 kNm?*/rad a,= 1578 kNm’/rad a, = 2828 kNm’*/rad ¢
1. a =479 kNm*/rad a, =194 kNm’/rad a, =486 kNm’/rad
= l’p =25mm
E 0273.0/10 2L180x16 20300 /d =156 em*
E= 3. I,=14301 cm* [,=7058 cm* [,=12650 cm* a =59 kNm?/rad
a,= 5410 kNm?*/rad a, = 2670 kNm?/rad a, = 4785 kNm’/rad ‘

In order to determine M_ acc. (1), it is necessary
to correctly determine stiffnesses of the elastic
restraint ¢ (3) and indexes of fixity x (2) for the rib
type and group. The computations were made using
spreadsheet.

W celu wyznaczenia M, wg wzoru (1) nalezy po-
prawnie wyznaczy¢ sztywno$ci sprezystego zamo-
cowania a (3) i wskazniki utwierdzenia x (2) dla
rozpatrywanego typu i grupy zebrowania. Obliczenia
wykonano w arkuszu kalkulacyjnym.
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4. Numerical validation with FEM - LTBeamN,
Abaqus

LTBeamN (version 1.0.3) is an engineering software
tool based on bar finite elements. It allows the
determination of critical moments for LTB of beams,
single- and multi-span, and also cantilever ones with
bisymmetric [-sections. The software makes it possible
to adopt classic boundary conditions (fork support
or fixity), and to account for the elastic restraint of
beams at supports. The results of calculations for an
exemplary IPE300 beam with a span of L =5 m are
shown in Figure 3. The degree of the elastic restraint
of the beam at supports corresponds to ribs made
from z longitudinally cut circular tube, of type I and
group 1 (0127.0/10).

4. Weryfikacja numeryczna z wykorzystaniem MES -
LTBeamN, Abaqus

LTBeamN (ver. 1.0.3) jest programem inzynierskim,
opartym na pretowych elementach skonczonych. Po-
zwala wyznaczy¢ momenty krytyczne zwichrzenia
belek (jedno- lub wieloprzestowych oraz wsporni-
kowych) o mono- lub bisymetrycznych przekrojach
dwuteowych. Pozwala przyja¢ klasyczne warunki
brzegowe (podparcie ,,widetkowe” lub utwierdze-
nie), jak rowniez uwzgledni¢ sprezyste zamocowanie
belek na podporach. Wyniki obliczen dla przyktado-
wej belki IPE300 o rozpigtosci L =5 m, ktorej stopien
sprezystego zamocowania na podporach odpowiada
zebrom z podluznie rozcietych rur typu I grupy 1
(©127,0/10), przedstawiono na rysunku 3.

qz

IPE300, L=>5m

MATERIAL
YOUNG'S MODULUS
SHEAR MODULUS

NUMBER OF ELEMENTS

Steel
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Nel = 100
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z
qz
—
y
—
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Mode shape
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x (Nmax) [m]

Number of modes 1 [] M Blocked [ N Blocked

Mode pcr Mmazzc.cr lkN.m] Nmax.cr JeN] (%)

x (Mmax) [m]

(%) Axial force in global coordinates

+

[ Copyimage | [ Show Values
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Restraints size : 25

Fig. 3. Exemplary beam (IPE300, L = 5 m, rib @127.0/10) modelled using the LTBeamN software
Rys. 3. Przyktadowa belka (IPE300, L = 5 m, Zebro @127,0/10) zamodelowana w programie LTBeamN

The calculations of M_ acc. Formula (1) were
also validated using Abaqus software. Eight-node
continuum elements (C3D8), with six degrees of
freedom at the node, were employed. In this case,
ribs were modelled physically using the same
continuum elements. Beams, together with ribs,
were discretized into finite element model with
the basic 10 mm mesh size. Boundary conditions
accounted for the restraint of translation of the
support sections about major axes of inertia. The
load was applied to the top flange of the beam. The
computations were run for the elastic range using

10

Obliczenia M, wg wzoru (1) zweryfikowano row-
niez w programie Abaqus z wykorzystaniem ele-
mentow objetosciowych (C3DS), osmioweztowych
o0 sze$ciu stopniach swobody w wezle. W tym przy-
padku zebra zostaly zamodelowane ,fizycznie”
z wykorzystaniem tych samych elementow objgto-
sciowych. Belki wraz z zebrami zdyskretyzowano
podstawowg siatka MES o oczku 10 mm. Warunki
brzegowe uwzgledniaty blokade translacji przekro-
jow podporowych wzgledem gtownych osi bezwtad-
no$ci. Obciazenie przytozono do pasa gornego belki.
Obliczenia przeprowadzono w zakresie sprezystym,
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structure

IPE300, L =5m

qz

@ —
EEEREEE) ZQEES.
L y

=

IPE300

|
|
|
|
X
]

0127.0/10

Step: Buckle
Mode 1: Eigen¥alue = 55.829
Primary ¥ar: U, Magnitude

ODB: ipe300_5000_fi127_10.odb Abaqus/Standard 6.12-2

Deformed Yar: U Deformation Scale Factor: +5.000e+02

U, Magnitude

+1.014e+00
+9.298e-01
+8.452e-01
+7.607e-01
+6.762e-01
+5.917e-01
+5.071e-01
+4.226e-01
+3.381e-01
+2.536e-01
+1.690e-01
+8.452e-02
+4.178e-09

Fig. 4. Exemplary beam (IPE300, L =5 m, rib @127.0/10) modelled using the Abaqus sofiware
Rys. 4. Przyktadowa belka (IPE300, L = 5 m, zebro @127,0/10) zamodelowana w programie Abaqus

the computational step of the buckling procedure.
Figure 4 shows the results of the analysis made with
the Abaqus program for the beam shown in Figure 3
(TIPE300, L =5 m, rib ©@127.0/10).

5. Examples

The comparative analysis included simply
supported steel beams (E = 210 GPa, G = 81 GPa),
made from shapes: [PE300, HEA300 with spans of
L =5 m and 7 m, and also IPE500, HEA500 with
spans of L = 8 m and 10 m. The analysis was
performed for stiffeners, the characteristics of which
are listed in Table 4. Beams were loaded uniformly
(Fig. 2), at the level of the top flange (Zg = +h/2).

Table 5 presents critical moments for beams made
from IPE300 and HEA300 shapes with spans of
L =5 m and 7 m. For the sake of comparison, the
values were also given which were obtained for
the following support sections: complete warping
freedom (FREE, x = 0), end plate with the thickness
of t and complete warping restraint (FIXED,
x = 1). The results for the basic types and groups of
ribs (acc. Table 3) were shaded.

z wykorzystaniem kroku obliczeniowego procedury
,buckling”. Na rysunku 4 pokazano wyniki anali-
zy w programie Abaqus dla belki wedtug rysunku 3
(IPE300, L =5 m, zebro ©¥127,0/10).

5. Przyktady

Do analizy poréwnawczej przyjeto swobodnie
podparte belki stalowe (E =210 GPa, G = 81 GPa),
wykonane z ksztattownikow: IPE300, HEA300
o rozpigtosciach L =5 mi 7 m oraz IPE5S00, HEA500
o rozpietosciach L =8 mi 10 m, dla usztywnien scha-
rakteryzowanych w tabeli 4. Belki obciazono rowno-
miernie (rys. 2), w poziomie potki gornej (Zg =+h/2).

W tabeli 5 zamieszczono momenty krytyczne
dla belek wykonanych z ksztattownikow IPE300
1 HEA300 o rozpigtosciach L =5 m i 7 m. W celach
porownawczych podano rowniez wartosci otrzyma-
ne dla pelnej swobody spaczenia (FREE, x = 0), dla
blachy czotowej o grubosci t oraz dla pelnej blokady
spaczenia (FIXED, x = 1) przekrojow podporowych.
Wyniki dla podstawowych typow i grup zebrowania
wedtug tabeli 3 zaciemniono.

11
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Table 5. Comparison of M, for beams IPE300 and HEA300 with L = 5 m and 7 m
Tabela 5. Poréwnanie M, dla belek IPE300 i HEA300dla L =5mi7 m

o o _ M_ [kNm]

£ % |8 Rib E K v | poas | D | Fomua |04 (%
- | B | 96 | 97

L2 3. 4 5. 6. 7. 8. 9. 10, .
1. FREE 0 9874 | 923 | 05 | 988 | 0 04
2 £ =16mm 0312 10651 | 10769 | 11 | 10664 | 0.1 10
. g |- 0127.0/10 0.966 16692 | 16693 0 16797 | 06 06
4 & | 1 1-2w010 ’ 0.919 15597 | 16132 | 34 | 15661 | 04 29
5. Il - 2140 0.966 16708 | 16936 | 14 | 16797 | 05 08
6. FIXED 1 mn | - - 17846 | 07 -
7. FREE 0 6741 | 6853 17 | 647 | 01 15
8. t =16mm 0.388 nn | B2 | 2 7N |00 21
.| 8 |- 0127.0/10 : 0.975 9975 | 10063 | 09 | 10012 | 04 05
0.] £ | 1| 1-290m0 0.941 9531 | 9837 | 32 | 956 03 28
. Il - 20140 0.976 9980 | 10155 | 18 | 10026 | 05 13
2. FIXED 1 10368 | - - 1042 | 05 -
1. FREE 0 7408 | M3 | -40 | 7415 | o0 42
14, £ =20mm 0.151 7807 | 7700 | -14 | 7812 | o0 15
15. |- §127.0/10 0.737 1067 | 10515 | 50 | 11092 | 02 55
16| | 1| 1-290x10 0.532 9394 | 9625 | 25 | 9429 | 04 20
7. 2 Il - 20140 5. 0.740 1073 | 1093 | -07 | 11124 | 05 12
8| T |- 273.0/10 0.969 15035 | 14267 | 51 | 15133 | 07 6.1
19. 3. | 11-2L180x16 0.940 W63 | B711 | 39 | 4369 | 07 48
2. Il - 26300 0.966 14905 | 14620 | 19 | 15048 | 10 29
| FIXED 1 1592.4 - - 16101 | 11 -
2. FREE 0 7062 | 46412 | 14 | 47100 | 0 15
3. £ =20mm 0.199 49431 | 5013 | 14 | 49498 | 0.1 12
2. |- §127.0/10 0.797 67065 | 65648 | -21 | 67228 | 02 24
5.0 _ | 1| 1-2190x0 0.614 58559 | 60977 | 41 | 58662 | 02 38
% | 2 Il - 2C140 7. 0.800 67199 | 68067 | 13 | 67418 | 03 10
7| T |- 273.0/10 0978 84292 | 8773 | -18 | 84898 | 07 26
2. 3. | 11— 2L180x16 0.956 81364 | 80470 | 11 | 81771 | 05 16
2. Il - 26300 0.975 83976 | 84237 | 03 | 84447 | 06 0.2
30. FIXED 1 87839 | - ~ | s | 07 -

The comparison of values listed in Table 5 indicates
that critical moments determined using formula (1)
[8] produced very good approximations of the values
obtained with LTBeamN software. In the majority of
cases, the differences did not exceed +1% (Table 5,
column 10). When Formula (1) results are compared
with those received from numerical analysis
performed with Abaqus, the differences ranged as

12

Z pordwnania warto$ci zamieszczonych w tabe-
li 5 wynika, ze momenty krytyczne wyznaczone za
pomoca wzoru (1) [8] daly bardzo dobre przyblize-
nie wartosci otrzymanych z programu L7BeamN.
W znakomitej wigkszosci przypadkéow rdznice nie
przekroczyty +1% (tabela 5, kolumna 10). Natomiast
porownujac wzor (1) z analiza numeryczng w pro-
gramie Abaqus, rdznice oscylowaty pomiedzy: a) dla
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Table 6. Comparison of M, for beams IPE500 and HEA500 with L = 8 m and 10 m
Tabela 6. Poréwnanie M, dla belek IPE500 i HEA500 dla L =8 mi 10 m

el s _ M, [kNm]
& E S Rib % ‘ LTBN Abaqus gtﬂ Form[:;a U gﬂ z’;
1 2. 3. 4 5. 6 7. 8. 9. 10. 1.
1. FREE 0 241.85 239.44 -1.0 242.05 0.1 1.1
2. t= 20mm 0.242 25438 253.89 -0.2 254.64 0.1 03
3. [-0127.0/10 0.883 355.77 355.35 0.1 356.69 0.3 0.4
4. - 1. | I1-2190x10 0.754 316.40 336.62 6.4 317.02 0.2 -5.8
5. @ II-2C140 8. 0.885 356.28 365.12 25 357.50 0.3 =21
6. B |- 0177.8/10 0.957 391.34 387.59 -1.0 393.20 0.5 1.4
7. 2. | II-2L120x10 0.888 357.70 367.30 2.7 358.73 0.3 -2.3
8. II-2C180 0.942 382.87 387.73 13 384.54 0.4 -0.38
9. FIXED 1 420.27 - - 423.08 0.7 -
10 FREE 0 187.99 187.15 -0.4 188.15 0.1 0.5
1 t= 20mm 0.285 196.48 197.04 0.3 196.62 0.1 -0.2
12 [-@127.0/10 0.904 259.58 259.53 0 260.05 0.2 0.2
13 - 1. | I1-2L90x10 0.793 236.23 249.08 5.4 236.54 0.1 -5.0
14 E II1-2C140 10. 0.906 25991 265.54 2.2 260.61 0.3 -1.9
15 B [-0177.8/10 0.965 279.49 277.45 0.7 280.42 0.3 1.1
16 2. | 11-2L120x10 0.909 260.73 266.25 2.1 261.46 0.3 -1.8
17 I11-2C180 0.953 274.86 278.08 1.2 275.78 0.3 0.8
18 FIXED 1 294.88 - - 296.42 0.5 -
19 FREE 0 1004.3 994.0 -1.0 1005.2 0.1 1.1
20 t,=25mm 0.166 1045.6 1054.0 0.8 1046.4 0.1 -0.7
21 [-0127.0/10 0.618 1250.7 1260.6 0.8 1253.8 0.2 0.5
22 o | 1| 11I-2190x10 0.395 11247 1186.4 5.5 1126.7 0.2 -5.0
23 % II1-2C140 8. 0.621 1253.4 1302.5 3.9 1256.0 0.2 -3.6
24 - [-0273.0/10 0.948 1711.8 1688.6 -14 1720.2 0.5 1.9
25 3. | II-2L180x16 0.900 1599.3 1625.8 1.7 1605.8 0.4 -1.2
26 I11-2C300 0.942 1694.5 1718.0 1.4 1704.3 0.6 0.8
27 FIXED 1 1869.9 - - 1885.3 0.8 -
28 FREE 0 769.6 771.2 0.2 7703 0.1 -0.1
29 t =25mm 0.200 798.0 813.2 1.9 798.8 0.1 -1.8
30 [-0127.0/10 0.669 935.0 948.9 1.5 936.0 0.1 -1.4
31 o | 1| 11-2190x10 0.450 852.4 901.3 5.7 853.1 0.1 =53
32 % II1-2C140 10. 0.672 936.3 976.1 43 937.5 0.1 -4.0
33 - [-0273.0/10 0.958 1207.6 12033 -0.4 1212.7 0.4 0.8
34 3. | II-2L180x16 0.918 1145.2 1168.4 2.0 1148.3 0.3 -1.7
35 I11-2€300 0.953 1198.6 1219.6 1.8 1203.8 0.4 -13
36 FIXED 1 1292.3 - - 1300.4 0.6 -

13
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follows: a) for IPE300 beams from —2.9% to +0.6%,
and b) for HEA300 beams from —3.8% to +6.1%
(Table 5, column 11).

FEM simulations with Abaqus in relation to
LTBeamN produced the following differences:
a) for IPE300 beams from +0.5% to +3.4%, and
b) for HEA300 beams from —5.1% to +4.1% (Table 5,
column 8). The differences in results above +5% and
below —5% were written in bold.

Table 6, on analogous terms as Table 5, presents
critical moments for beams made from IPE500 and
HEAS500 shapes with spans of L =8 m and 10 m.

The comparison of the data in Table 6 shows that
critical moments determined with Formula (1) [8]
were close approximations of the results received by
means of LTBeamN. The differences did not exceed
+1% (Table 6, column 10). The results were also
verified using Abaqus (Table 6, column 11). In this
case, the differences were as follows: a) for IPES00
beams from —5.8% to +1.4%, and b) for HEA500
beams from -5.3% to +1.9%. Upon comparing
the results of numerical simulations with the use
of FEM (Abaqus) with those received by means
of LTBeamN (Table 6, column 8), the following
difference could be seen: a) for IPE500 beams from
—1.0% to +6.4%, and b) for HEA500 beams from
—1.4% to +5.7%. The differences in results above
+5% and below —5% were given in bold.

Table 7 shows percentage increase in M, (columns
7 and 12) of the analysed beams with closed section
ribs relative to fork support (FREE). Columns 8
and 13 provide percentage increase in beam mass
depending on the rib type used, when compared with
a beam that was not stiffened with ribs.

On the basis of the data in Table 7, the following
conclusions can be drawn. Increase in the critical
moments of beams made from IPE300 shape (Table
7, rows 3-5), stiffened with ribs of group 1 is up to
+70% (for type I and III, L = 5 m), and up to +49%
(for type I and III, L = 7 m). By contrast, classic end
plate t = 16 mm produced an increase in M_ which
did not exceed +8% (row 2).

For beams made from HEA300 shape (Table 7),
the greatest increase in critical moments, which
amounted up to +104% (L = 5 m) and +80% (L =
7 m), was obtained when ribs of type I and group 3,
(rows 12—14) were used. When ribs of group 1 (rows
9-11) were applied, M, increase did not exceed +50%
(for type I and III, L = 5 m), or +43% (for type I and
II, L = 7 m). The lowest increase (up to +5%) was
produced by the end plate t,=20 mm (row 8), despite
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belek IPE300 od —2,9% do +0,6% oraz b) dla belek
HEA300 od —3,8% do +6,1% (tabela 5, kolumna 11).

Z kolei symulacjie MES w programie Abaqus
w odniesieniu do LTBeamN daty nastepujace roznice:
a) dla belek IPE300 od +0,5% do +3,4% oraz b) dla
belek HEA300 od —5,1% do +4,1% (tabela 5, kolum-
na 8). Roznice w wynikach powyzej +5% lub ponizej
—5% pogrubiono.

W tabeli 6 (w uktadzie analogicznym do tabeli 5)
zamieszczono momenty krytyczne dla belek wykona-
nych z ksztaltownikéw IPES00 i HEAS00 o rozpieto-
sciach L=8mi 10 m.

Z poréwnania warto$ci zamieszczonych w tabeli 6
wynika, ze momenty krytyczne wyznaczone za po-
mocg wzoru (1) [8] daly bardzo dobre przyblizenie
wartosci otrzymanych z programu L7BeamN. R6zni-
ce nie przekroczyly +1% (tabela 6, kolumna 10). Uzy-
skane wartosci zweryfikowano réwniez w programie
Abaqus (tabela 6, kolumna 11). W tym przypadku
roznice oscylowaly pomiedzy: a) dla belek IPE5S00
od —5,8% do +1,4% oraz b) dla belek HEA500 od
-5,3% do +1,9%. Poréwnujac z kolei wyniki symu-
lacji numerycznych MES w programie Abaqus z pro-
gramem LTBeamN (tabela 6, kolumna 8), otrzymano
nastepujace roznice: a) dla belek IPES00 od —1,0%
do +6,4% oraz b) dla belek HEA500 od —1,4% do
+5,7%. Roéznice w wynikach powyzej +5% lub poni-
zej —5% pogrubiono.

W tabeli 7 porownano wzrost procentowy M_ (ko-
lumny 7 i 12) analizowanych belek z zebrami za-
mknietymi w stosunku do podparcia ,,widetkowego”
(FREE). Natomiast w kolumnach 8 i 13 zamieszczo-
no procentowe zwickszenie masy belki w zaleznosci
od zastosowanego sposobu zebrowania w stosunku
do belki nieuzebrowane;.

Z poroéwnania warto$ci zamieszczonych w tabeli 7
wynikajg nastepujace wnioski. Zwigkszenie momen-
tow krytycznych belek wykonanych z ksztattownika
IPE300 (tabela 7, wiersze 3—5), usztywnionych ze-
brami grupy 1, dochodzi do +70% (dla typu I i III,
L =5 m) oraz do +49% (dla typu 1 i III, L = 7 m).
Natomiast klasyczna blacha czotowa t = 16 mm data
wzrost M_ nieprzekraczajacy +8% (wiersz 2).

Dla belek wykonanych z ksztattownika HEA300
(tabela 7) najwigkszy wzrost momentdw Kkrytycz-
nych, dochodzacy do +104% (L = 5 m) oraz +80%
(L =7 m), daty zebra I typu grupy 3 (wiersze 12—-14).
Stosujac zebra grupy 1 (wiersze 9-11), zwigkszenie
M_, nie przekraczato +50% (dla typu I'i IIl, L = 5 m)
oraz +43% (dla typu L1 IIl, L =7 m). Najnizszy wzrost
(do +5%), pomimo wigkszej masy w poréwnaniu



WPLYW ZEBER PODPOROWYCH O PRZEKROJU ZAMKNIETYM NA MOMENT KRYTYCZNY ZWICHRZENIA BELEK STALOWYCH Str uct ure

Table 7. Comparison of the efficiency of the ribs
Tabela 7. Porownanie efektywnosci zastosowanych zeber

M_[kNm] M, [kNm]
‘ [%] ‘ [%]
2| = . = 0 increase | = 0 increase
E|E|g| m |E| F°rm[:;a g inc[r/eoz]ise nim | 2| me;;a m inc[r/:z]ise in beam
inM, mass inM, mass

1 2. 3. 4 5. 6 1. 8. 9. 10. 1. 12. 13.
1. FREE 0 98.83 - - 0 67.47 - -
2. t =16mm 0312 106.64 8 4.7 0.388 71.75 6 3.4
3. = [-0127.0/10 c 0.966 167.97 70 7.6 . 0.975 100.12 48 55
4. | & | 1. |[II-2L90x10 0.919 156.61 59 7.1 0.941 95.61 Y] 5.1
5. [I1-2C140 0.966 167.97 70 8.5 0.976 100.26 49 6.0
6. FIXED 1 178.46 81 - 1 104.20 54 -
7. FREE 0 741.5 - - 0 471.10 - -
8. t =20mm 0.151 781.2 5 54 0.199 494.98 5 39
9. [-0127.0/10 0.737 1109.2 50 3.4 0.797 672.28 43 25
10. | _ | 1. |1-2190x10 0.532 942.9 27 32 0.614 | 586.62 25 23
n % I1-2C140 5.1 0.740 11124 50 38 7. 1 0800 | 674.18 LX) 2.7
12. - |- 0273.0/10 0.969 15133 104 7.7 0.978 | 848.98 80 55
13. 3. | 11-2L180x16 0.940 1436.9 9% 10.3 0.956 | 817.71 74 74
14. III-2€300 0.966 1504.8 103 11.0 0.975 844.47 79 7.8
15. FIXED 1 1610.1 117 - 1 884.87 88 -
16. FREE 0 242.05 0 - 0 188.15 - -
17. t =20mm 0.242 254.64 5 38 0.285 196.62 5 3.1
18. [-0127.0/10 0.883 356.69 47 37 0.904 |  260.05 38 3.0
19. 1. | 11-2L90x10 0.754 | 317.02 31 35 0.793 236.54 26 2.8
20 % lII-2C140 8. | 0.885 357.50 48 41 10. | 0.906 | 260.61 39 33
21, = [-0177.8/10 0.957 393.20 62 53 0.965 280.42 49 43
22. 2. | 11-2L120x10 0.888 358.73 48 4.7 0.909 | 261.46 39 3.8
23. I1-2C180 0.942 384.54 59 5.7 0.953 275.78 47 4.5
24, FIXED 1 423.08 75 - 1 296.42 58 -
25. FREE 0 1005.2 - - 0 7703 - -
26. t =25mm 0.166 1046.4 4 4.0 0.200 798.8 4 3.2
27. [-0127.0/10 0.618 1253.8 25 2.1 0.669 936.0 22 17
28. 1. [1I-2L90x10 0.395 1126.7 12 1.9 0.450 853.1 n 1.5
29 % 1120140 8. | 0.621 1256.0 25 23 10. | 0.672 937.5 22 1.8
30. = [-0273.0/10 0.948 1720.2 n 4.6 0.958 1212.7 57 3.7
31. 3. | II-2L180x16 0.900 1605.8 60 6.2 0.918 1148.3 49 5.0
32. [I1-2€300 0.942 17043 70 6.6 0.953 1203.8 56 53
33. FIXED 1 1885.3 88 - 1 1300.4 69 -
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the fact that it has a larger mass compared with ribs of
group 1 (columns 8 and 13).

As regards beams from IPE500 shape (Table 7), the
most substantial increase in critical moments (up to
+62% for L = 8 m, and up to +49% for L = 10 m)
was achieved for ribs of type I group 2 (rows 21-23).
The use of ribs of group 1 (rows 18-20) enhanced
the critical resistance of beams up to +48% (for type
III, L = 8 m) and +39% (for type III, L = 10 m). By
contrast, end plates t, =20 mm that gave an increase
in the mass of beams comparable with the application
of ribs of group 1 (columns 8 and 13), resulted in M
increase not higher than +5% (row 17).

The analysis of beams made from HEAS500 shape
(Table 7) shows that the use of ribs of type I and group
3 (rows 30-32) resulted in the greatest increase in
critical moments of beams (up to +71% for L = 8 m,
and up to +57% for L = 10 m). Ribs of group 1
(rows 27-29) produced M_ increase of the order of
+25% (for type I and III, L = 8 m), and of +22% (for
type I and III, L = 10 m). When using the end plate
t= 25 mm that was almost twice as heavy as the ribs
of group 1 (columns 8 and 13), only +4% increase in
critical resistance was obtained (row 26).

6. Conclusions

In beams that are prone to LTB, support closed
section ribs are used. In the ribs, e.g. acc. group
1, 2 and 3, when selecting the geometry of shapes
of individual types (I — @, Il — 2L, and III — 2C)
flange widths were accounted for (IPE300, IPES00,
HEA300 and HEAS500). That produced an increase
from +39% to +104% (Table 7, columns 7 and 12)
in the critical resistance, which results from LTB
condition. In contrast, when classic end plates (BL)
were employed, for the beams discussed in the paper,
increase in M_ was small (from +4% to +8%).

The comparison of critical moments in beams with
ribs of type I, II and III (Table 7, columns 7 and 12)
indicates that ribs of type II made from angles (2L)
are the least effective. For the remaining types of
stiffeners, i.e. longitudinally cut circular tubes (type
I) and channels (type III), the largest M__increase was
observed. Ribs of type [ and I1I gave similar percentage
increase in critical moments at comparable increase
in the total mass of beams. From the technical and
practical standpoint, ribs made of channels offer the
most favourable option as they do not need to be cut
along the length as is the case with circular tubes.

The highest effectiveness in the restraint of warping
(deplanation) of the support section was shown by
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z zebrami grupy 1 (kolumny 8 i 13), dala blacha czo-
lowa t= 20 mm (wiersz 8).

W przypadku belek z ksztalttownika IPES00 (tabe-
la 7) najbardziej efektywne zwigkszenie momentow
krytycznych (do +62% dla L = 8 m oraz do +49% dla
L =10 m) uzyskano dla zeber I typu grupy 2 (wiersze
21-23). Zastosowanie zeber grupy 1 (wiersze 18-20)
zwigkszyto no$nos$¢ krytyczng belek do +48% (dla
typu III, L = 8 m) oraz +39% (dla typu III, L = 10 m).
Natomiast blachy czotowe t .= 20 mm zwigkszajace
mase¢ belek porownywalnie z zastosowaniem zeber
grupy 1 (kolumny 8 i 13), daty wzrost M, nieprzekra-
czajacy +5% (wiersz 17).

Analizujac  belki wykonane =z ksztattownika
HEAS5O00 (tabela 7), nalezy stwierdzié, ze zastosowa-
nie zeber I typu grupy 3 (wiersze 30-32) dalo naj-
wiekszy wzrost momentéw krytycznych belek (do
+71% dla L = 8 m oraz do +57% dla L = 10 m). Zebra
grupy 1 (wiersze 27-29) daty wzrost M, rzgdu +25%
(dla typu I'i III, L = 8 m) oraz +22% (dla typu I i III,
L =10 m). Stosujac prawie dwukrotnie ci¢zszg bla-
che czotowa t= 25 mm w stosunku do zeber grupy
1 (kolumny 8 i 13), otrzymano jedynie +4% wzrost
nosnosci krytycznej (wiersz 26).

6. Wnioski

Zastosowanie w belkach wrazliwych na zwichrze-
nie zeber podporowych o przekroju zamknigtym, np.
wedhug grup 1, 2 i 3, w ktorych geometri¢ ksztat-
townikow poszczegdlnych typow (I — 9, I1 — 2L i 111
— 2C) dobrano z uwzglednieniem szerokosci potek
(IPE300, IPE500, HEA300 i HEA500), dalo wzrost
nos$nosci krytycznej z warunku zwichrzenia od +39%
do +104% (tabela 7, kolumny 7 i 12). Natomiast
wzrost M, rozpatrywanych w pracy belek z zastoso-
waniem klasycznych blach czotowych (BL) byt nie-
znaczny (od +4% do +8%).

Z poréwnania momentow krytycznych belek z ze-
browaniem I, II i1 III typu (tabela 7, kolumny 7 1 12)
wynika, ze najmniej korzystnie wypadaja zebra II typu
wykonane z katownikéw (2L). Natomiast dla pozo-
stalych typow usztywnien, tzn. podtuznie rozcigtych
rur (typ I) oraz ceownikow (typ III), otrzymano naj-
wigksze wzrosty M_. Zebra typu I i 11l daty zblizony
procentowy wzrost momentow krytycznych przy po-
rownywalnym zwigkszeniu catkowitej masy belek.
Z technologicznego i praktycznego punktu widzenia ra-
czej najlepiej wypadaja tu zebra z ceownikow, ktorych
nie trzeba rozcina¢ na dtugosci jak w przypadku rur.

Najwigkszag efektywno$¢ w ograniczeniu spacze-
nia (deplanacji) przekroju podporowego, wynikajaca
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HEA300 and HEA500 shapes (Table 7, columns 7 and
12). That results from the widths of flanges and group
(“diameter”) of closed section ribs. For instance, for
beam HEA300, with the span of L =5 m, stiffened
with ribs of group 3 (e.g. of type I and III), increase
in M_, was greater than +100% when compared with
fork support (FREE, x = 0). Additionally, in the case
of HEA300 and HEA500 beams, larger “dimeters” of
closed section ribs of group 3 produced virtually a
double M_ increase compared with ribs of group 1
(Table 7, columns 7 and 12) while the overall increase
in beam mass did not exceed 10% (Table 7, columns
8 and 13) for a vast majority of cases.

The comparison of beams (Table 7, columns 7 and
12) belonging to the same category of shapes, i.e.
IPE300 compared with IPE500, and HEA300 with
HEAS500, shows that the highest percentage increase
in critical moments was found for lower (IPE300
and HEA300) and shorter (L =5 m and 7 m) beams.
Increase in M is directly affected by: a) geometry of
the shape (e.g. IPE, HEA), b) type of ribs (e.g. 9, 2L,
2C), and also ¢) beam span.

In those cases, in which it is necessary to
significantly restrain the deplanation of the beam
support sections (e.g. when the structure is being
stiffened), the use of classic ribs (or end plates) is
ineffective and uneconomical when compared with
closed section ribs, e.g. those of group 1. Classic
ribs, having similar or even greater mass than closed
section ribs with small “diameters”, produce only a
small increase in beam critical resistance (Table 7).
Clearly, that does not refer to end plate connections,
e.g. beams to columns connections in the frame
structure, in which only end plates are found. In
this case, end plate connections, which are easy to
use in erection, make up for much lower increase in
beam critical resistance when compared with closed
section ribs.

The use of support closed section ribs in beams
prone to LTB considerably confines section warping.
In this way, M_, is significantly increased, and hence
is design resistance. In the design of beams with
such additional stiffeners, when the geometry of the
support closed section rib is selected in an adequate
way, it is possible to eliminate, almost completely,
section deplanation at the site of support (see Table 7,
rows 12 and 14).

Additionally, it should be noted that increase in
the beam mass concerns almost entirely support
sections, which does not lead to the occurrence of any
additional span bending moments.

z szeroko$ci potki oraz grupy (,,Srednicy”) zastoso-
wanych zeber zamknigtych, uzyskano dla ksztaltow-
nikéw HEA300 oraz HEAS500 (tabela 7, kolumny
7 1 12). Na przyktad dla belki HEA300, rozpigtosci
L =5 m, usztywnionej zebrami grupy 3 (np. typu I lub
II), otrzymano wzrost M przekraczajgcy +100%,
w poréwnaniu z podparciem ,,widetkowym” (FREE,
x = 0). Ponadto, w przypadku belek HEA300
i HEA500, wigksze ,,srednice” zeber zamknietych
grupy 3 daly praktycznie dwukrotne zwigkszenie M,
w pordéwnaniu z zebrami grupy 1 (tabela 7, kolumny
7 1 12), przy czym sumaryczny wzrost masy belki,
w znakomitej wiekszosci przypadkdéw, nie przekro-
czyl 10% (Tabela 7, kolumny 8 i 13).

Z porownania belek (tabela 7, kolumny 7 i 12),
przeprowadzonego w obregbie danej rodziny ksztat-
townikoéw, tzn. IPE300 z IPE500 oraz HEA300
z HEA500, mozna stwierdzi¢, ze wigksze procento-
we wzrosty momentéw krytycznych otrzymano dla
belek nizszych (IPE300 i HEA300) oraz krétszych
(L=5mi7m). Nawzrost M_ wplywa bezposrednio:
a) geometria ksztattownika (np. IPE, HEA), b) typ
zebrowania (np. @, 2L, 2C) oraz c) rozpi¢tos¢ belki.

W przypadku koniecznos$ci znacznego ogranicze-
nia deplanacji przekrojow podporowych belki (np.
podczas wzmacniania konstrukcji) stosowanie zeber
klasycznych (lub blach czotowych) w poréwnaniu
zzebrami zamknietymi, np. grupy 1, jest nieekonomicz-
ne i nieefektywne. Zebra takie przy zblizonej badz na-
wet wigkszej masie w stosunku do zeber zamknigtych
o niewielkich ,,$rednicach” dajg znikomy wzrost no-
snosci krytycznej belki (tabela 7). Oczywiscie nie do-
tyczy to przypadkow potaczen doczotowych, np. belek
ze stupami w konstrukcji ramowej, w ktorej wystepuja
jedynie blachy czotowe. W tym wypadku uzyskiwana
tatwos¢ montazu potaczenia doczolowego kompensu-
je znacznie mniejsze zwigkszenie no$nosci krytycznej
belki w stosunku do zeber zamknigtych.

Stosowanie w belkach narazonych na zwichrzenie
zeber podporowych o przekroju zamknigtym powodu-
je znaczne ograniczenie spaczenia przekroju, zwigk-
szajac w istotny sposob M_ i ostatecznie nosnos¢
obliczeniowy. Projektujac belki z takim dodatkowym
usztywnieniem, przy odpowiednim doborze geometrii
zamknietych zeber podporowych, mozliwe jest nie-
mal calkowite wyeliminowanie deplanacji przekroju
w miejscu podparcia (por. tabele 7, wiersze 12 1 14).

Ponadto nalezy tutaj zwrdci¢ uwage na fakt, ze
zwigkszenie masy belki dotyczy wytacznie przekro-
jow podporowych, co nie powoduje powstania dodat-
kowych przgstowych momentow zginajacych.
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For the beams examined in the study, the use of end Natomiast w przypadku zastosowania blach czoto-
plates or classic flexible ribs [9] produced an increase ~ wych lub klasycznych zeber podatnych [9] uzyska-
in M that did not exceed +8%. ny, dla analizowanych w pracy belek wzrost M_ nie

przekroczyt +8%.
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Abstract

Chalcedony dust can be used as a mineral additive in cements and concretes. This material can act as a pozzolan and prevent
the expansion caused by the alkali-silica reaction. The paper presents the examination of cement mortars with reactive opal
aggregate and various quantities of chalcedony dust conducted using a long-term method as set out in the ASTM C227.
A petrographic analysis as well as tests of potential reactivity of opal aggregate were carried out by chemical method as
specified in the ASTM C289. The microstructure of cement mortars with chalcedony dust and opal was also examined. The
tests showed a positive effect of the chalcedony dust additive on the reduction of the expansion caused by the alkali-silica
reaction compared to the mortars without the additive. The addition of 20% of chalcedony dust to cement mortars lowers the
expansion to a safe level that does not exceed 0.1% after 360 days (as set out in the ASTM C227).

Keywords: alkali-silica reaction, chalcedony dust, mineral additive, reactive aggregate, cement composites

Streszczenie

Magczka chalcedonitowa moze by¢ wykorzystywana jako dodatek mineralny do cementow oraz betonow. Surowiec ten moze
dziata¢ jak pucolana i zapobiega¢ ekspansji wywolanej reakcjq alkalia-krzemionka. W referacie przedstawiono badania za-
praw cementowych z reaktywnym kruszywem opalowym oraz roznq iloscig dodatku mgczki chalcedonitowej metodg diugo-
terminowq wg ASTM C227. Wykonano analize petrograficzng oraz badania potencjalnej reaktywnosci kruszywa opalowego
metodq chemiczng zawartg w normie ASTM C289. Przeprowadzono rowniez badania mikrostruktury zapraw cementowych
z mgczkq chalcedonitowq i opalem. Badania wykazaly pozytywny wplyw dodatku mqczki chalcedonitowej na ograniczenie
ekspansji wywolanej reakcjq alkalia-krzemionka w stosunku do zapraw bez tego dodatku. Dodatek mgczki chalcedonitowej
do zapraw cementowych w ilosci 20% obniza ekspansje do bezpiecznego poziomu, nieprzekraczajgcego po 360 dniach 0,1%
(wedlug normy ASTM C227).

Slowa kluczowe: reakcja alkalia-krzemionka, maczka chalcedonitowa, dodatek mineralny, kruszywo reaktywne, sktad cementu

1. Introduction

The current development of technology of
construction materials does not aim only at
improving the properties of the materials but also
at the maintenance of the existing structures. The
degradation of construction materials can be caused
by both the aggressive environmental impact and the

1. Wprowadzenie

Rozwoj technologii materialow budowlanych pole-
ga nie tylko na ulepszaniu ich wtasciwosci, ale takze
na dbatosci o juz istniejace konstrukcje. Niszczenie
materialow budowlanych moze by¢ spowodowane za-
rowno agresywnym dzialaniem srodowiska, jak i ko-
rozja wewnetrzng materiatu. Jednym z grozniejszych
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internal corrosion of the material. The alkali-silica
reaction (ASR) is one of the detrimental effects. Since
the reaction proceeds very slowly, and its effects and
consequences can only be seen after many years, this
phenomenon is commonly known as “the cancer of
concrete”. The alkali-aggregate interaction results in
the deterioration of the strength of concrete, the visible
signs of which are leaks, cracks and chips. A sodium-
potassium silicate gel or a sodium-potassium-calcium
silicate gel is the product of the reaction. It appears in
the aggregate cleavage planes, in its pores and also on
the surface of the grains. The swelling of the products
of the reaction due to the absorption of moisture is
the essence of the alkali-aggregate interaction [1, 2].
The application of mineral additives, industrial waste
of varied composition as well as chemical admixtures
[3] permits limiting such adverse effects. Chalcedony
dust, a waste product of construction aggregates
manufacture, can be used as a mineral additive
in cements or concretes. This additive can act as a
pozzolan and prevent the expansion caused by the
alkali-silica reaction.

2. Materials and testing methods
2.1. Cement

Portland cement CEM 1 42.5R with an alkali
content of 0.74% NaZOeq was used in the tests. The
chemical composition of the cement is shown in
Table 1. The alkali content in all the samples was
kept constant at 0.74% owing to the addition of
K,SO,.

Table 1. Chemical composition of CEM 1
Tabela 1. Skiad chemiczny CEMI

oddziatywan jest reakcja alkalia-krzemionka, zachodzi
ona bardzo powoli, a jej skutki i nastepstwa bywaja
widoczne dopiero po wielu latach, dlatego tez w je-
zyku potocznym zjawisko to byto okreslane jako ,,rak
betonu”. Oddziatywanie alkalia-kruszywo wptywa
na pogorszenie wytrzymatosci betonu poprzez poja-
wienie si¢ wyciekow, rys 1 odpryskow. Produktem tej
reakcji jest zel krzemianu sodowo-potasowego lub zel
krzemianu sodowo-potasowo-wapniowego. Pojawia
si¢ on w plaszczyznach tupliwosci kruszywa, w jego
porach, a takze na powierzchni ziaren. Istotg oddziaty-
wania alkaliow z kruszywem jest pecznienie produk-
tow tej reakcji na skutek pochtaniania wilgoci [1, 2].
Stosowanie dodatkow mineralnych, odpadow przemy-
stowych o zréznicowanym skladzie oraz domieszek
chemicznych [3] pozwala na ograniczenie tego rodza-
ju niekorzystnych oddziatywan. Maczka chalcedonito-
wa, powstajaca jako odpad przy produkcji kruszywa
budowlanego, moze by¢ wykorzystana jako dodatek
mineralny do cementoéw czy betondow, moze on dziatac
jak pucolana i zapobiega¢ ekspansji wywotanej reak-
cja alkalia-krzemionka.

2. Materialy i metodyka badan
2.1. Cement

Do badan zastosowano cement portlandzki CEM I
42,5R o zawartosci alkaliow réwnej 0,74% NaZOeq.
Sktad chemiczny cementu przedstawiono w tabeli
1. Zawarto$¢ alkaliow we wszystkich probkach byta
utrzymywana na statym poziomie wynoszacym 0,74%
poprzez dodatek K,SO,.

CEM | Si0, ALO, Fe.0, a0

Mg0 S0, K0, Na,0 eqNa,0 ar

Contents [%] 17.52 5.23 2.81 60.00

1.44 3.20 0.84 0.19 0.734 0.069

2.2. Chalcedony dust

Chalcedony dust with particle size of <50 pum was
used in the tests. The particle size of the mineral
additive was determined by laser diffraction. The
particle size distribution of chalcedony dust is
illustrated in Figure 1.

The gradation test of chalcedony dust showed that
particles with a diameter of less than 30 pm accounted
for 90% of the additive, whereas particles with a
diameter of less than 22 um accounted for 50%.

The phase composition of chalcedony dust was
determined by XRD method, and its diffraction
pattern is presented in Figure 2.
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2.2. Maczka chalcedonitowa

Do badan zastosowano maczke chalcedonitowa
o uziarnieniu <50 um. Uziarnienie dodatku mineral-
nego okreslono metoda dyfrakcji laserowej. Sktad
ziarnowy maczki chalcedonitowej przedstawiono na
rysunku 1.

Badanie sktadu granulometrycznego maczki chal-
cedonitowej wykazato, ze 90% tego dodatku stano-
wig ziarna o srednicy mniejszej niz 30 pm, natomiast
50% to ziarna o $rednicy ponizej 22 um.

Sktad fazowy maczki chalcedonitowej okreslono
metoda rentgenograficzng XRD, a dyfraktogram za-
mieszczono na rysunku 2.
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Fig. 1. Particle size distribution of chalcedony dust used in the tests
Rys. 1. Sklad granulometryczny mqgczki chalcedonitowej wykorzystanej do badan

Fig. 2. Diffraction pattern of chalcedony dust
Rys. 2. Dyfraktogram mqczki chalcedonitowej

Quartz is the main mineral in the phase composition
of the dust. The raised background at low angles
indicates the presence of amorphous phase. The
observations of the microstructure of chalcedonite
under the scanning microscope showed regular
particles with a compact structure. The EDS analysis
performed on the surface of chalcedony dust revealed
the silicon mainly as well as oxygen [4].

2.3. Aggregate

In order to prepare cement mortars, standard quartz
sand was used as an aggregate. However, 6% of 0.5-
1.0 fractions of the sand mass was replaced with
opal. Figure 3 shows the diffraction pattern of opal
aggregate.

W skladzie fazowym maczki wystepuje gtdwnie
kwarc. Podniesienie tta w zakresie niskich katow
Swiadczy o obecnos$ci fazy amorficznej. Obserwacje
mikrostruktury chalcedonitu pod mikroskopem ska-
ningowym wykazaty wystepowanie regularnych zia-
ren o zwartej strukturze. Mikroanaliza rentgenowska
EDS na powierzchni maczki chalcedonitowe] uwi-
docznita obecno$¢ gtownie krzemu oraz tlenu [4].

2.3. Kruszywo

Do wykonania zapraw cementowych jako kru-
szywo zastosowano normowy piasek kwarcowy,
w ktorym 6% frakcji 0,5-1,0 zastapiono opalem. Na
rysunku 3 przedstawiono dyfraktogram kruszywa
opalowego.
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Tridymite, cristobalite and quartz are found in the
phase composition of the opal aggregate. The raised
background at low angles and wide peaks indicate
the presence of amorphous silica. The petrographic
analysis of the opal grains revealed that cristobalite-
tridymite opal (CT opal) was the main component.
Fibrous-structured crystalline chalcedony and fine
crystalline quartz are the remaining constituents
of the rock. There are also small amounts of non-
siliceous minerals such as goethite and talc [5, 6].
The examination of the potential reactivity of opal
aggregate by chemical method as set out in the ASTM
C289 [7] showed that opal was a reactive aggregate
and thus could be used as an expansive component of
aggregates [8].

2.4. Testing methods

A long-term method as set out in the ASTM C227
[9, 10] was used to evaluate the effect of chalcedony
dust on the reaction of alkalis with the reactive
aggregate in cement mortars. The method consists in
measuring linear changes in the cement mortar bars
of 25 x 25 x 250 mm. Five series of specimens, in
which different amounts of cement (10-25%) were
replaced with chalcedony dust, were prepared for the
tests. The symbols and contents of the cement mortar
specimens are given in Table 2.

Fig. 3. Diffraction pattern of opal aggregate
Rys. 3. Dyfraktogram kruszywa opalowego

W sktadzie fazowym kruszywa opalowego wyste-
puje trydymit, cristobalit oraz kwarc. Podniesienie tla
w zakresie niskich katow oraz duze szerokosci pikow
swiadcza o wystepowaniu krzemionki amorficzne;j.
Analiza petrograficzna ziaren opalu wykazala, ze
glownym skladnikiem jest opal cristobalitowo-trydy-
mitowy (opal CT). Pozostatymi sktadnikami skaty sa:
krystaliczny chalcedon wtasciwy o wioknistej struktu-
rze oraz drobnokrystaliczny kwarc. W skale wystepuja
réwniez niewielkie ilo$ci mineraldw niekrzemionko-
wych, takich jak goethyt oraz talk [5, 6]. Badania po-
tencjalnej reaktywnosci kruszywa opalowego metoda
chemiczng wedhug normy ASTM C289 [7] wykazaty,
ze opal jest kruszywem reaktywnym i moze by¢ zasto-
sowany jako sktadnik ekspansywny kruszywa [8].

2.4. Metody badawcze

Do oceny wplywu maczki chalcedonitowej na
przebieg reakcji alkaliow z kruszywem reaktywnym
w zaprawach cementowych zastosowano metode dtu-
goterminowa wedlug normy ASTM C227 [9, 10]. Me-
toda polega na pomiarze zmian liniowych beleczek
zaprawy cementowej o wymiarach 25 x 25 x 250 mm.
Do badan przygotowano 5 serii probek, w ktorych
rozne ilosci cementu (10-25%) zastagpiono dodatkiem
maczki chalcedonitowej. Oznaczenie i sktad probek
zapraw cementowych zamieszczono w tabeli 2.

Table 2. Symbols and content of specimens prepared for the tests as set out in the ASTM C227
Tabela 2. Oznaczenie i skiad probek przygotowanych do badan wedtug normy ASTM C227

s wic ratio Cement content Chalcedony dust content NazOeq content
[%] (%] (%]
opP 0.45 100 0 0.74
0P + 10% MC 0.45 920 10 0.74
0P +15% MC 0.45 85 15 0.74
0P + 20% MC 0.45 80 20 0.74
0P + 25% MC 0.45 75 25 0.74
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The cement mortar specimens were stored at 38°C
(£2°C) 24 hours after moulding. The measurements
of the bar length were taken on the specimens cooled
to 23°C after 14 days and then after 1, 2, 3, 4, 6, 9,
12 months.

3. Test results
3.1. Expansion of cement mortars

The results of the measurements of expansion of
the cement mortars with opal and the cement mortars
with opal and chalcedony dust tested as set out in the
ASTM C227 are illustrated in Figure 4. The graph
presents the dependence of expansion versus the
exposure time for the cement mortars curing at 38°C
(£2°C). In Figure 4, the red line represents the limit
values of the expansion, indicating the presence of
corrosion.

Probki zapraw cementowych po 24 godzinach od
zaformowania przechowywano w temperaturze 38°C
(£2°C). Pomiaru dtugosci beleczek dokonywano na
ostudzonych do temperatury 23°C probkach po 14
dniach i nastgpnie po 1, 2, 3, 4, 6, 9, 12 miesigcach.

3. Wyniki badan
3.1. Ekspansja zapraw cementowych

Wyniki pomiaréw ekspansji badanych zapraw ce-
mentowych z opalem oraz zapraw cementowych
z opalem i maczka chalcedonitowa wedlug normy
ASTM C227 przedstawiono graficznie na rysunku
4. Wykres prezentuje zalezno$¢ ekspansji w funkcji
czasu ekspozycji dla zapraw cementowych dojrze-
wajacych w temperaturze 38°C (+2°C). Czerwong
linig ciggla zaznaczono graniczne wartos$ci ekspansji,
wskazujgce na wystgpowanie procesow korozyjnych.
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Fig. 4. Results of expansion of cement mortars as set out in the ASTM C227
Rys. 4. Wyniki ekspansji zapraw cementowych wedtug normy ASTM C227

The results of the tests show that chalcedony dust
used as a mineral additive in cement influences the
reduction of the expansion caused by the alkaline
reaction. The specimens of the cement mortars with
opal and without the mineral additive reached a high
expansion rate of over 0.05% after 3 months and
0.1% after 6 months. The rate of expansion in the
specimens with the addition of chalcedony dust was
significantly lower. A favourable rate of expansion
was observed in the specimens with a chalcedony
dust content of 25% and 20%. In these specimens,
the rate of expansion kept increasing to 0.025% till
the 14" day, and then levelled off to remain stable.
The specimens with a mineral additive content of
10% and 15% did not reach high expansions rates

Zaprezentowane wyniki badan $wiadczg o tym, ze
maczka chalcedonitowa zastosowana jako dodatek
mineralny do cementu wplywa na zmniejszenie eks-
pansji wywotanej reakcja alkaliczng. Probki zapraw
cementowych z opalem i bez dodatku mineralnego
osiggnely wysoki poziom ekspansji przekraczajacy
wartos¢ 0,05% po 3 miesigcach oraz 0,1% po 6 mie-
sigcach. Poziom ekspansji w probkach z dodatkiem
maczki chalcedonitowej byt znacznie nizszy. Korzyst-
ny poziom ekspansji zaobserwowano w probkach
z 25% oraz 20% dodatkiem maczki chalcedonitowe;.
W tych probkach warto$¢ ekspansji wzrastata do 14
dnia do poziomu 0,025%, a nastgpnie zostala utrzy-
mana na statym poziomie. Probki z dodatkiem mine-
ralnym w ilo$ci 10% 1 15% rowniez nie osiagnely wy-
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either, despite the fact that in the specimen with an
additive content of 10% the expansion rate exceeded
0.05% after 3 months. The annex to the ASTM C227
specifies that exceeding this expansion rate causes
corrosive processes; however, the aggregate can be
deemed harmless if the expansion of the specimens
does not exceed 0.01% within 6 months.

3.2. Analysis of the microstructure of the cement mortars

After 12 months, the microstructure of the cement
mortars curing at 38°C (£2°C) was examined. The
figures 5 and 6 show the SEM images along with the
EDS analysis of the OP specimens as well as the OP
+ 20% MCH specimens.

a) b)

sokich wartosci ekspansji, mimo ze w probee z 10%
dodatkiem warto$¢ ekspansji przekroczyta 0,05%
po 3 miesigcach. Zalgcznik do normy ASTM C227
wskazuje, ze przekroczenie tej wielkosci ekspansji
powoduje procesy korozyjne, lecz jesli w przeciggu
6 miesiecy ekspansja probek nie przekroczy poziomu
0,01%, to kruszywo mozna uzna¢ za nieszkodliwe.

3.2. Analiza mikrostruktury zapraw cementowych

Po uptywie 12 miesigcy wykonano badanie mi-
krostruktury zapraw cementowych dojrzewajacych
w temperaturze 38°C (£2°C). Na rysunkach 5-6
przedstawiono zdjecia SEM wraz z analiza EDS pro-
bek OP oraz OP + 20% MCH.

c)

Fig. 5 a) Cracked aggregate grain in the mortar with opal (OP), b) sodium-potassium-calcium silicate gel in the cracked
aggregate in the specimen with opal (OP), c) microanalysis in region 2

Rys. 5 a) Spekane ziarno kruszywa w zaprawie z opalem (OP), b) Zel krzemianu sodowo-potasowo-wapniowego
w spekanym kruszywie w probce z opalem (OP), c) mikroanaliza w obszarze 2

a) b)

©)

Fig. 6 a) Aggregate grain in the cement mortar with chalcedony dust content of 20% (OP + 20% MC), b) Products of the
alkali-silica reaction on the surface of an aggregate grain in the specimen with chalcedony dust content of 20% (OP +

20% MC), ¢) EDS analysis in the microregion 1

Rys. 6 a) Ziarno kruszywa w zaprawie cementowej z 20% dodatkiem mqczki chalcedonitowej (OP + 20% MC), b) produkty
reakcji alkalia-krzemionka na powierzchni ziarna kruszywa w probce z 20% dodatkiem mgczki chalcedonitowej (OP +

20% MC), ¢) analiza EDS w mikroobszarze 1
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Multiple aggregate grain cracks, characteristic of the
alkaline reaction, were observed in the specimens of
cement mortar with opal without the mineral additive
(OP), with a high expansion rate. The EDS analysis in
the region of the opal grain confirmed the presence of
a sodium-potassium-calcium silicate gel (Fig. 5). This
is evidenced by the considerable amounts of calcium,
potassium and sodium present both on the surface of
the grains and in the micro-cracked regions. In con-
trast, only a few cracks of the microstructure were ob-
served in the specimens with chalcedony dust content
of 20%, and the reaction products on the surface of the
particles in these specimens had a reduced sodium and
potassium content as against the specimens without
chalcedony dust.

4. Discussion

The addition of chalcedony dust to cement mortars
permits limiting the expansion caused by the alkali-
silica reaction. The magnitude of the expansion of
the mortars with reactive opal aggregate and the
chalcedony dust additive depends on the amount
of the additive used. The application of 20-25%
of chalcedony dust in the cement permits keeping
the expansion at a stable and safe level without
inducing corrosion. This amount of the mineral
additive in cement mortars does not impair the
strength properties of cement composites [11]. The
positive effect of the chalcedony dust additive on the
expansion of cement mortars caused by the alkali-
silicareaction occurs due to the pozzolanic properties
of this additive. The silica in the pozzolanic reaction
reacts with the calcium hydroxide that is released by
the hydration of cement and increases the amount
of C-S-H hydrated calcium silicate with a reduced
C:S ratio [12]. The newly created C-H-S phase is
characterised by a lower C:S ratio than the C-H-S
phase created as a result of the hydration of cement
as well as by the ability to incorporate sodium and
potassium ions from the pore solution. The addition
of chalcedony dust can contribute to a uniform
distribution of Na* and K* ions in concrete so that
they do not concentrate around the aggregate grains
[13, 14]. The examination of the microstructure as
well as the EDS analysis of the cement mortars with
and without the chalcedony dust additive confirm
the thesis that the reduction of alkaline expansion
can be caused by the pozzolanic reaction. The EDS
analysis of the specimen with opal (OP) showed
the sodium-potassium-calcium gel on the surface
of the opal grains as a product of the alkali-silica

W probkach zapraw cementowych z opalem bez do-
datku mineralnego (OP), ktorych poziom ekspansji byt
wysoki, zaobserwowano liczne charakterystyczne dla
reakcji alkalicznej spekania ziarna kruszywa. Analiza
EDS w obszarze ziarna opalu potwierdzita wystepo-
wanie zelu krzemianu sodowo-wapniowo-potasowego
(rys. 5). Swiadcza o tym znaczne ilosci wapnia, pota-
su oraz sodu wystepujace na powierzchni ziarna oraz
w obszarach mikrospekan. Natomiast w probkach
z dodatkiem maczki chalcedonitowej w ilosci 20% za-
obserwowano tylko nieliczne spgkania mikrostruktury.
Natomiast produkty reakcji powstale na powierzchni
ziarna w tych probkach charakteryzowaty si¢ zmniej-
szong zawarto$cig sodu i potasu w poréwnaniu z prob-
kami bez dodatku maczki chalcedonitowe;.

4. Dyskusja

Dodatek maczki chalcedonitowej do zapraw ce-
mentowych pozwala na ograniczenie ekspansji wy-
wolanej reakcjg alkalia-krzemionka. Wielko$¢ eks-
pansji zapraw z reaktywnym kruszywem opalowym
i dodatkiem maczki chalcedonitowej zalezy od ilosci
wprowadzonego dodatku. Zastosowanie maczki chal-
cedonitowej w ilosci 20-25% masy cementu pozwala
na utrzymanie ekspansji na statym bezpiecznym po-
ziomie niepowodujacym proceséw korozyjnych. Taka
ilo$¢ dodatku mineralnego w zaprawach cementowych
nie powoduje pogorszenia wlasciwosci wytrzymato-
sciowych kompozytéw cementowych [11]. Korzystny
wplyw dodatku maczki chalcedonitowej na ekspan-
sj¢ zapraw cementowych, wywotang reakcja alka-
lia-krzemionka, spowodowany jest wilasciwosciami
pucolanowymi tego dodatku. Krzemionka w reakcji
pucolanowej wchodzi w reakcj¢ z wodorotlenkiem
wapniowym, ktory jest uwalniany w procesie hydra-
tacji cementu, i zwigksza ilo$¢ uwodnionych krzemia-
now wapniowych typu C-S-H o obnizonym stosunku
C:S [12]. Nowo utworzona faza C-S-H charakteryzuje
si¢ nizszym stosunkiem C:S niz faza C-S-H, powsta-
jaca w wyniku hydratacji cementu, oraz zdolno$cia
wlgczania jonow sodu i potasu z roztworu porowego.
Zastosowany dodatek maczki chalcedonitowej moze
przyczynic si¢ do rownomiernego rozprowadzenia jo-
now Na* i K* w betonie, stad nie koncentrujg si¢ wokot
ziaren kruszywa [13, 14]. Badania mikrostruktury oraz
analiza EDS zapraw cementowych bez dodatku oraz
z dodatkiem maczki chalcedonitowej potwierdza-
ja tezeg, iz ograniczenie ekspansji alkalicznej moze
by¢ spowodowane przez reakcj¢ pucolanowg. Ana-
liza EDS probki z opalem (OP) wykazata obecnos¢
na powierzchni ziarna opalu zelu sodowo-potasowo-
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reaction, whereas in the OP + 20% MCH specimens,
a significant reduction in the amount of alkalis, most
likely incorporated into the C-S-H phase, newly
formed in the pozzolanic reaction, was observed.

5. Conclusions

The following conclusions can be drawn based on
the analysis of the test results:

1. The tests conducted as set out in the ASTM C227
showed that the addition of 20% of chalcedony
dust permits both limiting the expansion caused by
the alkali-silica reaction and keeping it at a stable
and safe level without inducing corrosion.

2. The expansion rate in the cement mortars with
chalcedony dust contents of 10% and 15% exceeded
0.05% after 3 months. However, in accordance
with the standard, this rate of expansion does not
result in any corrosive processes in the cement-
based composites.

3. The results of the examination of the microstructure
are consistent with the results of the tests conducted
as set out in the ASTM C227. A cracked sodium-
calcium-potassium silicate gel with a high alkali
content was observed in the mortars with opal and
without chalcedony dust (OP) exhibiting significant
expansion. In contrast, no microstructural cracks
characteristic of the alkali-silica reaction were
observed in the specimens with the mineral additive
content of 20%.
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Abstract

The article presents comparison of the results obtained from reinforced concrete beams experimental studies with the
use of ARAMIS system (digital image correlation) with the results gained from numerical modeling. During studies,
deviation from the plane of reinforced concrete beams was observed. Inventory of rebars positions in cross-section of this
beams showed significant deviations. Analysis carried out in the work [1] revealed the impact of improperly embedded
longitudinal reinforcement on the occurrence of horizontal displacements. Based on the collected data, numerical models
of two selected reinforced concrete beams with correct and incorrect positon of the reinforcing bars were made using the
Concrete Damaged Plasticity model in Abaqus software. It has been shown that premature interruption of the calculation
appeared in models taking into account deviations in the position of reinforcing bars. However, the occurrence of
horizontal displacements was still confirmed by numerical model for beams with incorrect positioning of rebars.

Keywords: beam, reinforced concrete, numerical modeling, executive errors, digital image correlation, ARAMIS system,
Abaqus, concrete damaged plasticity

Streszczenie

W artykule przedstawiono porownanie wynikow badan eksperymentalnych belek zelbetowych z wykorzystaniem systemu
ARAMIS (korelacja obrazu cyfrowego) z wynikami uzyskanymi w wyniku modelowania numerycznego. W wykonanych ba-
daniach zaobserwowane zostato odchylenie z plaszczyzny belek zelbetowych, spowodowane niezgodnym z projektem roz-
mieszczeniem pretow zbrojenia, co potwierdzono w pracy [1]. Inwentaryzacja potozenia pretow zbrojeniowych w przekroju
poprzecznym belek wykazata ich znaczne odchylenia. Na podstawie zebranych danych, w oprogramowaniu Abaqus, przy
uzyciu modelu Concrete Damaged Plasticity, wykonano numeryczne modele dwoch wybranych belek Zelbetowych z prawi-
diowym oraz nieprawidtowym rozmieszczeniem pretow. Stwierdzono przedwczesne przerwanie obliczen dla modeli uwzgled-
niajgcych odchylenie w potozeniu pretow zbrojeniowych. Mimo to opracowany model numeryczny potwierdza wystgpowanie
przemieszczen poziomych w belkach z niewlasciwym rozmieszczeniem pretow.

Stowa kluczowe: belka, zelbet, modelowanie numeryczne, bledy wykonawcze, digital image correlation, system ARA-
MIS, Abaqus, concrete damaged plasticity

1. Introduction

Numerical methods based on finite element method
(FEM) are used in reinforced concrete modeling and
considered as one of the best in behavioral studies,
not only for structural engineering. In order to obtain
a real course of analyzed phenomena, simulation
must be based on material models describing the
element under load. The behavior of reinforced
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1. Wprowadzenie

Metody numeryczne bazujace na metodzie elemen-
tow skonczonych (MES) uzywane sa w modelowa-
niu zelbetu i uwazane za jedna z lepszych w badaniu
zachowan konstrukcji nie tylko budowlanych. Aby
symulacja odzwierciedlata rzeczywisty przebieg ana-
lizowanych zjawisk, musi uwzglgedni¢ modele materia-
lowe opisujace zachowanie pod dziataniem obcigzen.
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concrete as a composite material is random and the
interpretation of phenomena still faces difficulties.
Therefore, nonlinear numerical modeling that
requires simplifying assumptions should be subjected
to experimental verification. 26 reinforced concrete
beams were tested in the Department of Strength
of Materials and Concrete Structures laboratory
of the Kielce University of Technology under the
NR0400710 development project. During the studies,
unusual behavior of beams was observed, namely
large horizontal deflections. Those displacements
were registered and measured with the use of
optical measuring system ARAMIS (digital image
correlation). For each element after its failure an
inventory of reinforcement position in cross section
was carried out (Fig. 3). Large deviations in rebars
positioning in relation to project were discovered.
Detailed analysis of the 14 selected elements [1]
shows the huge influence of horizontal shift of the
longitudinal reinforcement in the cross-section of
the beams on the horizontal displacements and the
development of cracks. In this article, using the
data collected during the abovementioned studies, a
comparison of the experimental results (of the two
single-span beams) with the numerical modeling
results (the degradation-plastic-brittle model) was
presented.

2. Experimental Studies

Two single-span beams with the same reinforcement
scheme (Fig. 1) were made in precast factory (concrete:
C40/50; steel BS 500). As longitudinal reinforcement
3012 and 20014 bars in the bottom and 208 in the
upper part were used (reinforcement ratio 2%). During
the concreting, the following samples were taken:
150x150x150 cube shape samples and 150x300 mm
cylindrical specimens. Fragments of reinforcement
bars were also taken. Elements were supported with
pot bearings (type of bridge bearing) and loaded
monotonically with two concentrated forces until
failure. The testing stand and static scheme were
shown in Figure 2. The deviations in the position of the
longitudinal reinforcement bars (Fig. 3) in the cross-
section of the beams were not a targeted treatment.
They resulted from errors made during the preparation
of elements in the precast factory. Measurements of
deformations on the lateral surface of the beams (the area
under test is shown in Figure 2), spatial displacements
and the width of the cracks were obtained with the
use of ARAMIS system. Measurements of vertical
displacement — beam deflection were verified using 5
inductive sensors.

Losowe zachowanie elementu zelbetowego ztozonego
z dwoch réznych materialow powoduje, ze interpre-
tacja tych zjawisk nadal napotyka trudnosci. Dlatego
szczegdlnie w obszarze nieliniowym, modelowanie
numeryczne wymagajace zalozen upraszczajacych
powinno by¢ poddawane weryfikacji doswiadczalne;.
W laboratorium Politechniki Swigtokrzyskiej WBIA
KWMKBIM w ramach realizacji projektu rozwojo-
wego NR0400710 wykonano badania 26 belek zelbe-
towych. Podczas ich realizacji zaobserwowano niety-
powe zachowanie si¢ niektorych belek, tj. wychylenie
si¢ z ptaszczyzny. Pomiary deformacji przestrzennych
elementow wykonane za pomocg optycznego systemu
pomiarowego ARAMIS zarejestrowaly wystepowa-
nie przemieszczen poziomych elementow. Po zakon-
czonych badaniach wykonano inwentaryzacje pozycji
zbrojenia w przekroju (rys. 3). Odkryto duze odchyle-
nia w pozycjonowaniu pretow zbrojeniowych w sto-
sunku do projektu. Szczegdtowa analiza 14 wybranych
elementow [1] pokazuje wptyw przesuniecia poziome-
go srodka cigzkos$ci zbrojenia podtuznego w przekro-
ju belek na poziome przemieszczenia i powstawanie
peknie¢. W tym artykule, wykorzystujac dane zebrane
podczas wyzej wymienionych badan, przedstawiono
poréwnanie wynikow eksperymentalnych dwoch be-
lek jednoprzestowych z wynikami modelowania nu-
merycznego (model degradacji plastyczno-kruchy).

2. Badania laboratoryjne

Dwie belki jednoprzestowe, o tym samym schema-
cie zbrojenia (rys. 1), wykonane zostaly w zaktadzie
prefabrykacji z betonu o planowanej klasie C40/50
oraz stali BS500. W belkach jako zbrojenie podtuzne
zastosowano prety 3012 1 2014 dotem oraz 208 gora
(stopien zbrojenia 2%). Podczas betonowania belek
pobierano probki betonowe: kostki 150x150x150 oraz
walce 150x300 mm. Pobrane zostaly rowniez odcinki
pretow zbrojeniowych. Podczas badania belki pod-
parte byly na soczewkowych tozyskach mostowych
1 obcigzane za pomoca dwoch sit skupionych w spo-
s6b monotoniczny do zniszczenia. Belke na stanowi-
sku oraz schemat statyczny badania przedstawiono na
rysunku 2. Odchylenia w potozeniu pretow zbrojenia
podtuznego (rys. 3) w przekroju belek nie byty zabie-
giem celowym. Wynikaty one z bledéw popelionych
podczas wykonywania elementéw w zaktadzie prefa-
brykacji. Odksztalcenia na powierzchni bocznej belek
(obszar poddany badaniu zaznaczony zakre§leniem na
rysunku 2), przemieszczenia przestrzenne oraz Sze-
rokosci rys mierzono systemem ARAMIS. Pomiary
przemieszczen pionowych — ugigcia belek — weryfi-
kowano, wykorzystujac pie¢ czujnikow indukcyjnych.
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Fig. 1. Scheme of the reinforcement of the A2M1 and A2M?2 beam

Rys. 1. Schemat zbrojenia belki A2M1 i A2M?2

Fig. 2. Testing stand with ARAMIS system and static scheme of elements
Rys. 2. Stanowisko badawcze wraz z system optycznym ARAMIS i schemat statyczny belek

3. Optical Measuring System ARAMIS - Digital Image
Correlation

ARAMIS is anon-contact measuring system which
principles are based on image photogrammetry [2].
This mean that its software based on the analyses
of surface images (digital image correlation) of
the examined element, (recorded with a set of two
cameras), allows to determine spatial displacements,
strains and cracks width. Strain map on the examined
element surface, allows to trace the development of
the cracks (the accumulation of strains, which can
be visible by more intense colors in Figures 5, 8
and 9, shows the place of formation of the crack).
Because only images are taken during the test, the
recording can also be carried out continuously until
failure of element, without fear of damage to the
measuring apparatus. The application of the system
in the studies of reinforced concrete elements and
others is presented in many publications [1-4]. In
the presented studies, only one sensor with the 1200
mm distance between cameras was used. ARAMIS
system configuration used in studies allows to use
two sensors — 4 cameras in the same time. A 1200
mm wide area with a height equal to the height of
the beam was analyzed (Fig. 2).
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3. Optyczny system pomiarowy ARAMIS - Digital Image
Correlation

ARAMIS jest bezdotykowym system pomiarowym,
ktérego zasady dziatania oparte sg na fotogrametrii ob-
razowej [2], tzn. oprogramowanie w oparciu o zdjgcia
odpowiednio przygotowanej powierzchni badanego
elementu, rejestrowane za pomocg zestawu dwoch ka-
mer, pozwala okresli¢ przemieszczenia przestrzenne,
odksztatcenia oraz wykonanie pomiaru szerokosci rys.
Uzyskiwana mapa odksztalcen pozwala na $ledzenie
procesu rozwoju rys. Kumulacje odksztalcen widocz-
ne bardziej intensywnym kolorem na rysunkach 5, 8
1 9 odzwierciedlajg miejsca powstawania rys. Podczas
badan wykonywane sg jedynie zdjecia, dlatego tez re-
jestracje mozna prowadzi¢ w sposob ciagly az do mo-
mentu zniszczenia elementu nie uszkadzajac aparatury
pomiarowej. Zastosowanie systemu w badaniach ele-
mentow zelbetowych przedstawiono w pracach [1-4].
Podczas badan wykorzystano konfiguracje systemu
ARAMIS z jednym czujnikiem, w ktorym rozstaw
pomiedzy kamerami wynosit 1200 mm. Konfiguracja
systemu pozwala na jednoczesne zastosowanie dwoch
czujnikéw — 4 kamer. Analizie poddano powierzchnie
srodkowg belek o szerokosci 1200 mm i wysokos$ci
odpowiadajacej wysokosci belki, zgodnie ze schema-
tem przedstawionym na rysunku 2.



MODELOWANIE NUMERYCZNE BELEK ZELBETOWYCH Z UWZGLEDNIENIEM RZECZYWISTEGO ROZMIESZCZENIA ZBROJENIA

structure

4. Numerical Model of Reinforced Concrete Beams -
Parameters and Assumptions

The numerical analysis of the beams was performed
with the use of finite element method implemented in
Abaqus software [5]. The beam was modeled as a 3D
object in spatial state of stresses and deformations.
Reinforcement bars and concrete beams were divided
into finite elements type C3D8R (8-node cubes).
Finite element size was applied as 20 x 20 x 20 mm.
Stirrups (vertical reinforcement) were defined as two-
nodal B31 beam elements.

A2M1 A2M2

Concrete-steel co-operation was assured by
the imposition of constraints such as "Embedded
region" (reinforcing steel as "embedded" in a
concrete element). This type of constraint assures the
compatibility of the transitional degrees of freedom
of embedded nodes of reinforcement with transitional
degrees of freedom of the concrete host element (in
this case — a concrete beam) [5]. The 3D view of
the beam model with the coordinate system is shown
in Figure 4. The o—¢ dependence for reinforcing
steel was applied as elastic — ideally plastic. The
mechanical and strength properties of the steel were
determined according to the results of laboratory
tests: Young's modulus E = 201.4 GPa, yield stress

4. Model numeryczny belek zelbetowych -
parametry i zatozenia

Analizg numeryczng belek przeprowadzono meto-
da elementéw skonczonych, wykorzystujac program
Abaqus [5]. Belke zamodelowano jako obiekt 3D
w przestrzennym stanie naprezen i odksztatcen. Pre-
ty zbrojeniowe oraz belke betonowa podzielono na
elementy skonczone typu C3DSR, czyli 8-weztowe
elementy szescienne. Rozmiar elementu skonczonego
przyjeto rowny 20 x 20 x 20 mm. Strzemiona zdefinio-
wano jako dwuweztowe elementy belkowe typu B31.

Fig. 3. Stocktaking of the reinforcement for A2M1 and
A2M2 beam

Rys. 3. Inwentaryzacja zbrojenia belek A2M1 i A2M?2

Fig. 4. 3D presentation of the modeled beam
Rys. 4. Widok 3D zamodelowanej belki

Wspotprace stali z betonem zapewniono przez narzu-
cenie wymuszenia typu ,,Embeded region” (stal zbroje-
niowa ,,0sadzona” w elemencie betonowym). Ten typ
wymuszenia polega na zapewnieniu zgodnosci prze-
mieszczen translacyjnych weztow siatki MES zbrojenia
z przemieszczeniami translacyjnymi siatki elementu be-
tonowego (w tym przypadku belki betonowej) [5]. Wi-
dok 3D zamodelowanej belki wraz z ukladem wspot-
rzednych pokazano na rysunku 4. Zaleznos¢ c—¢ dla
stali zbrojeniowej zadano jako idealnie spr¢zysto-pla-
styczng. Wiasciwosci mechaniczne i wytrzymato$cio-
we stali przyjeto wedlug wynikoéw badan stali uzytej
w eksperymencie, mianowicie modut Younga E =201,4
GPa, granice plastycznosci fy= 558,5 MPa, maksymal-
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fy = 558.5 MPa, maximum plastic deformation
0.04723. The Poisson's ratio was assumed as v =0.3.
The Concrete Damaged Plasticity [6, 7] model was
used to model the behavior of concrete in Abaqus.
Concrete parameters were assumed as following:
Young's modulus E = 35 GPa, Poisson's ratio
v=0.167, dilation angle v = 30 degrees, eccentricity
€ = 0.1. The value of dilation angle was based on
suggestion of Jankowiak [8], Genikomsou and
Polak [9] and Szczecina and Winnicki [10, 11]. The
ratio of maximum compressive stresses in biaxial to
maximal stresses in uniaxial state was 1.16. In order
to use the visco-plastic properties of concrete in the
model, a viscosity coefficient (relaxation time) of
0.0001 s was input. The behavior of concrete under
compression was given as the c—¢ dependence on
the basis of the results of uniaxial compression tests
conducted on cubic specimens. In Abaqus software,
this relationship is given as a set of points on the
c—e¢ curve. The tensile behavior of the concrete was
determined by the fracture energy G,= 146.5 J/m’
for a yield stress 3.5 MPa. The fracture energy was
calculated according to Model Code 2010 [12]. The
assumption of fracture energy allowed to perform
the “fracture energy trick” [13]. The beam load was
applied as two concentrated forces which values
depend on time. This dependency is given in the
program based on the data from the experiment.
The model also included dead weight of the beam
and reinforcement (applied to the beam from the
first step). Calculations were made in Abaqus using
the Newton-Raphson method, assuming a minimum
increment equal 10°, and a maximum equal 10.
The increment should be understood as the time
given in seconds exactly as in the experiment. The
end of the calculation was set in case of the lack
of convergence or when the load reached the value
of damage loading according to the results of the
experiment. Calculations were carried out on three
models: A2M1 and A2M2 beams, which contained
the real reinforcement position (according to the
inventories in the experiment) and the designed
beam A2, in which the reinforcement was distributed
symmetrically without deviations. The results are
presented in the form of deformation, stress, nodal
displacement, failure parameter under tension
(DAMAGET) and compression (DAMAGEC), as
well as equivalent tensile plastic strain (PEEQT).
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ne odksztatcenie plastyczne 0,04723, wspotczynnik Po-
issona v = 0,3. Aby zamodelowa¢ zachowanie betonu
uzyto zaimplementowanego w Abaqus modelu Concre-
te Damaged Plasticity (model plastyczny ze zniszcze-
niem) [6, 7]. Przyjeto nastepujace parametry betonu:
modut Younga E = 35 GPa, wspolczynnik Poissona
v = 0,167, kat dylatancji ¢ = 30 stopni, wspotczynnik
ekscentrycznosci € = 0,1. Warto$¢ kata dylatacji przy-
jeto na podstawie prac Jankowiaka [8], Genikomsou
i Polak [9] oraz Szczeciny i Winnickiego [10, 11]. Sto-
sunek maksymalnych naprezen $ciskajacych w sta-
nie dwuosiowym do naprezen maksymalnych w sta-
nie jednoosiowym przyjeto rowny 1,16. Aby wiaczy¢
w modelu wilasnosci wiskotyczne betonu, podano
wspolczynnik lepkosci (czas relaksacji) rowny 0,0001 s.
Zachowanie betonu, przy sciskaniu podano jako zalez-
no$¢ o—e na podstawie wynikow badan laboratoryjnych
przeprowadzonych na probkach szesciennych podda-
nych jednoosiowemu $ciskaniu. W programie Abaqus
zalezno$¢ t¢ podaje si¢ jako zbidr punktow na krzywej
o—¢. Zachowanie betonu przy rozcigganiu okreslo-
no, podajac energi¢ kruchego pekania G, = 146,5 J/m?
dla naprezenia powodujacego zarysowanie rownego
3,5 MPa. Energi¢ kruchego pekania obliczono wedtug
zalecen Model Code [12]. Zalozenie energii kruche-
go pekania pozwolilo na uzycie tzw. ,fracture energy
trick” [13]. Obcigzenie belki stanowig dwie sity skupio-
ne, ktorych warto$¢ zalezna jest od czasu. Zalezno$¢ te
podano w programie w oparciu o dane z eksperymen-
tu. W modelu uwzgledniono réwniez obcigzenie cieg-
zarem wiasnym belki i zbrojenia, ktdry to ciezar jest
przytozony do belki od samego poczatku. Obliczenia
zostalty wykonane w Abaqus metoda Newtona-Ra-
phsona przy sterowaniu obcigzeniem, przy zatozeniu
minimalnego przyrostu réwnego 10, a maksymal-
nego 10. Przez przyrost nalezy rozumie¢ czas podany
w sekundach, doktadnie tak samo jak w eksperymencie.
Program konczy obliczenia albo przy braku zbieznosci
problemu nieliniowego, albo po osiggni¢ciu obcigze-
nia rownego wartosci sily niszczacej wedhug wynikow
eksperymentu. Obliczenia przeprowadzono dla trzech
modeli: belek A2M1 oraz A2M?2, ktore zawieraty zbro-
jenie przesunigte (zgodnie z inwentaryzacija przeprowa-
dzong w eksperymencie) oraz dla projektowanej belki
A2, w ktorej zbrojenie bylo rozlozone symetrycznie,
bez przesuni¢é¢. Jako wyniki obliczen odczytano: od-
ksztalcenia, naprezenia, przemieszczenia wezlowe,
parametr zniszczenia przy rozcigganiu (DAMAGET)
oraz $ciskaniu (DAMAGEC), a takze obraz zarysowa-
nia, odczytujac ekwiwalentne odksztalcenia plastyczne
W rysie przy rozcigganiu (PEEQT).



MODELOWANIE NUMERYCZNE BELEK ZELBETOWYCH Z UWZGLEDNIENIEM RZECZYWISTEGO ROZMIESZCZENIA ZBROJENIA

structure

5. Results of Calculations Obtained with the Use
of ABAQUS Program and Their Comparison with
the Experimental Results

5.1. Results for Beam A2M 1

Abaqus software has completed calculations for the
beam A2M1 at the step for which the corresponding
loading time is 7059 seconds (experiment time
11832 seconds). This means that the program did
not found a convergence of the nonlinear problem
for time t = 7059. Therefore, the crack pattern for
the beam from the experiment and its numerical
model were compared at the time mentioned earlier.
The comparison of results is shown in Figure 5. For
calculations made in Abaqus, cracks concentration
is visible on one side of the beam at the location
exactly under hydraulic jack N¢ 3 (marked with
arrow in Figure 5).

5. Rezultaty obliczen przeprowadzonych
w programie ABAQUS i ich porownanie
z wynikami eksperymentalnymi

5.1. Wyniki dla belki A2M1

Program Abaqus zakonczyt obliczenia dla belki
A2M1 na kroku, dla ktérego odpowiadajacy czas ob-
cigzania wynosi 7059 sekund (przy maksimum row-
nym 11832 sekund). Oznacza to, ze program nie uzy-
skal zbiezno$ci zagadnienia nieliniowego dla czasu
t = 7059. Dlatego tez poréwnano obraz zarysowania
dla belki z eksperymentu i dla jej modelu numeryczne-
go dla tej wlasnie chwili czasu. Obraz zarysowania dla
belki modelowanej w Abaqus poréwnano z odpowia-
dajacym obrazem zarysowania belki z eksperymentu
na rysunku 5. W przypadku obliczen wykonanych
w Abaqus zwraca uwage fakt lokalizacji znaczne-
go zarysowania po jednej ze stron (elewacji) belki
w miejscu wystepujacym doktadnie pod sitownikiem
nr 3 (zaznaczono strzatka na rysunku 5).

Fig. 5. Strain map for the A2M1 beam from the test — Aramis system and equivalent tensile plastic strain (PEEQT) from

the Abaqus software

Rys. 5. Mapa odksztalcen dla belki A2M1 z eksperymentu — system ARAMIS i ekwiwalentne odksztatcenia plastyczne przy

rozcigganiu (PEEQT) uzyskane w programie Abaqus

In the case of laboratory tests, there are many
places of propagation in the beam mainly under
hydraulic jack N° 2. Vertical displacement of point

W przypadku badan laboratoryjnych jest wiele
miejsc propagacji rys w dolnym wioknie belki, gtow-
nie pod sitownikiem nr 2. Sporzadzono réwniez wy-
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under hydraulic jack N° 3 was also measured. The
results are shown in Figure 6. The displacement
gained in Abaqus at the end of the calculation is
10.13 mm, while deviation measured with ARAMIS
system in the same time and place is 11.30 mm.
Comparison of graphs indicates that the numerical
model calculations were not completed due to beam
failure (excessive cracks width, failure of concrete
or excessive yielding of reinforcing steel) but due
to lack of convergence of the nonlinear problem
(despite the regularization using the visco-plastic
properties of concrete). Nevertheless, the two
paths are similar, and their similar slope indicates
comparable stiffness of the beam both in the
experiment and in Abaqus.

The maximum stress in steel according to the
von Mises hypothesis reached 349.1 MPa. Taking
into account the real yield point of this steel
fy = 558.5 MPa, it was stated that the reinforcing
steel in FEM model has not undergone any yielding
in the cross section. This confirms the conclusion
mentioned above that the program did not terminate
calculations due to beam damage, but only due to
lack of convergence. Nevertheless, the distribution
of stresses in steel is characteristic for bending. The
model also examined how far the beam moved from
its plane (horizontal displacement) — in laboratory
tests beam had relatively large displacements from
the plane. For the last calculation step (t = 7059 s),
the displacement from the plane in the center of
the beam span reached approximately 2.4 mm
(4.43 mm in experimental studies). We can conclude
that torsion is smaller in the numerical model despite
the fact that calculation was carried out in three-
dimensional stress state and asymmetrical position
of reinforcement was also input.
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kres przemieszczenia pionowego wezta siatki MES
zlokalizowanego w badaniach laboratoryjnych, tj.
pod sitownikiem nr 3. Wyniki zestawiono na rysunku
6. Przemieszczenie z Abaqus w chwili zakonczenia
obliczen to 10,13 mm, z doSwiadczenia — 11,30 mm.
Poréwnanie wykreséw wskazuje na to, ze w modelu
numerycznym w MES do przerwania obliczen doszto
nie w wyniku zniszczenia belki (nadmierne zaryso-
wanie lub zmiazdzenie betonu albo nadmierne upla-
stycznienie stali zbrojeniowej), ale na skutek braku
zbieznos$ci zagadnienia nieliniowego (pomimo zasto-
sowanej regularyzacji w postaci wigczenia wlasnosci
wiskotycznych betonu). Niemniej jednak obydwie
sciezki sg do siebie zblizone, a ich podobne nachyle-
nie §wiadczy o porownywalnej sztywnosci na zgina-
nie dla belki z eksperymentu i z Abaqus.
Maksymalne naprezenie w stali wg hipotezy von
Misesa osiggneto wartos¢ 349,1 MPa, co przy gra-
nicy plastycznosci tej stali fy= 558,5 MPa oznacza,
ze stal zbrojeniowa w modelu w Abaqus nie ulegta
uplastycznieniu w zadnym przekroju. Potwierdza
to postawiony powyzej wniosek, ze program nie
przerwat obliczen z powodu zniszczenia belki, a je-
dynie z powodu braku zbiezno$ci. Niemniej jednak
rozklad naprezen w stali jest charakterystyczny dla
zginania. W modelu zbadano réwniez, jak duze sa
przemieszczenia poziome belki, majac na uwadze, ze
w badaniach laboratoryjnych belka ulegta stosun-
kowo duzym przemieszczeniom z ptaszczyzny. Dla
ostatniego kroku obliczen (t = 7059 s) przemiesz-
czenie z ptaszczyzny w §rodku rozpigtosci belki wy-
niosto okolo 2,4 mm, natomiast w doswiadczeniu
4,43 mm. Mozna wigc stwierdzi¢, ze w modelu nu-
merycznym brak jest wyraznego skrecenia belki, po-
mimo prowadzenia obliczen w tréjwymiarowym sta-
nie napr¢zen i niesymetrycznego utozenia zbrojenia.

Fig. 6. Relation between the vertical displacement under
the hydraulic jack no. 3 and time for the A2M1 beam

Rys. 6. Wykres zaleznosci przemieszczenia pionowego od
czasu pod sitownikiem nr 3 dla belki A2M 1
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5.2. Results for Beam A2M2

For this beam, Abaqus completed the calculation
in time t = 6694 s. This means that also in this case
the program did not get the convergence of the
nonlinear problem. A comparison of the results of
the calculations and the results of the experimental
studies was made for that time. The crack patterns
obtained in the Abaqus and ARAMIS system are
shown in Figure 8. The largest cracks obtained with
both systems are located mainly under hydraulic
jacks (dark red on the PEEQT strain map). The
vertical displacement of the point under hydraulic
jack N2 3 is shown in Figure 7. The displacement
calculated in Abaqus reached 10.07 mm, while
value measured with ARAMIS system was
11.21 mm. The slope of both curves is similar,
which again demonstrates comparable bending
stiffness. For the last calculation step (t = 6694 s),
the displacement from the plane in the center of
the beam span was about 2.6 mm while during the
real studies reached 3.83 mm for the same loading
time. This partly confirms that the asymmetrical
distribution of rebars in reinforced concrete beam
cross-section affects on horizontal displacements of
the beam but still differences in the obtained values
are quite high.

Fig. 7. Relation between the vertical displacement under
the hydraulic jack no. 3 and time for the A2M2 beam

Rys. 7. Wykres zaleznosci przemieszczenia pionowego od
czasu pod sitownikiem nr 3 dla belki A2M?2

5.2. Wyniki dla belki A2M2

Dla tej belki program Abaqus zakonczyt obliczenia
dla czasu t = 6694 s. Oznacza to, ze rOwniez w tym
przypadku program nie uzyskat zbieznosci zagadnie-
nia nieliniowego. Poréwnano wigc wyniki obliczen
z eksperymentem dla tej wlasnie chwili czasu. Obraz
zarysowania uzyskany w Abaqus oraz odpowiada-
jace tej samej chwili czasu zarysowanie belki w eks-
perymencie przedstawia rysunek 8. Podobnie jak dla
belki A2M1 wida¢é, ze w Abaqus strefa zarysowana
jest rozmyta w dolnych widknach belki, przy czym
w przypadku belki A2M2 wida¢ juz kilka roéznych
miejsc lokalizacji zarysowania (ciemny czerwony ko-
lor na mapie odksztalcen PEEQT). Przemieszczenia
pionowe punktu pod sitownikiem nr 3 zestawiono na
rysunku 7. Przemieszczenie w momencie przerwania
obliczen z Abaqus wynosito 10,07 mm, natomiast
z dosSwiadczenia 11,21 mm. Ponownie widac, ze $ciez-
ka dla modelu numerycznego konczy sie przedwcze-
$nie z powodu braku zbieznosci. Nachylenie obydwu
krzywych jest podobne, co takze $wiadczy o porow-
nywalnej sztywnosci belki na zginanie w obliczeniach
komputerowych i w eksperymencie. Dla ostatniego
kroku obliczen (t = 6694 s) przemieszczenie z plasz-
czyzny w srodku rozpietosci belki wyniosto okoto
2,6 mm, a w eksperymencie 3,83 mm, tak wiec podob-
nie jak dla belki A2M1 obliczenia w programie Aba-
qus czesciowo potwierdzaja wplyw niesymetrycznie
rozmieszczonego zbrojenia podtuznego w przekroju
belki na jej przemieszczenia poziome.
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Fig. 8. Strain map for the A2M?2 beam from the test — Aramis system and equivalent tensile plastic strain (PEEQT) from

the Abaqus software

Rys. 8. Mapa odksztalcen dla belki A2M?2 z eksperymentu — system ARAMIS i ekwiwalentne odksztalcenia plastyczne przy

rozcigganiu (PEEQT) uzyskane w programie Abaqus

5.3. Results for Beam A2, Modeled in Accordance with
the Executive Design - Omitting Imperfection

In Abaqus software, a beam A2 was also modeled,
in which the reinforcement was deployed without any
deviations, as it was designed. In fact, such beams do
not exist, there are always some deviations. This is
why there is no experimental results in this case. For
such a beam in accordance with the executive design,
the program has reached a load level almost identical
to that obtained for the beams actually tested. The
program interrupted the calculation for loading time
t= 11117 s. Crack pattern obtained in Abaqus for A2
beam is shown in Figure 9. Attention is drawn to the
fact that there are several visible cumulations of strain
between the hydraulic jacks. This image is comparable
to that obtained in the experimental studies just
before the failure of the beam, wherein the height of
the cracks is smaller for the numerical model. The
relationship between the vertical displacement (for
the center point of the span) and the time for beams
A2M1, A2M2 and A2 is illustrated in Figure 10. The
stresses in the reinforcing steel are higher than the
yield stress, which means that in the middle of the
span the reinforcing steel has yielded.
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5.3. Wyniki dla modelu belki o zbrojeniu rozmieszczonym
zgodnie z projektem - pominiecie odchytek

W programie Abaqus zamodelowano réwniez belke
A2, w ktorej zbrojenie bylo rozmieszczone bez prze-
sunie¢ spowodowanych betonowaniem. W rzeczy-
wistosci elementy takie nie wystepuja, poniewaz nie
da si¢ wyeliminowa¢ odchytek. Dlatego tez autorzy
referatu dysponuja oczywiscie tylko wynikami obli-
czen w programie. Dla takiej belki, ze zbrojeniem roz-
mieszczonym zgodnie z projektem, program osiagnat
poziom obcigzenia niemal identyczny z tym, jakiemu
poddane byly w eksperymencie belki z rzeczywi-
stym rozmieszczeniem zbrojenia. Program przerwat
obliczenia dla czasu t = 11117 s. Obraz zarysowania
belki A2 przedstawiono na rysunku 9. Uwage zwraca
fakt, ze powstalo kilka wyraznych, zlokalizowanych
pomiedzy sitownikami, rys. Obraz ten jest juz bar-
dziej poréwnywalny z zarysowaniem, jakie uzyskano
w badaniach eksperymentalnych dla chwili tuz przed
zniszczeniem, przy czym wysokosc¢ rys w modelu nu-
merycznym jest zdecydowanie mniejsza niz w eks-
perymencie. Zalezno$¢ pionowego przemieszczenia
punktu na $rodku przesta od czasu dla belek A2M1,
A2M2 i A2 zilustrowano na rysunku 10. Napr¢zenia
w stali zbrojeniowej miejscami przekraczajg wartos¢
granicy plastycznos$ci, co oznacza, ze w $rodku prze-
sta stal zbrojeniowa ulegta uplastycznieniu.
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6. Conclusions

Based on the results obtained from numerical models
of the reinforced concrete beams and laboratory tests
the following conclusions are drawn:
¢ Numerical analysis of reinforced concrete beams,

reinforced in accordance with the executive
design, using the Concrete Damaged Plasticity
model and the 3D elements in the spatial state of
stresses did not give fully satisfactory results. The
interruption of the calculation appeared due to the
lack of convergence of the nonlinear problem, not
as a result of the exceeding of the bearing capacity
of the element. Therefore, it is also not possible

Fig. 9. Strain map for the A2M1 and A2M?2 beam from the
test — Aramis system and equivalent tensile plastic strain
(PEEQT) from the Abaqus software for A2

Rys. 9. Mapa odksztatcen dla belki A2M1 i A2M2
z eksperymentu — system ARAMIS i ekwiwalentne
odksztalcenia plastyczne przy rozcigganiu (PEEQT)
uzyskane w programie Abaqus dla belki A2

Fig. 10. Relation between the vertical displacement under
the hydraulic jack no. 3 and time for the A2M1, A2M2 and
modeled beam A2

Rys. 10. Wykres zaleznosci przemieszczenia pionowego
pod sitownikiem nr 3 dla belek A2M1, A2M?2 eksperyment
i zamodelowanej A2

6. Wnioski

Na podstawie wynikéw uzyskanych z modelu nu-
merycznego oraz z badan laboratoryjnych belek zel-
betowych stwierdzono, Ze:

o Analiza numeryczna belek Zelbetowych z uwzgled-
nieniem rzeczywistego rozmieszczenia pretow przy
zastosowaniu modelu Concrete Damaged Plasticity
oraz uzycie elementu 3D w przestrzennym stanie
naprezen 1 odksztalcen nie data zadowalajacych
wynikow. Przerwanie obliczen nastepuje z powodu
braku zbieznosci zagadnienia nieliniowego, a nie
w wyniku wyczerpania no$nosci elementu, i nie ma
mozliwosci doktadnej weryfikacji obliczen z wyni-
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to fully verify the calculation with experimental
results (including horizontal displacement).

Such convergence has been achieved for beam
model without any deviations in position of rebars
(A2). In this case vertical displacements and crack
pattern were similar with the experimental results.
But still it needs to be highlighted that this is not a
real model.

The impact of improperly embedded longitudinal
reinforcement on the occurrence of horizontal
displacements was partially confirmed (taking into
account the limited number of results that could be
compared due to lack of convergence in modeling).
However, horizontal displacement values obtained
in the numerical model were still slightly smaller.

kami doswiadczalnymi, w tym réwniez wychylen
z plaszczyzny dla pelnej $ciezki obcigzania.

Zbiezno$¢ osiggnicto jedynie dla belki nieuwzgled-
niajacej rzeczywistych odchytek w polozeniu pre-
tow zbrojeniowych (A2). W przypadku tym prze-
mieszczenia pionowe oraz obraz zarysowania byty
zblizone do wynikow eksperymentalnych. Nalezy
jedna podkresli¢, ze model ten nie jest rzeczywisty.
Analiza czgsciowo potwierdza wptyw nieprawidlo-
wo potozonego zbrojenia podtuznego na przemiesz-
czenia poziome elementéw (biorg pod uwage ogra-
niczong liczb¢ wynikow, uzyskang ze wzgledu na
brak zbieznosci zagadnienia nieliniowego). Jednak-
ze warto$ci przemieszczen poziomych dla modeli
numerycznych belek byly mniejsze niz rzeczywiste.
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Abstract

The issue of permanence and transience in architecture has intrigued both the theorists and the practitioners dealing
with the creation of buildings since antiquity. We construct buildings assuming their durability and long life. We give
them the sense of timelessness. In point of fact, architecture undergoes permanent transformations which embrace both
its significance and material dimension. Once built, architecture gradually loses its material value. It also ages in the
moral sense, as the expectations towards the buildings constructed years ago change with time and are not met today.
The assessment of the value of an architectural object is frequently the basis for the decisions concerning its survival,
conversion or demolition. The article presents two cases, a negative one, where a building of unique architectural value
was demolished, and a positive one, in which a structure intended for demolition was registered as an object of cultural
heritage and protected by conservation due to an initiative of community and civic groups.

Keywords: Modernist heritage building, civic and conservation protection initiatives

Streszczenie

Problem trwalosci i przemijalnosci w architekturze nurtowal teoretykow i praktykow zajmujqcych sie tworzeniem budowli
Jjuz od starozytnosci. Budowle wznosimy z zatoZeniem ich trwatosci. Nadajemy im znamiona ponadczasowosci. W rzeczy-
wistoSci architektura ulega permanentnym przeobrazeniom, ktore obejmujq jej wymiar materialny oraz znaczeniowy. Ar-
chitektura zbudowana traci wartos¢ materialng. Starzeje sie rowniez moralnie, bo oczekiwania w stosunku do budynkow
zmieniajq sig, bo obiekt zbudowany przed laty nie spelnia ich dzisiaj. Ocena wartosci architektury jest czesto podstawg do
podejmowania decyzji o jej przetrwaniu, przeksztatceniu lub likwidacji. W artykule przedstawiono dwa przypadki: negatyw-
ny, gdzie wyburzono budynek o unikalnych wartosciach architektonicznych oraz pozytywny, w ktorym budowla przeznaczona
do wyburzenia, dzigki ruchowi spolecznemu, zostata wpisana do rejestru zabytkow i objety ochrong konserwatorskq.

Stowa kluczowe: zabytek architektury modernistycznej, dziatania ochronne spoteczne i konserwatorskie

1. Introduction. The notion of permanence

In his treatise The Ten Books on Architecture (1
century BC) [8], Vitruvius created a triad of qualities
necessary for architecture to exist:

» permanence resulting from durability — firmitas,
+ utility — utilitas,
* beauty — venustas.

The co-existence of these three values is an essential

precondition for grand architecture to come to life.

1. Wprowadzenie. Pojecie trwatosci

Witruwiusz w traktacie O architekturze ksigg dzie-
sig¢ (I wiek p.n.e.) [8] stworzyt triadg cech koniecz-
nych dla istnienia architektury:

e trwalos$¢ — firmitas,
* uzytecznos¢ — utilitas,
 pigkno — venustas.

Wspotistnienie tych trzech cech jest niezbgdnym wa-
runkiem wstepnym do zycia wielkiej architektury.
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Permanence is the ability to exist, to survive, to
touch on the unyielding and to resist. The concept
defines all that still remains in space and time, defying
the force of destruction.

Vitruvius recommended his triad to us, living in a world
in which nature dominated humankind. The architecture
of Vitruvius’s epoch and hundreds of years after it was
an addition to the natural landscape, remaining in line
with the doctrine of dichotomy (Aristotle, 384-322 BC).

Architecture was perpetual in the consciousness of
many generations, though the idea mainly referred
to widely known and appreciated objects. When the
objects decline with time, they are preserved and
restored. In the common mind, they should remain
testimony to the past grandeur and splendour.

In his work Uczniowie ciesli (The Disciples of the
Carpenter) [5], Lech Niemojewski wrote that “there
are three (basic) ideas of architecture:

* truth,

* beauty,

* wisdom,

which refer to the creators of the works, but also to

* the idea of perpetuity,

* the idea of long life and durability,

* the idea of immortality,

which refer to the works of architecture themselves”.

We construct buildings assuming their long life and
durability. We give them the sense of timelessness.
In point of fact, architecture undergoes permanent
transformations which embrace both its significance
and material dimension.

2. Transience in Architecture

The concepts of time form two notions, permanence
and transience, which are opposing and converging
ideas at the same time.

Transience (Latin transitus) signalises the brevity
of all that passes, is temporary, curtailed, fragile,
fugacious and makeshift.

Once built, architecture gradually loses its material
value. Stone crumbles, glass tarnishes and equipment
wears out. Architecture loses its usefulness, and
the dynamics of life generates new needs that have
been previously unknown. The functions which an
object was designed for disappear, and new roles, not
envisaged beforehand, emerge.

It also ages in the moral sense, as the expectations
towards buildings constructed years ago change with
time and are not met today.

Utility can be prolonged by transforming, restoring,
adapting and redeveloping the structures that are
susceptible to all these types of changes.
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Trwalo$¢ to zdolnos¢ istnienia, przetrwania, zbli-
zenia do nieugigtosci, odpornosci, oznacza to, co
wcigz tkwi w czasoprzestrzeni, opierajac si¢ sile
zniszczenia.

Witruwiusz zalecal nam swoja triade, zyjac w Swie-
cie, w ktorym natura panowata nad cztowiekiem.
Architektura epoki Witruwiusza i jeszcze setki lat po
nim byta dodatkiem do naturalnego krajobrazu zgod-
nie z doktryng dychonomiczng (Arystoteles 384-322
p.n.e.).

Architekture w §wiadomosci wielu pokolen uwa-
zano za wieczng, cho¢ miano gtownie na mysli obiek-
ty powszechnie znane i cenione. Gdy wskutek upty-
WU czasu niszczeja, sg podtrzymywane i naprawiane.
W powszechnej $swiadomos$ci powinny trwac jako
swiadectwa minionej $wietnosci.

Lech Niemojewski w dziele Uczniowie ciesli [5]
napisat ,,s3 trzy idee (podstawowe) architektury:

* prawda,

* picknosc¢,

* madros¢

co si¢ odnosi raczej do tworcow dziel, ale rowniez do:
* idei wiecznosci,

* 1idei trwatosci,

* idei niesmiertelnosci

co si¢ odnosi raczej do dziet”.

Budowle wznosimy z zatozeniem ich trwatosci.
Nadajemy im znamiona ponadczasowosci. W rzeczy-
wistosci architektura ulega permanentnym przeobra-
zeniom, ktore obejmuja jej wymiar materialny oraz
ZNnaczeniowy.

2. Przemijalno$¢ w architekturze

Koncepcje czasu tworzg dwa pojecia przeciwstaw-
ne i zbiezne zarazem: trwalos¢ i przemijalnosc.

Przemijalnos$¢ (tac. transitus) sygnalizuje krotko-
trwalo$¢ tego, co mija, jest tymczasowe, skrocone,
kruche, chwilowe, prowizoryczne.

Architektura zbudowana traci warto$¢ material-
ng. Kamien kruszy si¢, szklo matowieje, urzadzenia
zuzywaja si¢. Architektura traci warto$¢ uzytkowa,
dynamika zycia powoduje powstawanie nowych
potrzeb, ktorych wczesniej nie znano. Funkcje, dla
ktorych zaprojektowano obiekt, zanikajg, powstaja
nowe, ktorych obiekt nie przewidywat.

Starzeje si¢ rowniez moralnie, bo oczekiwania
w stosunku do budynkéw zmieniajg si¢, bo obiekt
zbudowany przed laty nie spehnia ich dzisiaj.

Uzyteczno$¢ moze by¢ przedtuzona poprzez zmia-
ne, uzupetienie, adaptacj¢ i przebudowe tych struk-
tur, ktore sg na to podatne.
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The persistence of architectural objects due to the
adaptation, modernisation and blending of the preserved
objects into the new structures of developments is a
positive phenomenon.

Inan era of permanent economic crises, when scholars
and politicians prefer sustainable development, the
notions of permanence and transience in architecture
are gaining new meaning and significance.

In this day and age, the triad of the qualities
indispensable to the existence of architecture created
by Vitruvius has had to undergo transformation.
Permanence resulting from durability, utility and
beauty have been replaced with fields of knowledge
concerning [2]:

* ecology,
* economics,
* society.

Transience is certain. Transience is the consequence
of birth.

Death is the ultimate stage of transience.

The full concept of transience embraces a cycle of
stages from birth to death.

Transience in architecture is the consequence of the
loss of usefulness and desirable physical features or
the disappearance of aesthetic qualities.

The persistence of architecture can be threatened by
the economic account.

In sustainable design, the entire processes of
permanence and transience of architecture undergo an

Trwanie obiektow architektury poprzez zabiegi
adaptacyjne, modernizacyjne i wtapianie zachowa-
nych obiektow w nowe struktury zabudowy jest zja-
wiskiem pozytywnym.

W epoce permanentnych kryzyséw ekonomicz-
nych, gdzie uczeni i politycy preferujg rozwoj zréw-
nowazony, pojecie trwatosci i przemijalnosci w ar-
chitekturze nabiera nowego znaczenia.

Wspolczesnie triada cech koniecznych dla istnie-
nia architektury stworzona przez Witruwiusza mu-
siata ulec przeksztatceniu. Trwatos$¢, uzytecznosé
i pigkno zastgpiono dziedzinami wiedzy dotyczacy-
mi [2]:
 ekologii,

e ekonomii,
* spoteczenstwa.

Fig. 1. The modern Vitruvian Triad (figure by the author)

Rys. 1. Wspolczesna triada Witruwiusza (rysunek autora)

Przemijanie jest pewnikiem. Przemijanie jest na-
stepstwem narodzin.

Etapem finalnym przemijania jest $§mierc.

Pelny obraz przemijania zawiera cykl etapéw od
narodzin az do $mierci.

Przemijanie w architekturze jest nastgpstwem utra-
ty walorow uzytkowych pozadanych cech fizycznych
czy tez utraty walorow estetycznych.

Trwanie architektury moze by¢ zagrozone przez ra-
chunek ekonomiczny.

W projektowaniu zréwnowazonym poddawany jest
analizie caly proces trwania i przemijania architektury.
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analysis from the pre-design phase to the demolition
phase and adaptation of the development site for
other purposes [1].

Od fazy przedprojektowej do fazy likwidacji i przy-
wrocenia terenu zabudowy do innych celow [1].

INITIAL INITIAL
ASSESSMENT | | QUALIFICATION

[QUALIFICATION]

[CERTIFICATION]

R

>

! v
)

PLANNING

AND PROGRAMMING
STAGE

DESIGN STAGE

CONSTRUCTION
STAGE

ST >

STAGE OF LIQUIDATION
AND REVITALIZATION
OF THE AREA

USE STAGE

Fig. 2. The life cycle of a building (figure by the author)
Rys. 2. Cykl zycia budynku (rysunek autora)

3. The assessment of the values of architecture

The values in architecture are of diverse character,
and so are the criteria for their assessment. The
evaluation criteria may include the following
architectural values [3]:

* historical,

* scientific,

* style,

* compositional,
* spatial,

* artistic,

» emotional.

The architectural values of particular objects
should undergo a full and thorough assessment.
The evaluation should serve as a basis for taking
fundamental decisions that frequently determine the
fate of the structures, which is their:

e survival,
e conversion,
* demolition.

Flawed decisions are taken time and time again.
Economic conditions approached superficially are
the decisive criterion, and the profit of the owner or
the investor is the determining factor. Unfortunately,
many structures of great architectural value have been
annihilated so far. Therefore, systemic protective
measures are indispensable.

4. Protective conservation measures

Conservation measures involve doing research, taking
inventory and conducting maintenance works in a
historical object in order to preserve it in good technical
condition as long as possible. The primary objective of
conservation is to reduce the tempo of the process of
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3. Ocena wartosci architektury

Wartosci w architekturze majg rozmaity charakter,
zmienne sa rowniez kryteria ich oceny. Kryteriami
oceny moga by¢ wartosci architektoniczne w zakre-
sie [3]:

* historycznym,

* naukowym,

* stylowym,

* kompozycyjnym,
e przestrzennym,

e artystycznym,

* emocjonalnym.

Wartosci architektoniczne obiektow nalezy pod-
da¢ wnikliwej i petnej ocenie. Ocena wartosci win-
na by¢ podstawa do podejmowania niejednokrotnie
fundamentalnych decyzji przesadzajacych o losach
budowli, o ich
* przetrwaniu,

* przeksztalceniu,
* likwidacji.

Wielokrotnie podejmowane sg btedne decyzje. De-
cydujacym kryterium sg ptytko rozumiane uwarun-
kowania ekonomiczne, a zysk wtasciciela, inwestora
jest czynnikiem przesadzajacym. Niestety wiele bu-
dowli o duzych wartosciach architektonicznych zo-
stato unicestwionych. Dlatego konieczne sg systemo-
we dziatania ochronne.

4. Ochronne dziatania konserwatorskie

Dziatania konserwatorskie polegaja na badaniu,
inwentaryzacji 1 utrzymaniu obiektu zabytkowego
w dobrym stanie technicznym przez jak najdtuzszy
czas. Podstawowym celem konserwacji jest jak naj-
skuteczniejsze zwolnienie procesu degradacji orygi-
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degradation of the original components of a historical

object by the most effective means. The conservation

officer keeps a register of historical objects.

A historical object is an immoveable property or a
moveable item, parts or assemblies thereof, produced
by man or related to human activities, constituting
testimony to a past era or event, the preservation
of which lies within the public interest due to its
historical, artistic or scientific value [7] (Article 3
of the Act of 23 July, 2003 on the Protection and
Maintenance of Cultural Heritage).

The Act on the Protection and Maintenance of
Cultural Heritage specifies four forms of protection
of historical properties:

* entering a historical property in the register of
objects of cultural heritage,

 granting historic status to a historical object,

* establishing a park of culture,

* establishing requirements for conservation protection
in the local spatial development plan.

Regardless of the state of preservation, protection
and maintenance cover the following types of
immoveable historical objects:

» works of architecture and civil engineering,

» works of defensive architecture,

 industrial and technical structures, in particular,
mines, steelworks, power stations and other
industrial buildings and facilities,

* cultural landscapes,

* urban and rural arrangements, clusters of buildings
as well as cemeteries, parks, gardens and other
forms of cultivated green areas,

* places commemorating historic events or activities
of distinguished people or institutions.

The forms of protection of historical properties are
a legal tool developed in order to provide conditions
facilitating the permanent preservation of historical
objects, in particular, by preventing the threats that
may impair their value as well as by pre-empting their
destruction and misuse. The tasks of the authorities
accountable for the protection of historical properties
include, among others, controlling the use and
management of historical objects and granting permits
for conservation, research and construction works
at historical sites. The regulations of law protect all
historical objects, not only historic properties, parks of
culture and properties listed in the register of objects
of cultural heritage. The owners and possessors of
historical properties are obliged to safeguard the
objects, as described in the Act, regardless of their
state of preservation or the fact of their registration

nalnych elementoéw zabytku. Konserwator prowadzi

rejestr obiektow zabytkowych.

Obiekt zabytkowy to nieruchomos$¢ lub rzecz
ruchoma, ich cz¢sci lub zespoty, bedace dzietem
czlowieka lub zwigzane z jego dziatalno$cig i stano-
wigce $wiadectwo minionej epoki badz zdarzenia,
ktorych zachowanie lezy w interesie spolecznym
ze wzgledu na posiadang wartos$¢ historyczng, arty-
styczng lub naukowa [7] (art. 3 ust. 1 ustawy z dnia
23 lipca 2003 r. o ochronie zabytkéw i opiece nad
zabytkami).

Zgodnie z ustawg o ochronie zabytkdéw i opiece nad
zabytkami istniejg cztery formy ochrony zabytkoéw:

* wpis do rejestru zabytkow,

* uznanie za pomnik historii,

» utworzenie parku kulturowego,

* ustalenie wymogdéw ochrony konserwatorskiej
W miejscowym planie zagospodarowania prze-
strzennego.

Ochronie i opiece podlegaja, bez wzgledu na stan
zachowania, zabytki nieruchome bedace w szcze-
g6lnosci:

* dzietami architektury i budownictwa,

 dzietami budownictwa obronnego,

 obiektami techniki, a zwlaszcza kopalniami, hutami,
elektrowniami i innymi zaktadami przemystowymi,

* krajobrazami kulturowymi,

 uktadami urbanistycznymi, ruralistycznymi i zespo-
fami budowlanymi,a takze cmentarzami, parkami,
ogrodami i innymi formami zaprojektowane;j zieleni,

* miejscami upami¢tniajgcymi wydarzenia histo-
ryczne badz dziatalno$¢ wybitnych osobistosci lub
instytucji.

Formy ochrony zabytkow stanowig narzedzie praw-
ne, majace na celu zapewnienie warunkow umozli-
wiajagcych trwate zachowanie zabytkow, w szczegdl-
nosci poprzez zapobieganie zagrozeniom mogacym
spowodowa¢ uszczerbek dla ich wartosci oraz uda-
remnianie niszczenia i niewlasciwego korzystania
z zabytkéw. Do zadan organow ochrony zabytkow
nalezy m.in. kontrola sposobu uzytkowania i zago-
spodarowania obiektow zabytkowych oraz wydawa-
nie pozwolen na prowadzenie prac konserwatorskich,
badan i robot budowlanych przy zabytkach. Przepisy
prawa chronig wszystkie zabytki, nie tylko pomniki
historii, parki kulturowe i zabytki wpisane do reje-
stru zabytkow. Wtasciciele i posiadacze zabytkow
zobowiazani sg do opieki nad nimi, w sposob opisany
w ustawie, bez wzgledu na ich stan zachowania czy
fakt wpisu do urzedowych rejestrow Zabytki pod-
legaja ochronie prawnej bez wzgledu na swoj stan
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in the official records. Historical properties are
subject to legal protection irrespective of their state
of preservation, and the bad state of an object is not
determinant of the loss of its historical value.

Without the consent of the conservation officer,
no redevelopment, modernisation, extension works,
alteration in the layout of the interiors, filling holes in
the damaged walls and plasters, change of the colour
scheme or other construction works mentioned in
Article 3, item 7 of the Building Code can be carried
out in a historical property listed in the register. Nor
any construction works can be conducted around
a historical property or a protected area. All these
procedures require obtaining a building permit and a
consent of the conservation officer beforehand. The
conversion of a historical property into a new use also
requires obtaining a consent, and so does the placing
of any technical equipment, boards, advertisements,
inscriptions or other information on it. No action can
be performed that in any way will affect the appearance
of'a historical property listed in the register. Therefore,
entering a historical property in the register of objects
of cultural heritage is an act of great significance. The
registration is made following the decision issued by
the Provincial Conservation Officer ex officio or at
the request of the owner of the immoveable historical
property or the perpetual lessee whose grounds house
the immoveable historical property. Community and
civic organisations that deal with the protection of
cultural heritage and environment by statute are also
empowered to file an application for entry into the
register of objects of cultural heritage.

5. The building of the coach station in Kielce -
an optimistic tale

The coach station in Kielce [4] was designed in
Miastoprojekt — Kielce Design and Research Office
in the years 1974-1975. Edward Modrzejewski was
the principal designer of architecture and the team
of architects included Ryszard Wlodarczyk, Danuta
Walicka, Zofia Klikowicz and Lucjan Kamionka.
Jerzy Radkiewicz was the main structural engineer
and Mieczystaw Kubala was the author of the station’s
road layout and transport system. The interiors were
designed by a fine artist, Andrzej Grabiwoda. The
construction works began in 1975, after the demolition
of the previous coach station, and ended in 1984.

The original architectural form of the building
resulting from its structure and function has quickly
become an inseparable part of the urban landscape of
Kielce. The structure of Fuller’s dome supported on
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zachowania, zgodnie z czym zly stan zachowania
obiektu nie przesadza o tym, ze utracit on posiadane
wartosci zabytkowe.

Bez zgody konserwatora nie mozna w zabytkowe;j
nieruchomos$ci wpisanej do rejestru dokonaé¢ zad-
nej przebudowy, modernizacji, rozbudowy, zmie-
ni¢ rozktadu wnetrz, uzupetni¢ uszkodzonych $cian
czy tynkéw, zmieni¢ kolorystyki, czyli wszystkich
prac budowlanych wymienionych w art. 3 pkt 7
Prawa budowlanego. Nie mozna rowniez wykony-
wacé zadnych robot budowlanych w otoczeniu za-
bytku i na terenie objetym ochrong. To wszystko
wymaga uzyskania pozwolenia na budowe i wcze-
$niejszej zgody konserwatora. Pozwolenia wymaga
rowniez zmiana przeznaczenia lub uzytkowania za-
bytkowej nieruchomosci, tak samo jak umieszczenie
na niej wszelakich urzadzen technicznych, ta-
blic, reklam czy napisow. Nie mozna zrobi¢ nic
co w jakikolwiek sposob naruszy wyglad zabytku
wpisanego do rejestru. Istotnym wigc dziataniem
jest wpis do rejestru zabytkow. Wpisu dokonuje si¢
na podstawie decyzji wydanej przez wojewodzkiego
konserwatora zabytkow z urzedu badz na wniosek
wtasciciela zabytku nieruchomego lub uzytkownika
wieczystego gruntu, na ktérym znajduje si¢ zabytek
nieruchomy. Prawo do zglaszania wniosku o wpis
do rejestru zabytkdw maja takze organizacje spo-
leczne zajmujace si¢ statutowo ochrong dziedzictwa
i srodowiska kulturowego.

5. Przyktad budynku dworca PKS w Kielcach -
historia optymistyczna

Projekt dworca PKS w Kielcach [4] powstal
w Biurze Projektowo-Badawczym Miastoprojekt
— Kielce w latach 1974-1975. Gtéwnym projektan-
tem architektury byt arch. Edward Modrzejewski,
w sklad zespolu architektury wchodzili Ryszard
Wtodarczyk, Danuta Walicka, Zofia Klikowicz, Lu-
cjan Kamionka. Gtéwnym konstruktorem byt Jerzy
Radkiewicz, a tworca uktadu komunikacyjnego byt
Mieczystaw Kubala. Projekt wnetrz wykonat art.
plastyk Andrzej Grabiwoda. Budowe po wyburze-
niu starego dworca rozpoczeto w roku 1975, a za-
konczono w 1984.

Oryginalna forma architektoniczna budowli, wy-
nikajgca z konstrukcji i funkcji, dobrze wpisala si¢
w krajobraz miejski Kielc. Konstrukcja koputy Ful-
lera, wsparta na stalowych ,,tekach”, stanowita zada-
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Photo 1. The construction of the new coach station —
1975-1980 (source:Kielce. Wyborcza.pl)

Fot. 1. Budowa nowego dworca PKS 1975-1980 (zrodio:
Kielce.Wyborcza.pl)

Photo 3. The coach station by night (source: Architektura,
muratorplus.pl)

Fot. 3. Dworzec PKS nocq (zrodto: Architektura, murator-
plus.pl)

Photo 2. The coach station in the years 1980-1990 (source:
fotopolska.eu)

Fot. 2. Dworzec PKS w latach 1980-1990 (zrodlo: foto-
polska.eu)

Photo 4. The coach station at the beginning of the 21st
century (source: naszekielce.com.)

Fot. 4. Dworzec PKS — stan z poczqtku XXI wieku (zrodio:
naszekielce.com.)

Photo 6. The coach station at the beginning of the 21%
century (source: beczmiana.pl)

Fot. 5. Dworzec PKS — stan z poczqtku XXI wieku (Zrodio:
beczmiana.pl)
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steel ‘arch buttresses’ forms the roof of the building.
The road layout of the transport system as well as the
functional system were seen as facilitative for the
user traffic. The coach station was planned to handle
1,500 coaches and accommodate 24,000 passengers
daily. The building is well inscribed in the panorama
of Kielce and in the consciousness of its citizens. It
has become a landmark of the city

At the turn of the 21% century, the object clearly
deteriorated and started to decline. After the fall of
the PKS (Motor Transport Company), a new investor
planned to demolish the blighted building and intended
to construct a shopping mall at its site. Due to the fervent
civic protests in 2013 the building was registered as a
historical property. In his statement, the Conservation
Officer for the Swictokrzyskie Province said that the
object was a unique example of architecture of the
Polish People’s Republic era, ranked one of the most
precious architectural achievements in Poland in the
1970s and 1980s of the 20™ century, and as such was
material evidence of the epoch.

In 2016, the city authorities along with the
Association of Polish Architects invited entries to
an open architectural competition to construct a
transport hub with a passenger information system
(redevelopment, extension and modernisation of the
existing coach station complex in Czarnowska 12 in
Kielce). On the 19" December 2016, the competition
jury awarded the First Prize to a studio Marcin
Kaminski Bartosz Bojarowicz Architects.

The modernisation works will commence in 2017.
The citizens hope that the object will have its life and
former quality restored.

6. The building of the ‘Supersam’ market in Warsaw -
an unhappy ending

The Warsaw’s ‘Supersam’ market [6] was designed
by Jerzy Hryniewiecki, Maciej Krasinski and Ewa
Krasinska, together with the structural engineers
Wactaw Zalewski, Stanistaw Ku$§ and Andrzej
Zérawski. The building was opened in June, 1962.
It was considered one of the most outstanding
achievements of Modernism in Poland. Its original
architecture and unique structure made the building
attractive. The largest grocery supermarket was
placed in a clear-span building with a floor space of
6.000 m?.

Despite a campaign led in order to salvage
the building, a precious architectural relic of the
Polish People’s Republic era, from demolition, the
supermarket was dismantled in December, 2006.
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szenie budowli. Uktad komunikacyjny i funkcjonalny
sprzyjal ruchowi uzytkownikéw. Dworzec docelowo
miat obstugiwaé 1500 autobuséw i 24 tys. pasazerow
w ciggu doby. Budynek dobrze wpisat si¢ w panora-
me Kielc i w §wiadomos$¢ mieszkancodw. Stat si¢ wi-
zytowka miasta.

W latach dwutysigcznych obiekt wyraznie zaczat
chyli¢ si¢ ku upadkowi. Nowy inwestor zamierzat
wyburzy¢ budynek i wybudowac w jego miejscu ga-
leri¢ handlowg. Wskutek silnych protestow spotecz-
nych w roku 2013 budowla zostata wpisana na liste
zabytkow. Swietokrzyski konserwator zabytkow
woswiadczeniustwierdzit, zeobiektm.in. stanowiuni-
kalny przyktad architektury PRL, uznawany za jedng
z cenniejszych realizacji architektonicznych w Pol-
sce w latach 70. 1 80. XX wieku i stanowi materialny
dokument epoki.

Wtladze miasta wraz z Stowarzyszeniem Archi-
tektow Polskich w 2016 roku rozpisaly otwarty
konkurs architektoniczny na budowe Centrum Ko-
munikacyjnego wraz z system informacji dla pa-
sazerow (przebudowa, rozbudowa i modernizacja
istniejgcego zespotu dworca autobusowego przy
ul. Czarnowskiej 12 w Kielcach). Sad konkursowy
w dniu 19 grudnia 2016 pierwszga nagrode¢ przyznat
pracowni Marcin Kaminski Bartosz Bojarowicz Ar-
chitekei.

Prace modernizacyjne rozpoczng si¢ w roku 2018.
Mieszkancy majg nadzieje, ze obiekt powroci do swej
swietnosci.

6. Budynek Supersamu w Warszawie -
zte zakonczenie

Warszawski Supersam [6] zostal zaprojektowany
przez Jerzego Hryniewieckiego, Macieja Krasinskie-
go 1 Eweg Krasinska oraz konstruktorow Wactawa
Zalewskiego, Stanistawa Kusia i Andrzeja Zoraw-
skiego. Obiekt otwarto w czerwcu 1962 r. Uzna-
wany byl za jedno z najwybitniejszych osiagnig¢
modernizmu w Polsce. Oryginalna architektura,
unikalna konstrukcja stanowity o walorach budowli.
W jednoprzestrzennym pawilonie o powierzchni
uzytkowej 6 tys. m? umieszczono najwigkszy samo-
obstugowy sklep spozywczy.

Pomimo przeprowadzenia kampanii na rzecz ura-
towania budynku przed wyburzeniem jako cenny za-
bytek architektury PRL-u, Supersam zostat rozebrany
w grudniu 2006 r.
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Photo 6. The supermarket in Pulawska street in Warsaw  Photo 7. The supermarket in Pulawska street in Warsaw
(source: muratorplus.pl) (source: warszawa.onet.pl)

Fot. 6. Budynek Supersamu w Warszawie przy ul. Putawskiej ~ Fot. 7. Budynek Supersamu w Warszawie przy ul. Putaw-
(Zrodio: muratorplus.pl) skiej (zrodto: warszawa.onet.pl)

Photo 8. The interiors of the ‘Supersam’ (source:  Photo 9. Theinteriors of the ‘Supersam’(source: Narodowe
histografy.pl) Archiwum Cyfrowe, syg. 51-253-4)

Fot. 8. Supersam — wnetrze (zrodlo: histografy.pl) Fot. 9. Supersam — wnetrze (zrodlo: Narodowe Archiwum
Cyfrowe, syg. 51-253-4)

Photo 10. The supermarket during demolition (source:  Photo 11. The supermarket during demolition (source:

culture.pl) czarnota.org)
Fot. 10. Supersam — okres burzenia budynku (zrodlo:  Fot. 11. Supersam — okres burzenia budynku (zZrodlo:
culture.pl) czarnota.org)
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In 2009, a design project of an office building with a
shopping area was issued and published. The building
named the Union Square was constructed.

7. Conclusions

The fate of modernist architecture turns out to be
pessimistic too frequently. Unfortunately, prominent
objects bearing witness to the spiritual and material
achievements of Modernism cease to exist.

Conservation measures play a fundamental role in the
field of protection of historical properties. Moreover,
initiatives organised at grass-root level by community
and civic movements are a significant factor. In the
cases when efforts are immense and shared within a
group, they find their culmination in a successful finale.
A property enters the register of objects of cultural
heritage and is under conservation protection, which
enables its survival and facilitates its preservation as
testimony of the past, but universal values.

The story of the coach station in Kielce is a positive
example. The facility, planned for demolition by
the new owner, was finally listed in the register of
historical properties and placed under protection as
a result of the actions taken by civic associations
and supported by the Conservation Officer’s civil
servants.

The fate of the building of the Supersam in Warsaw
is a sad example to remember. Despite the campaign
organised to salvage the object, the lack of appropriate
coordination of the community and civic groups as
well as of the conservation services brought about the
loss of the building — its demolition and clearance.

Creating lists of properties of great architectural
and historical value is a right and purposeful initiative
performed both by the representatives of community
and civic groups and specialists. Such lists should be
the basis for entering a precious historical property
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Photo 12. The Union Square office building constructed at
the site of the supermarket (source: okonet.pl)

Fot. 12. Biurowiec Plac Unii zrealizowany w miejscu
budynku Supersamu (zZrodlo: okonet.pl)

W 2009 roku przedstawiono projekt wzniesienia
na dzialce biurowca z czgscia handlowa. Budynek
pod nazwa Plac Unii zostat zrealizowany.

7. Zakonczenie

Los dziet architektury modernistycznej zbyt cze-
sto jest pesymistyczny. Niestety odchodzg w niebyt
obiekty wybitne §wiadczace o osiggnigciach ducho-
wych i materialnych epoki modernizmu.

Fundamentalne znaczenie ochronne maja dzia-
fania konserwatorskie, ale rowniez istotnym czyn-
nikiem sg zorganizowane dziatania podejmowane
oddolnie przez ruchy spoleczne. W przypadkach,
w ktorych wektor tych dziatan jest silny i wspdl-
ny dochodzi do finalu bedacego sukcesem. Obiekt
zostaje wpisany na list¢ zabytkow i zostaje objety
ochrong konserwatorska, co umozliwia przetrwanie
i zachowanie go jako $wiadectwa warto$ci minio-
nych, ale uniwersalnych.

Pozytywnym przyktadem jest los budynku dworca
PKS w Kielcach. Obiekt, ktdry przez nowego wla-
Sciciela zostat przeznaczony do wyburzenia, dzigki
dziataniom podjetym przez stowarzyszenia miesz-
kancow, a popartym przez panstwowe stuzby kon-
serwatora zabytkow umozliwily wpisanie go na listg
zabytkow 1 objecie ochrong.

Negatywnym przyktadem jest budynek Supersa-
mu w Warszawie. Pomimo przeprowadzenia kam-
panii na rzecz uratowania obiektu, brak wlasciwe;j
koordynacji dziatan spotecznych i stuzb konserwa-
torskich spowodowat utrate budynku — wyburzenie
i likwidacje.

Stusznym i celowym dzialaniem jest tworzenie
przez przedstawicieli grup spotecznych i specjalistow
list obiektow architektury o duzych walorach archi-
tektonicznych, ktore sg Swiadectwem wartosci epoki
minionej. Utworzona lista winna by¢ podstawa do
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in the register of objects of cultural heritage and wpisania warto§ciowego obiektu na liste zabytkow
taking it into conservation protection. Frequently, i objecie go ochrong konserwatorska. Niejednokrot-
this particular measure is the only method to salvage nie to jedyna droga do uratowania wartosciowego
a valuable object from demolition. obiektu przed wyburzeniem.
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Abstract

A key element of the system [ACS is the verification of the parcel area covered by direct subsidies. Control measurements
are made by FOTO method, and in a small part by the direct inspection. Statistical methods are used in estimating the
significance of differences. The results of such analysis are correct only when the empirical distributions are consistent
with the theoretical ones. The problem of distribution adequacy is presented in the paper on the examples of three objects.
The hypotheses about the possibility of using the commonly used distributions, and the appropriateness of the modification
of the density curves were verified. By questioning the effectiveness of current methods of analysis, the authors point
to the advantages of robust statistics. The cognitive effect of the analysis is to indicate the Laplace distribution as
a statistical model of the analyzed differences. Research is concluded by proposal of post-control report that sums up
relevant properties of the survey results.

Keywords: system IACS, verification of parcel area, robust statistics

Streszczenie

Kluczowym elementem programu [ACS (Integrated Administration and Control System) jest weryfikacja powierzchni dzia-
tek objetych doplatami bezposrednimi. Pomiary kontrolne wykonywane sq metodg FOTO, a w niewielkiej czesci w ramach
inspekcji terenowej. W ocenie istotnosci roznic zastosowanie znajdujq metody statystyczne. Wyniki takich analiz sq popraw-
ne pod warunkiem zgodnosci rozkladow empirycznych z teoretycznymi. Problem adekwatnosci rozktadow zaprezentowano
w artykule na przykladzie trzech obiektow. Zweryfikowano hipotezg¢ o mozliwosci wykorzystania powszechnie stosowanych
rozktadow oraz zbadano zasadnos¢ modyfikacji krzywych gestosci. Poddajgc w watpliwosé efektywnosé stosowanych obec-
nie metod analizy, Autorzy wskazujg na zalety metod statystyki odpornosciowej. Poznawczym efektem analizy jest wskazanie
rozktadu Laplace’a jako statystycznego modelu analizowanych roznic. Konkluzje badan stanowi propozycja raportu pokon-
trolnego zawierajgcego istotne wilasciwosci wynikow pomiaru.

Stowa kluczowe: program IACS, weryfikacja powierzchni dziatek, statystyka odpornosciowa

1. Introduction

ARiIMR (Restructuring and Modernization of the
Agriculture Agency) studies, reports and analysis
of the control measurements of parcels covered by
direct payments always contain several measures,
namely: the number of reference parcels, the areas
measured by farmers incorrectly, the percentage of

1. Wprowadzenie

W opracowaniach ARIMR raporty i analizy wy-
nikow pomiarow kontrolnych powierzchni dziatek
objetych doptatami bezposrednimi standardowo za-
wieraja kilka miar, a mianowicie: liczbe dziatek re-
ferencyjnych, ktérych powierzchnie zostaly przez
rolnikow okreslone btednie, procentowy udziat tych
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these parcels in the studied population, the mean
or median observed of the surface differences [6-
9]. In literature about the subject problem there
are no advanced statistical studies. In statistical
data analysis, such as testing hypotheses about the
similarity of distributions, it is assumed, that the
measurement results are random variables with a
normal distribution. Such assumption without proper
verification is not eligible. Investigation of numerical
models quality worked out by photogrammetric
methods shows, that errors of these models are better
approximated by the Laplace's distribution. The
histograms of empirical Digital Elevation Models
(DEM) have a characteristic shape, they are centered
near zero and they have so called "long tails" [1-3,
11]. For clarity of interpretation of the results, it is
necessary to eliminate outliers data. Such effect can
be achieved using the robust method [4].

A separate question to be clarified at the stage of
data preparation for statistical analysis is the definition
of a random variable. In practice, the elements of the
set are calculated as absolute values in the differences
between the reference parcel areas that were given by
farmers and the results of the control survey. However,
the subject of the analysis may also be relative values
ofthese differences The problem is significant because,
as experience shows, these variables are characterized
by different distributions [3].

The problem of the properties of random variables
tested and their corresponding methods of analysis
have been investigated on the basis of the data
obtained for three objects. Two specific problems
of statistical interpretation were considered. One
was to analyze the differences in the area of areas
between farmers' declarations and FOTO control
results, the second one was to compare the results
of measurements made on the same objects at two
year interval. An attempt was made to determine the
theoretical distribution of the random variable best
fitted to empirical data. It should be emphasized, that
the theoretical distributions fitting to empirical data
are of practical importance. On the one hand, they
record the results of the measurements in a compact
way, and on the other hand they enable the correct
use of statistical tests. The result of the research is a
proposition to take into account the statistical robust
method in preparing IACS reports.
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dziatek w badanej populacji, §rednie lub mediany ob-
serwowanych réznic powierzchni [6-9]. W literaturze
przedmiotowego problemu brakuje zaawansowanych
opracowan statystycznych. W statystycznych anali-
zach danych, np. przy testowaniu hipotez o podobien-
stwie rozktadéw, przyjmuje si¢, ze wyniki pomiaru
sg zmiennymi losowymi o rozktadzie normalnym.
Zatozenie takie bez odpowiedniej weryfikacji nie jest
uprawnione. Badania jako$ci numerycznych modeli
opracowanych metodg fotogrametryczng pokazu-
ja, ze btedy tych modeli lepiej aproksymuje rozktad
Laplace’a. Histogramy empirycznych modeli NMT
maja charakterystyczny ksztatt, sa skupione w pobli-
7u zera oraz posiadaja tzw. ,,dlugie ogony™ [1-3, 11].
Dla przejrzystosci interpretacji wynikow konieczne
jest wyeliminowanie danych odstajacych. Taki efekt
mozna uzyskac, stosujac metode statystyki odporno-
sciowej (robust method) [4].

Oddzielng kwestig, ktorg nalezy uscisli¢ na etapie
przygotowania danych do analiz statystycznych, jest
zdefiniowanie zmiennej losowej. W praktyce ele-
menty zbioru obliczane sg jako bezwzgledne war-
tosci roznic pomiedzy powierzchniami dziatek refe-
rencyjnych podanymi przez rolnikow oraz wynikami
pomiaru kontrolnego. Jednak przedmiotem analizy
moga by¢ rowniez przedmiotowe réznice w postaci
wartosci wzglednych. Problem jest istotny, bowiem
jak pokazuja doswiadczenia, wymienione zmienne
charakteryzujg si¢ roznymi rozktadami [3].

Problem wiasciwo$ci badanych zmiennych losowych
1 adekwatnych im metod analizy podj¢to w prezento-
wanym tu artykule, na przyktadzie danych pozyska-
nych dla trzech obiektoéw. Rozwazono dwa szczegdto-
we zadania statystycznej interpretacji. Jedno dotyczyto
analizy ro6znic powierzchni dzialek pomigdzy dekla-
racja rolnikdéw a wynikiem kontroli metoda FOTO,
w drugim poréwnano rezultaty pomiaréw wykonanych
na tych samych obiektach w odstepie dwodch lat. Pod-
jeto prébe okreslenia rozkladu teoretycznego badanej
zmiennej losowej najlepiej dopasowanego do danych
empirycznych. Warto podkresli¢, ze teoretyczne roz-
ktady dopasowane do danych empirycznych maja
znaczenie praktyczne. Z jednej strony w zwarty spo-
sob zapisujg wyniki pomiardéw, z drugiej umozliwiaja
poprawne stosowanie testow statystycznych. Efektem
wykonanych badan jest propozycja konstrukcji raportu
uwzgledniajaca metode statystyki odpornos$ciowe;.
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2. Survey of reference parcels areas by
the FOTO method

The primary unit of the Land Parcel Identification
System (LPIS) is the reference parcel. It is an
agricultural land use, geographically defined and
with an assigned identification number. Parcel
areas are updated in the LPIS database based
on orthophotomap on economic scope PEG
and reference borders and GO. PEG is the area
determined in the [ACS system as the maximum land
use area where crops may appear and are eligible
for payment, while GO is the boundaries of land
parcels updated according to actual use. Note that
the definition of agricultural land eligible for direct
payments differs from the definition of agricultural
land in Land and Buildings Register.

Every year, 5% which is about 70,000 farms is
controlled [14]. The measurement is done by the
FOTO method because the field inspection of such
a number of farms would be too expensive. The
FOTO method utilises aerial photographs and high
precision satellite images as well as field photos
that complement and help identifying crops. Data
from the LPIS database on the area are applied
to orthophotomaps, then the vectorization of
agricultural parcels is conducted. As a result, the
boundaries of the parcels and the areas not eligible
for payment are pre-identified. Photographs and
other information from the field inspection are
applied to the orthophotomap and are returned to the
inspectors, who carry out the proper vectorization
(Fig. 1). The areas of the reference parcels should
be determined precisely, because it determines the
amount of direct payments.

The  orthophotomaps necessary for the
implementation of the inspections are produced on
the basis of aerial photographs or satellite imagery.
The orthophotomap pixel dimensions are of 25
cm or 50 cm. Aerial images previously used by
ARIMR were recorded in visible (VIS) and near
infrared (NIR) range with a Root-Mean-Square-
Error (RMSE) of £0.5 m for resolution of 0.25 m
and £1.25 m for 0.5 m resolution. In the satellite
imagery VIS and NIR spectral ranges are recorded.
Resolutions of the imagery from the satellites used
in the studies are: Quick Bird — 0.6 m, GeoEye — 0.5
m, IKONOS - 1.0 m, WorldView1 — 0.5 m. The final
product is an orthophotomap in the scale of 1:5000
in Poland CS92 coordinate system.

2. Pomiar powierzchni dziatek referencyjnych
metoda FOTO

Podstawowa jednostka systemu LPIS (Land Parcel
Identification System) jest dziatka referencyjna. Jest
ona uzytkiem rolnym, okreslonym pod wzgledem
geograficznym i1 z przyporzadkowanym numerem
identyfikacyjnym. Powierzchnie dziatek sg aktualizo-
wane w bazie danych LPIS w oparciu o ortofotomape
w zakresie ewidencyjno-gospodarczym (PEG) oraz
granic odniesienia GO. PEG jest powierzchnig okre-
slang w programie IACS jako maksymalny obszar,
na ktorym moze wystgpowac uprawa kwalifikowana
do ptatnosci, GO natomiast oznaczajg granice dzia-
lek ewidencyjnych uaktualnione wedtug faktycznego
stanu uzytkowania. Zauwazmy, ze definicja gruntow
rolnych kwalifikujacych sie do ptatnosci bezposred-
nich rézni si¢ od definicji uzytkéow rolnych w EGiB.

Rocznie kontrolg objetych jest 5%, czyli ok. 70 000
gospodarstw [ 14]. Pomiar wykonuje si¢ metodg FOTO,
bowiem inspekcja terenowa takiej liczby gospodarstw
bytaby zbyt kosztowna. Podstawe metody FOTO sta-
nowia precyzyjne zobrazowania satelitarne badz lotni-
cze oraz zdjecia wykonane w terenie, ktore uzupetniaja
1 pomagaja w identyfikacji upraw. Dane z bazy LPIS
dotyczace obszaru sg nakladane na ortofotomapy, na-
stepnie prowadzona jest wektoryzacja dziatek rolnych.
W jej wyniku wstepnie identyfikuje si¢ granice dzia-
ek rolnych oraz powierzchnie niekwalifikujace sie do
ptatnos$ci. Zdjecia oraz pozostale informacje z inspek-
cji terenowej sg nanoszone na ortofotomape i wracaja
do inspektoréw kameralnych, ktérzy przeprowadzaja
wiasciwa wektoryzacje (rys. 1). Powierzchnia dziatki
referencyjnej powinna by¢ wyznaczona doktadnie, bo-
wiem decyduje o wysokosci doptat bezposrednich.

Ortofotomapy niezbedne do realizacji kontroli sa
wykonywane na podstawie zdje¢ lotniczych badz
zobrazowan satelitarnych. Wielko$¢ piksela ortofoto-
mapy w skali terenowej wynosi 25 cm badz 50 cm.
Zdjecia lotnicze dotychczas wykorzystywane przez
ARIMR rejestrowane byly w zakresach VIS (zakres
widzialny) oraz NIR (bliska podczerwien) z bile-
dem RMSE (Root-Mean-Square-Error) £0,5 m dla
rozdzielczos$ci terenowej zobrazowania 0,25 m oraz
+1,25 m dla rozdzielczosci 0,5 m. W zobrazowaniach
satelitarnych rejestrowane sa zakresy spektralne
VIS+NIR. Rozdzielczosci przyktadowych zobrazo-
wan z satelitow wykorzystywanych do opracowan to
Quick Bird—0,6 m, GeoEye—0,5 m, IKONOS—1,0m,
WorldViewl1 — 0,5 m. Produktem finalnym jest orto-
fotomapa w skali 1:5000 w uktadzie PL-1992.
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Fig. 1. Comparison of vectors of reference and agricultural land use

Rys. 1. Porownanie wektorow dziatki referencyjnej oraz rolnej

According to the Specifications [13], the effect
of ambiguity of border vectorization on parcel area
is estimated by the tolerance T determined as the
product of its circumference O and the width of the
buffer zone B:

T=B-0 (1

The width of the buffer zone is determined arbitrarily
by the ARiMR for the whole area, based on the results
of the validation of the provided orthophotomap. The
validation process is described in detail in the papers
[2] and [5]. In case when ARMIR does not validate
the orthophotomaps, an inspector calculates the width
of the buffer zone as:

B=15"R, )
where R, is the resolution of the orthophotomap in m.

In the case where the difference between the
declared area and the control’s result exceeds the
value of T, then the error of the farmer's declaration
1s declared. If the area is exceeded, the code DR13+
is given and, in case of underestimation, the code
DR13-.

3. Research of the compatibility of declarations with
the actual state

The presented research material is the result of
the control of three objects in the West Pomerania
Province. A total of 511 parcels in the year of
2014 were controlled and 365 parcels in 2016. The
subject of the analysis was the number of plots of
land for which T was exceeded and the percentage
of incorrect declarations in two above mentioned
periods. Tolerance T-values have been included in the
analysis for the different widths of the buffer zones.
In 2014, the buffer zone was 0.75 m and in 2016
it was 1.25 m. Consequently, the above data were
analyzed in the second row based on the harmonized
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Zgodnie ze Specyfikacjami [13] wplyw niejed-
noznaczno$ci wektoryzacji granic na wielko$¢ po-
wierzchni dziatki szacuje si¢ za pomocg tolerancji T
wyznaczanej jako iloczyn jej obwodu O 1 szerokosci
strefy buforowej B:

T=B-0 (1)

Szerokos¢ strefy buforowej jest okreslana arbi-
tralnie przez ARIMR dla calego obszaru na podsta-
wie wynikéw walidacji dostarczonych ortofotomap.
Proces walidacji opisano szczegdétowo w [2] i [5].
W przypadku braku walidacji ortofotomap przez
ARMIiR wykonawca oblicza szeroko$¢ strefy bufo-
rowej jako

B=15"R 2)
gdzie R jest rozdzielczo$cig ortofotomapy, m.

W przypadku gdy réznica pomiedzy powierzchnia
deklarowang a wynikiem kontroli przekracza warto$¢
T, wowczas stwierdza si¢ btad deklaracji rolnika.
W przypadku zawyzenia wielkosci powierzchni
dzialce nadawany jest kod DR13+, a w przypadku
niedoszacowania powierzchni kod DR13-.

3. Badania poprawnosci zgodnosci deklaraciji
ze stanem faktycznym

Prezentowany materiat jest rezultatem kontroli
trzech obiektow w wojewddztwie zachodniopomor-
skim. W roku 2014 skontrolowano acznie 511 dzialek,
aw 2016 roku 365 dziatek. Przedmiotem analizy byly:
liczba dziatek, dla ktorych stwierdzono przekroczenie
warto$ci T, oraz procentowy udzial nieprawidlowych
deklaracji w dwoch okresach. W analizach przy wy-
znaczaniu warto$ci tolerancji T uwzgledniono rdzne
szerokosci stref buforowych. W 2014 roku strefa bufo-
rowa wynosita 0,75 m, a w 2016 roku 1,25 m. Konse-
kwentnie w drugiej kolejnosci przeanalizowano wyzej
wymienione wielkosci przygotowane na podstawie
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data. The standardization consisted of calculating
new tolerances for a uniform buffer’s width.

Compatibility of the farmer's declaration with the
actual situation is best illustrated by the number of
parcels for which codes DR13+ or DR13- have been
assigned. The number of plots of land with significant
discrepancies in declared area and actually used in
2014 and 2016 equals 126, corresponding to 14.4%
of total data. Significant differences can be observed
in individual years. In 2014, 18% of plots of land
were declared wrongly (92 out of 511), and in 2016
only 9% (34 out of 365). The research question is
to determine the significance of this difference in
the aspect of statistical properties of data sets. The
answer is ambiguous. Positive answer may indicate a
better recognition of the system by farmers, but the
decrease in the number of parcels with incorrectly
declared area may also be the result of a different
buffer zone acceptance. To verify this, a new width
of the buffer zone same as in 2016 (1.25 m), was
introduced for 2014 data, and new tolerances
were calculated for each plot of land. With these
assumptions, the number of parcels with incorrectly
declared area has decreased from 92 to 80, from
18% to 16% of the total number of measurements.
Let us note, that this result is practically identical to
the value of 16.1% obtained for the West Pomerania
Province in 2007 [9].

ujednoliconych danych, ktore polegatlo na obliczeniu
nowych tolerancji dla jednolitej szerokosci bufora.

Zgodno$¢ deklaracji rolnikéw ze stanem faktycz-
nym najlepiej obrazuje liczba dziatek, dla ktérych
przyporzadkowano kody DR13+ lub DR13-. Liczba
dziatek, w przypadku ktorych stwierdzono istotne
rozbieznosci powierzchni deklarowanej i faktycznie
uzytkowanej w latach 2014 i 2016, wynosi lacznie
126, co odpowiada 14,4% ogdlnej liczby danych.
Znaczne roznice mozna zaobserwowaé W poszcze-
g6lnych latach. W roku 2014 blednie zadeklarowano
18% dziatek (92 dziatki sposrod 511), a w 2016 jedy-
nie 9% (34 sposrod 365). Zagadnieniem badawczym
jest okreslenie istotnosci tej roznicy w aspekcie staty-
stycznych wilasciwosci zbiorow danych. Odpowiedz
nie jest jednoznaczna. Pozytywna moze wskazywac
na lepsze rozpoznanie problemu funkcjonowania
systemu przez rolnikéw, ale zmniejszenie si¢ liczby
dziatek, ktorych powierzchnie zadeklarowano nie-
prawidlowo, moze réwniez wynikac z przyjecia r6z-
nej strefy buforowej. Aby to sprawdzi¢, dla danych
z 2014 roku wprowadzono nowg szerokos¢ strefy bu-
forowej, taka jak w 2016 r., tj. 1,25 m, po czym dla
kazdej dziatki obliczono nowe tolerancje. Przy tych
zatozeniach liczba dziatek o zle zadeklarowanej po-
wierzchni zmniejszyta sie z 92 do 80, czyli z 18% do
16% ogolnej liczby pomiarow. Odnotujmy, ze wynik
ten jest praktycznie identyczny z wartoscig 16,1%,
jaki uzyskano dla wojewddztwa zachodniopomor-
skiego w 2007 r. [9].

Table 1. Number of parcels with DR13 code for different buffer zone width
Tabela 1. Liczba dziatek z kodami DR13 dla roznej szerokosci strefy buforowej

2016 2014 2014 (buffer width 1.25 m) Difference between 2014 and 2016 (buffer width 1.25 m)
DR13+ 18 51 44 7
DR13- 16 41 36 5
total 34 92 80 12

4. Properties of empirical data distribution

Figure 2 shows the histograms for three random
variables, each slightly differentiating the declared
and measured use area. These are:

1. Absolute differences in declared and measured
area Ap.

2. Relative differences Ap/p.

3. Distances of boundaries (Author's designation),
defined as mean distances between declared
and measured boundaries d. It is a variable
characterizing the relative differences:

4. Whasciwosci rozktadu danych empirycznych

Na rysunku 2 przedstawiono histogramy wyznaczo-
ne dla trzech zmiennych losowych, z ktorych kazda
W nieco inny sposob charakteryzuje roznice po-
wierzchni deklarowanych i pomierzonych. Sg to:

1. Bezwzgledne roznice powierzchni deklarowane;
1 zmierzonej Ap.

2. Roznice wzgledne Ap/p.

3. Odlegtos¢ granic (okre$lenie Autorow), wyzna-
czana jako $rednia odleglo$¢ pomiedzy granicami
deklarowanymi i zmierzonymi d, jest zmienng cha-
rakteryzujacag réznice wzgledne:
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Fig. 2. Distribution histograms for the entire population of 876 parcels: a) absolute area differences, b) relative areas

differences, c) average border distances

Rys. 2. Histogramy rozktadow dla calej populacji 876 dzialek: a) bezwzgledne roznice powierzchni, b) wzgledne roznice

powierzchni, ¢) Srednie odleglosci granic

The histograms for the analyzed variables Ap, Ap/p,
d are characterized by "long tails" and a large focus
near zero. On the basis of a visual assessment, the
hypothesis, that the population model is a normal di-
stribution, may be rejected. Objective evaluation was
obtained by comparing the empirical distributions of
the data for the years 2014 and 2016 for variables Ap,
Ap/p, d with normal, normal-modified distributions
[4] and Laplace distribution. The probability density

functions in the above distributions are:
—normal
1
fy(X)= exp 4
N o 4)
where: X — random variable (Ap, Ap/p, or d), u — mean
value, ¢ — standard deviation;
1 —(x-m)?
f,(x)= exp (%)
2 2 -NMAD | 2- NMAD?

— modified normal distribution
where: m — median, NMAD — normalized absolute
deviation of median calculated as

—(x—u)*
20‘2

NMAD =1.4826- Median(|x; — m|) (6)
— Laplace’ distribution
1 —(x—m)?
f,(X)=——exp| ———— 7
() b exp[ b J (7

where b is a scale parameter calculated as
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Ksztatty histogramow dla analizowanych zmiennych
Ap, Ap/p, d charakteryzuja si¢ ,,dlugimi ogonami” i du-
zym skupieniem w poblizu zera. Juz na podstawie wi-
zualnej oceny mozna odrzuci¢ hipoteze, ze modelem
populacji jest rozklad normalny. Obiektywna ocene
uzyskano, poréwnujac rozklady empiryczne danych
z lat 2014 i 2016 dla zmiennych Ap, Ap/p, d z rozkta-
dami: normalnym, zmodyfikowanym normalnym [4]
i rozktadem Laplace’a. Funkcje gestosci prawdopodo-
bienstwa w tych rozktadach majg postac:

— normalny
—u—ufJ

“)

fyv(X)= ! exp
N \N27 o 202
to$¢ srednia, 6 — odchylenie standardowe;
— zmodyfikowany rozktad normalny
1
f7(x) = exp ()
2 Jam -NMAD T\ 2- NMAD?

gdzie: m — mediana, NMAD — znormalizowane od-

gdzie: X — zmienna losowa (Ap, Ap/p lub d), p — war-
~(x-=m)’
chylenie bezwzgledne mediany obliczane jako

NMAD =1.4826- Median(|x; — m|) (6)
—rozktad Lapalace’a
1 —(x—m)?
f X)=— _—
£(X) 5 exp{ b J (7

gdzie b to parametr skali obliczany jako
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n
1
b= [x; —m
i=1

the Laplace distribution variance equals to:
Var=2-b* (8)

Matching empirical data to theoretical distribution is
presented in the form of quantile plots Q-Q, depicting
the relationship between empirical and theoretical
quantiles. As a measure of the accuracy of fitting
empirical data into the theoretical distribution, Root-

Mean-Square-Deviation (RMSD) was calculated
using the formula:
RMSD = ©)

where: 'y, — deviations between the empirical
histogram and assumed probability density function,
N — population size.

The thesis on the similarity between empirical
and theoretical distribution was verified using the
Shapiro-Wilk test and the A-Kolmogorov-Smirnov
test. After identification of outlying observations by
the Grubbs test, elements of the robust statistics were
introduced.

Table 2. Parameters of normal distribution for empirical data

n
1
b= [x; —m
i=1

wariancja w tym rozktadzie wynosi:
Var=2-b* (8)
Dopasowanie danych empirycznych w rozklad teo-
retyczny przedstawiono w postaci wykresow kwanty-
lowych Q-Q, obrazujacych zalezno$¢ kwantyli teore-
tycznych od empirycznych. Jako miar¢ doktadnosci
wpasowania danych empirycznych w rozktad teore-
tyczny przyjeto RMSD (Root-Mean-Square-Devia-
tion) obliczang wedhug wzoru:

RMSD = (9)

gdzie: y, — odchylki pomigdzy histogramem empi-
rycznym i przyjeta funkcja gestosci prawdopodo-
bienstwa, n — liczebnos¢ populacji.

Teze o podobienstwie rozkladu empirycznego
do teoretycznego zweryfikowano za pomoca testu
Shapiro-Wilka oraz testu A-Kotmogorowa-Smirnowa.
Elementy statystyki odpornosciowej wprowadzono
po identyfikacji obserwacji odstajacych za pomoca
testu Grubbsa.

Tabela 2. Parametry rozktadu normalnego dla danych empirycznych

Random variable
Ap Aplp dm]
2014 sample size 508
Mean -43m? -0.038 -0.09m
Standard deviation 992.20 m? 0.412 1.91m
Kurtosis 14.38 250.84 52.02
RMSD 0.531 0.841 0.567
Shapiro-Wilk statistics W 0.713 0.174 0.683
W — critical 5% significance level 0.994
A-Kotmogorowa 44 6.91 4.64
A max — 95% significance level 136
2016 sample size 363
Mean 66.0 m* -0.006 0.070 m
Standard deviation 937.05 m? 0.175 1.454m
Kurtosis 52.78 168.71 48.78
RMSD 0.482 0.713 0.497
Shapiro-Wilk statistics W 0.627 0.282 0.625
W — critical 5% significance level 0.992
A-Kotmogorowa 3.02 4.59 2.93
A max — 95% significance level 136
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The results of the measurement were first analyzed
for outlier observations. Using the Grubbs test, three
observations were rejected for the Ap, Ap/p, in the
2014 data set and two observations in the 2016 data
set. The results of fitting the remaining empirical data
into the normal distribution are summarized in Table
2 and Figure 3.

Wyniki pomiaru w pierwszej kolejnosci poddano
analizie pod katem wystgpowania obserwacji odsta-
jacych. Stosujac test Grubbsa, odrzucono trzy obser-
wacje dla zmiennych Ap, Ap/p, d w zbiorze danych
z 2014 roku i dwie obserwacje w zbiorze danych
z roku 2016. Wyniki wpasowania pozostatych danych
empirycznych w rozklad normalny zestawiono w ta-
beli 2 i na rysunku 3.

Fig. 3. O-Q plots fitting empirical data into normal distribution: a) data from 2014, b) data from 2016
Rys. 3. Wykresy O-Q wpasowania danych empirycznych w rozklad normalny: a) dane z 2014 roku, b) dane z 2016 roku

The results of the analysis shown in Figure 3a, Figure
3b and in Table 2 indicate that Ap, Ap/p, d are not
random variables with normal distribution. Statistical
values of the Shapiro-Wilk test in each case are well
below the critical level in both populations. The normal
distribution hypothesis should also be rejected in case
of the A-Kolmogorov-Smirnov test comparing the
cumulative curve with the distribution function. The
distribution of variables Ap, Ap/p, d differs significantly,
although they are all leptokurtic and therefore very
slim. The largest concentration around the mean is the
distribution of the variable Ap/p (high kurtosis). This
distribution is also the most common deviation from
the normal distribution (large RMSD wvalues, 4 and
very low W values). The other two distributions have
similar parameters, but the distribution of the variable
d differs from the normal distribution by more than the
distribution of the variable Ap. The results of fitting
empirical data into the modified normal distribution
and Laplace distribution are shown in Figure 4 and 5
and in Tables 3 and 4.
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Wyniki analizy pokazane na rysunkach 3a i 3b oraz
w tabeli 2 wskazuja, ze Ap, Ap/p, d nie sg zmiennymi
losowymi o rozktadzie normalnym. W obu badanych
populacjach wartosci statystyki W testu Shapiro-Wilka
sa w kazdym przypadku znacznie mniejsze niz poziom
krytyczny. Hipoteze o rozkladzie normalnym odrzu-
ci¢ takze nalezy w przypadku testu 1-Kotmogorowa-
Smirnowa poréwnujacego krzywa kumulacyjng z dys-
trybuantg. Rozktady zmiennych Ap, Ap/p, d znacznie
si¢ r0znig, jakkolwiek wszystkie majg charakter lepto-
kurtyczny, a wigc bardzo wysmukty. Najwicksze sku-
pienie wokot wartosci $redniej ma rozklad zmiennej
Ap/p (duze wartosci kurtozy). Rozklad ten najbardziej
tez odstaje od rozktadu normalnego (duze wartoSci
RMSD, 4 i bardzo mate wartosci statystyki W). Pozo-
state dwa rozktady maja zblizone do siebie parametry,
z tym ze rozktad zmiennej d rozni si¢ od rozktadu nor-
malnego minimalnie bardziej niz rozktad zmiennej Ap.
Wyniki wpasowania danych empirycznych w zmody-
fikowany rozktad normalny i rozktad Laplace’a przed-
stawiono na rysunkach 4 i 5 oraz w tabelach 3 1 4.
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Table 3. Parameters of modified normal distribution for empirical data

Tabela 3. Parametry zmodyfikowanego rozkladu normalnego dla danych empirycznych

Random variable

A | Aplp diml
2014 sample size 508
Median 0.0 m? 0.0 0.0m
NMAD 317.62 m? 0.030 0.56m
RMSD 2372 7.292 2.170
A-Kolmogorov 1.84 1.65 1.67
A'max — 95% significance level 1.36
2016 sample size 363
Median 0.0m? 0.0 0.0m
NMAD 296.52 m? 0.022 0.46m
RMSD 1777 3.819 1.754
A-Kolmogorov 1.67 138 1.57

A max — 95% significance level 1.36

Fig. 4. O-Q plots fitting empirical data into normal distribution modified: data from 2014, b) data from 2016

Rys. 4. Wykresy O-Q wpasowania danych empirycznych w rozktad normalny zmodyfikowany: a) dane z 2014 roku,
b) dane z 2016 roku

Fig. 5. O-Q plots fitting empirical data intoLaplace s distribution: a) data from 2014, b) data from 2016
Rys. 5. Wykresy Q-0 wpasowania danych empirycznych w rozklad Laplace’a: a) dane z 2014 roku, b) dane z 2016 roku
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Table 4. Parameters of Laplace distribution for empirical data

Tabela 4. Parametry rozkladu Laplace’a dla danych empirycznych

Random variable
Ap Aplp d[m]
2014 sample size 508
Median 0.0m? 0.0 0.0m
B 0.049 m? 0.080 0.847 m
+/ Variance 0.0690 m? 0.1132 1.1984 m
RMSD 0.795 2362 0.897
A-Kolmogorov 1.93 2.48 2.02
A max — 95% significance level 1.36
2016 sample size 363
Median 0.0 m? 0.0 0.0m
B 0.044 m? 0.048 0.678 m
~/Variance 0.0621 m* 0.0676 0.9584m
RMSD 0.508 1.130 0.551
A-Kolmogorov 1.80 1.87 1.56
A'max — 95% significance level 1.36

From the 2-Kolmogorov-Smirnov test, it is clear that
with a probability greater than 95%, the hypothesis
that the empirical data have a normal and Laplace's
distribution is to be rejected. At the same time, it is
concluded from those two distributions, that empirical
data better approximates Laplace distribution.
However, the RMSD values of all variables for Laplace
distribution are higher than for normal distribution. The
modified normal distribution differs significantly from
the empirical data. Research confirms the significant
influence of both the random factor and the off-balance
factors. Data sets can not therefore be qualified as
coming from the same population. Data histograms have
features that predispose them to the Laplace distribution
or modified normal distribution (large focus around
0 and "long tails"). However, even for them the size of
outliers in measurements are too large, as can be seen
in Q-Q plots. In this situation, it seems appropriate
to use a robust approach by filtering diverging data,
which is supposed to belong to another population.
It was found that the identification of diverging
observations by the Grubbs test is not correct because
the populations do not have a normal distribution
and show large variances. For this reason, the
alternative often used in measuring problems is to
reject observations that do not fall within the range of
[u.. — 20, u_ + 26]. For such reduced sets
match tests to normal, modified normal and Laplace
distributions were performed (Table 5).

The RMSD values and the A-Kolmogorov test
result indicate that there are no reasons for rejecting
the hypothesis that the model of the corrected set

62

Z testu A-Kolmogorowa-Smirnowa wynika, ze
z prawdopodobienstwem powyzej 95% nalezy odrzuci¢
hipotezg, ze dane empiryczne maja rozktad zmodyfiko-
wany normalny i Laplace’a. Jednocze$nie na podstawie
dwoch rozpatrywanych powyzej rozktadow stwierdza
sie, ze dane empiryczne lepiej przyblizajg rozklad La-
place’a. Wartosci RMSD wszystkich zmiennych dla roz-
ktadu Laplace’a sa jednak wigksze niz w przypadku roz-
ktadu normalnego. Zmodyfikowany rozklad normalny
odbiega za$ znacznie od danych empirycznych. Bada-
nia potwierdzajg istotny wplyw czynnika losowego, jak
i czynnikow generujacych wartosci odstajace. Zbioréw
danych nie mozna kwalifikowa¢ jako pochodzacych
z tej samej populacji. Histogramy danych posiadaja ce-
chy predysponujace do rozktadu Laplace’a lub zmodyfi-
kowanego rozktadu normalnego (duze skupienie wokot
0 i dlugie ,,ogony”), nawet dla nich wielkosci obserwa-
cji odstajacych sg zbyt duze, co mozna zaobserwowac
na wykresach Q-Q. W tej sytuacji wlasciwe wydaje si¢
zastosowanie podejscia odpornosciowego polegajacego
na odfiltrowaniu danych odstajacych, ktore z zatozenia
nalezg do innej populacji. Stwierdzono, ze identyfikacja
obserwacji odstajacych testem Grubbsa nie jest popraw-
na, gdyz populacje nie maja rozktadu normalnego i wy-
kazuja duze wariancje. Alternatywa czgsto stosowang
w zagadnieniach pomiarowych jest odrzucenie obserwa-
cjiniemieszczgcych si¢ w przedziale [u, —20, U, +20, ].
Dla tak wydzielonych zbioréw przeprowadzono testy
zgodnosci z rozktadami: normalnym, zmodyfikowanym
normalnym i Laplace’a (tabela 5).

Wartosci RMSD oraz wynik testu A-Kotmogorowa
wskazuja, ze nie ma podstaw dla odrzucenia hipotezy,
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Table 5. Results of fitting distributions into empirical data

Tabela 5. Wyniki wpasowania rozkladow w dane empiryczne

Normal distribution Modified normal distribution Laplace distribution
2014 2016 2014 2016 2014 2016
Ap variable 32 observations discarded in 2014, and 17 in 2016
RMSD 0.326 0.295 0.728 0.722 0.336 0.315
A-Kolmogorov 2.82 2.76 2.16 1.14 1.24 1.04
A'max — 95% significance level 1.36
Aplp variable 13 observations discarded in 2014, and 11in 2016
RMSD 0.515 0.544 1.814 1.566 0.687 0.429
A-Kolmogorov 4.05 2.86 1.78 1.62 1.84 1.39
A'max — 95% significance level 1.36
d variable 28 observations discarded in 2014, and 17 in 2016
RMSD 0.305 0.201 0.610 0.633 0.354 0.273
A-Kolmogorov 2.80 1.82 1.96 173 1.50 1.40
A'max — 95% significance level 1.36

of variables Ap is a Laplace distribution. It should
be highlighted that the relatively positive results
of A-Kolmogorov test follow from the analysis of
cumulative value. Accumulation of frequencies
smoothes the irregularities characteristic for the
empirical distribution plots.

5. Proposal for a post-control report

Identification of the appropriate data distribution
allows for the extension of the post-control report. In
addition to the percentages given in 4 we can add the
following data (Table 6, Figure 6).

e Parameters of the theoretical distribution for the
corrected dataset [u__—20,u__ + 20 ].

e Characteristics of the outliers by mean Yy
variance interval [y
right-hand values.

e The result of comparison of both populations by
Kolomogorov-Smirnov test without elimination
of outliers (in practice this point would not be

obligatory).

and

mean

], separately for left- and

max’ ymin

Table 6. Sample of post-control report
Tabela 6. Przyktad raportu

ze modelem skorygowanego zbioru zmiennej Ap jest
rozktad Laplace’a. Relatywnie pozytywne oceny, ja-
kie uzyskuje si¢ przy tescie A-Kotmogorowa, wynikaja
stad, ze przedmiotem analizy sg warto$ci skumulowane.
Kumulowanie czestosci wygtadza nieregularnosci cha-
rakterystyczne dla wykresu rozktadow empirycznych.

5. Propozycja raportu pokontrolnego

Identyfikacja odpowiedniego rozktadu danych
umozliwia rozszerzenie raportu pokontrolnego.
Autorzy sugeruja, by oprocz wartosci procentowych
(jak w punkcie 4) podawac takze:

e parametry rozktadu teoretycznego dla skorygowa-
nego zbioru danych [u, — 26, U_+ 20 ],

e charakterystyki wartosci odskakujacych za pomo-
cg wartosci przecigtnej y, oraz przedziatu — zmien-
nosci[y__ Y, . ]oddzielnie dla wartosci lewo- i pra-
wostronnych,

e wynik porownania obu populacji testem Kolmogo-
rowa-Smirnowa bez eliminacji obserwacji odstaja-
cych (w praktyce ten punkt nie bytby obligatoryjny).

Statistics 2014 2016
Distribution of variable Dp Laplace Laplace
Median Dp 0 m? 0m?
Mean Dp Nm? 72 m?
+/Variance 393 m? 411 m?
- . 0.697 0.705
Probability of difference greater than Ta and 10a 0.028 0.031
3.1% 2.7%
. . " in 0 2
Part of outliers observations ,+" (mean area) in % and m 2812 m 2655 m?
3.5% 1.9%
i i " ino 2
Part of outliers observations ,—” (mean area) in % and m 3466 m2 3083 2

A-Kolmogorov

0.54, which means that the probability of rejecting the hypothesis of distribution similarity is 0.06
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6. Conclusions

Statistical methods may be used to interpret the
results of control measurements of parcel areas
covered by direct payments. The differences
between declared and measured areas cannot be
modeled by using the normal distribution.

In the interpretation of the results of control
measurements, it is appropriate to use robust
statistics methods. After removing outliers
observations, the empirical population is best
modeled by Laplace distribution.

In the analyzed example, the best compatibility
with the theoretical distribution was obtained for
the variable Ap (difference of the declared and
measured area) and the variable d determined
from the quotient of the parcel area error and its
circumference. An adverse effect was obtained
with a variable defined as the relative difference of
the area Ap/p.

The effect of changing the width of the buffer and
hence the tolerance is negligible. This is due to
the number of parcels that have been incorrectly
declared.

Carrying out the control procedure produce a
“didactic” effect. In the following years areas of
references parcel areas are determined with better
accuracy.

Identification of data distribution allows for the
extension of the scope of post-control report.
Further standardization of data processing and
preparation of post-control report requires more
extensive research.
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Abstract

The work is devoted to the study of the transient processes of heat and mass transfer in the volume of a liquid. The method
of calculating the temperature field in a liquid takes into account phase transitions, motion of the bubble wall and heat
exchange processes near its surface. The method takes into account the change in the thermophysical characteristics
of a liquid when its temperature changes. The results of the research can be used to optimize the various technological
processes associated with cavitation, boiling and the formation of gas hydrates.

Keywords: thermophysical characteristics of a gas-saturated liquid, gas-vapor bubble, heat transfer in two-phase media,
phase transitions

Streszczenie

Artykul dotyczy analizy nieustalonych zjawisk wymiany ciepta i masy w duzej objetosci cieczy. Metoda okreslenia pola tem-
peratur w cieczy uwzglednia przemiany fazowe, ruch pecherzy i procesy wymiany ciepta przy Scianie. Metoda ta bierze pod
uwage zmianeg wlasciwosci termofizycznych cieczy, gdy zmienia sie jej temperatura. Wyniki badan mogq by¢ wykorzystane
do optymalizacji roznych procesow technologicznych zwiqzanych z kawitacjq, wrzeniem i tworzeniem hydratow gazowych.
Stowa kluczowe: wiasciwosci termofizyczne cieczy nasyconej gazem, pecherzyki gazu i pary, wymiana ciepta w mediach
dwufazowych, przemiany fazowe

1. Introduction methods. Mathematical models allow identifying the
most powerful factors and optimizing technological
processes. Correctness of the mathematical models of
gas-to-steam bubbles is determined by the accuracy
of accounting all thermal and physical processes

taking place in the liquid and gas.

In many operating processes, gas-to-steam bubbles
play a major technological role. As an example,
we should mention the following technologies:
degassing of water, distillation homogenization of
fuel, mixing of colloidal solutions, foam formation
in the food industry, etc. Modern technologies for
the insulating materials production [1], desalination
of sea water with the help of isobutane hydrate [2-
4], and obtaining of natural gas hydrate [5, 6] for
transportation and storage are also based on heat and
mass transfer processes in the gas-liquid systems.
Generally, formation and existence of gas-to-steam
bubbles are accompanied by intensive heat transfer,
mass transfer and phase transition processes. The

2. Literature review and problem statement

To improve the accuracy of simulating heat transfer
processes in the gas-to-steam bubble, it is necessary
to consider the heat transfer into the liquid medium.
A number of authors take the liquid temperature
to be constant: when calculating the materials
swelling [1], when determining the thermodynamic
characteristics of steam [7] and cavitation bubbles

complexity of the ,direct” observations (small
bubble sizes, high velocity of processes) led to the
widespread use of mathematical modeling research
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[8]. In [9], the liquid temperature is described by the
exponential function that does not depend on time
and the direction of the bubble wall’s movement.
Some authors [10] consider the liquid’s heat transfer
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layer to be so thin that the curvature of the bubble’s
surface can be ignored. However, such assumptions
are only possible for a very limited group of tasks. In
[11] for cavitation and in [12] for steam bubbles, the
analytical solution for the problem of non-stationary
heat conductivity in a layer of liquid surrounding
an oscillating bubble is suggested. As a result of the
author’s assumptions, the solution of this problem
is obtained, where the liquid’s heat transfer layer is
equal to the radius of the bubble and does not depend
on thermal and physical characteristics of the liquid.
In [13], only heat conductivity in a liquid is taken
into account, without considering phase transition
processes. An overview of the above literature
sources shows that phase transition processes in the
liquid surrounding the gas-to-steam bubble are not
sufficiently studied. The temperature regime of gas
inside the bubble can widely vary: from a temperature
below the freezing point of the liquid during periods
of the bubble’s “growth” to a temperature higher than
the boiling point of the liquid during the periods of
the bubble’s compression. Changing the phase state
of the liquid causes significant change in heat and
mass transfer processes at its boundary.

To expand the | i mit s of the gas-to-steam bubble’s
mathematical modeling, it is necessary to consider
phase transition processes of heat transfer in the liquid
surrounding the gas-tosteam bubble. As a result,
thermal and physical characteristics of the substance
at the bubble’s boundary can change considerably.
The peculiarity of this task is movement of the
bubble’s wall, whose velocity, at some moments, can
reach several tens of meters per second.

3. The aim and objectives of the study

The aim of the present study was to design a
mathematical model of heat transfer in the liquid
surrounding the oscillating gas-to-steam bubble. Heat
transfer processes in the liquid may be accompanied
by a change in the aggregate state and in thermal
and physical characteristics. To achieve this aim, the
following objectives were set:

— to take into account non-stationary processes
of changes in the liquid aggregate state and in
its thermal and physical characteristics in the
mathematical model,;

— to calculate phase transition processes in the
liquid surrounding the gas-steam bubble using
mathematical modeling;

— to estimate the temperature regime in the liquid
under different initial conditions.

4. A mathematical model of phase transition processes
in the liquid

To develop the mathematical model of heat transfer
in the liquid, the following simplifying assumptions
are applied:

— the boundary conditions of the second kind are
prescribed near the bubble’s surface;

— the gas-steam bubble has a spherical shape and is
surrounded by an infinite amount of liquid;

— the bubble’s center is not displaced relative to the
liquid.

To determine the temperature in the column of liquid
surrounding the gas-to-steam bubble, it is necessary to
consider the process of heat transfer within the liquid. To
calculate the heat transfer by means of heat conduction,
the Fourier heat transfer equation is normally used, and
convection can be considered by applying the efficient
thermal conductivity factor. Let us denote by “x” the
coordinate, where the bubble’s radius is changing. To
determine the unknown temperature on the surface of
the bubble and in the column of liquid (T'_), a nonlinear
Fourier heat conductivity equation for a sphere can be
used, with account of its walls mobility [9] and the
action of sizable heat sources:

(P Txny) X O(PreTnn)
or OX -

10 2 T
ZXT&(/%X Tox TqvxT)

where: p_—liquid density, kg/m; ¢_— its heat capacity,
J/(kg°C); 7 — time coordinate, sec; X — velocity of
the bubble’s radius change, m/sec; A — conductivity
factor of the liquid, W/(m°C); ¢ . — capacity of
sizable heat sources, W/m®.

As aresult of heat transfer processes at the boundary
of the bubble, the liquid can change its thermal and
physical characteristics, so we will be solving the
problem as a non-linear one. The use of heat sources
makes the equation (1) heterogeneous. Taking into
account that the specific heat flow (g) near the surface
of the bubble is known, we can write the boundary
condition of the second kind:

_ 6irT(R,T)
OX

Equation (2) takes into account the change in the
thermal conductivity factor at the bubble’s boundary,
for example, in the case of the liquid’s freezing. In
such a statement, the problem is convenient to solve

&

v(x,T)

=4(R,r) (2)
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by the method of finite elements. To describe the
thermal conductivity in the liquid surrounding the
bubble with radius R, let us divide the liquid layer
into a series of concentric membranes (i), Figure 1.
Let us set the mass distribution of each membrane:
M) =2K My
3
My = Krmr(i—l) )
where: m , — mass of the Ist (internal) layer’s
membrane, kg; m  — mass of each subsequent
membrane, kg; K — proportionality factor.

This factor allows to “compact” the elements mesh
near the bubble’s border and to “rarefy” it in the
deeper layers of the liquid. The above factor is used to
optimize calculations and its typical values are within
1.5-2.

Fig. 1. Diagram of the liquids division into a series of
concentric membranes

Now we shall determine the temperature on the first
(internal) membrane’s internal surface. To do this,
we formulate the equation of the first membrane’s
thermal balance:

Opk = +02+ 00 “)
where: 0, — heat flow that accumulates and causes
the temperature increase of the given membrane, W;
O, — heat flow from the surface of the bubble into
the steam-gas medium, W; O, — heat flow from the
second layer of the liquid into the first one, W; O —
heat flow that causes an increase in the solid phase
mass (e.g. ice), W. Let us reveal the value of these
heat flows.

Heat flow, which is accumulated in the membrane
and causes an increase in its temperature, can be
determined by means of the known formula:
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dT
Oak =Mp1)Cra ®0) Q)
where ¢, is heat capacity of the first membrane’s
medium, J/(kg°C).

We will write the heat flow from the bubble’s
surface into its steam-gas medium as a boundary
condition of the 2nd kind. Heat removal will reduce
the membrane’s temperature, therefore this heat flow
is negative:

01 =—Frq ) (6)

where F_ is heat transfer area, m.

The heat flow from the outer membrane to the
internal one is more convenient to consider within a
single layer, for which at the given moment lr(i) =const

A (T(R+51,r) _T(R,r))
2 11

(7

The increase in the solid phase mass requires removal
of heat energy from the designed membrane and,
therefore, is an additional source of the heat energy

dr

where: rq, — phase transition heat, J/kg; mg,;, — solid
phase mass of the 1st (internal) layer’s membrane, kg.

@®)

Oop =7p

Taking into account the values of individual heat
flows, formulas (5)-(8), for the internal membrane
can be written as a general differential equation of the
thermal balance:

dT(R,T)
MeyCra) ™7

=—FrqRro+

N 4”/1r(1) (T(R+é'1,f) _T(R,r)) N

1 1 &)

The last component of the equation (9) only
exists under certain conditions, which need to be
specified separately. Within a single iteration step,
the membrane’s radius remains constant and, for
convenience in calculations, it can be designated as:

ey Ary
1 1 1 1

fy fy+dl R R+ol

(10)
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Now, the differential equation determining the
temperature on the inner layer’s surface of the bubble
is written as:

dT(R’T) _
dr
A

2
= (—R q+K, (T(R+51,f) —T(R,r))"‘rcb
M 1)Cray

11
dr

In the absence of mass transfer processes, the mass
of the 1st layer remains unchanged, therefore:

My = %;zp” [(R +81)° - Rﬂ — const

Where the outer radius of the 1st membrane can be
3mr(l)

determined:
3m
R+51:i/r§ 0 :i/R?’ +
4rppq APy

Similarly, differential equations for all subsequent
membranes can be written as:

ATi _ 47 (T -To)

(12)

Mei)Cri =4, 1 1
fi-n T (13)
A (T =Tany)  dmgg)
1 1 ® dr

iy T
With account of the problem’s non-linearity, the
temperature difference between the neighboring
layers is more convenient to replace with the
temperature difference between the middle of the
layer and its edges (boundaries):

dT,. 4
(rIJ) T
= KilT,. o =T, . )—
dz mr(i)Cr(i)( 3( (1i=oL7) (rh’)) "

9v(i)
—KilTr .oy = Tr4si0) )+—
( b ' T) Pri)Cri

where: T si - — temperature on the outer boundary
of the i-th membrane, °C; T _s ) — temperature
. 1 [

on the internal boundary of the i-th membrane,
°C. At every iteration step, these temperatures are
determined with account of the thickness and thermal
conductivity of the adjacent layers. The temperature
at the outer boundary of the i-th membrane is:

KiTi + Ky Tig

15
K, +K, (13

(rj+oi,r) =

The temperature at its internal boundary:
KaTiy + K3
K, +Kj

Factors K, K, K, K, are determined by the following
formulas:

Tr—siz) = (16)

K, =T
1 1 (17)
Fiy Ty T 9
K2= /1r(i+1)
1 B 1 (18)
My +6i  Fisn
Ky = Ariy
1 1 (19)
Fiy =9y T
K, = /Ir(i—l)
1 3 1 (20)
Fi-y Yy = 9i

Considering the membranes volumes, their radii
can be determined:

Az 3 3
Vir =V :?(r(i) iy )=

21
1 1 1 Meoy Mgy @D
=SVin+3Vo =5 — +t—

2 2 2\ Pricy  Pray

Based on (21), the average radius of the i-th
membrane is found by the formula:

3 (M, M
Ny =3 r(?71)+— —=2, 0 (22)
87\ Pri-1y  Pri

Since the mass of the first membrane is not divisible
in half, the 2nd membrane’s radius is determined by
the following formula:

m m
o) = fi’/R3 +4i " +i r2)
T pr 87 ppy

(23)

Considering that the masses of the outer and the
internal membrane halves are equal, the radii can also
be determined by the analogous formulas. The outer
radius of the i-th membrane is:

/ 3m,
r(i)

24)
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The internal radius of the i-th membrane is:

3m,

I r(i)
r(i)—5i_3/r(i)—8” _
Pr (i)

At particular moments, in different membranes,
favorable conditions to perform phase transition can
be created. In this case, it is necessary to consider
three components: temperature regime, mass of
the solid and liquid phases, the effect of sizable
heat sources. The conditions of the first-kind phase
transition consist of the two parts: the condition of
icing and the condition of ice melting.

The condition for icing is:

(25)

Tiroy SToand My, oy <M oy and Qg ) >0 (26)

where: Tg, — phase transition temperature, °C; m A(rie) ™~
mass of the solid phase in the i-th layer at any moment,
kg; Q‘D(Ti - heat flow, which is deduced from the i-th
layer to erform the phase transition, W.

The condition for ice melting is:

T(ri 2 Tpand Mar,0) > 0 and Qq)(ri <0 @27

If the i-th layer undergoes a phase transition, then
the temperature of this layer does not change, and

dT(riJ)
dr
In this case, the power of sizable heat sources can
be determined by the formula:

=0.

dr
Oz—(K T siy—T ]—
mr(i)cr(i) 3( (ri-oi,r) (r,,r))
(i
KT o= Tirzoi )+—
( ) i I’T)) Pr(i)Cry

Whence, after simplification, we obtain

A
9viy = % o (K3 (T(ri,r) _T(ri—ﬁi,r))_
r(l
(28)

-K, (T(ri +oir) ~ V(o) ))

Similarly, the power of sizable heat sources for the
1-st membrane can be found as follows:

qyqy = ;r_Z)(qu - K, (T(R+51,T) _T(R,r))) (29)

The sizable heat sources’ intensity being known,
the change of the solid phase mass can be determined.
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(i) ‘AT‘Vr(i)

0]

Mar,r4a7) = MA@, T (30)

In the case of a phase transition, a change in the
thermal and physical properties will take place in the
i-th layer of the liquid. Therefore, at each iteration
step, the thermal and physical characteristics of the
layers need to be specified according to the formulas:
— density

_ Pa®MAG) T+ Pwi (Mg ~mag))

Priy = (31
M
— thermal conductivity
PR OLINORSCTD (M) =Maq) 1
r(i) — m ( )
(i)
— heat capacity
CAmMad) + Cwi (ma) - mA(i))
Criiy = (33)

M)

The density change, with the constant mass, will
change the size of the layers, which may complicate
the calculation process. Taking into account that the
density and heat capacity are used as the product,
the density change can be replaced by the equivalent
change in heat capacity. With account of the density
correction, the i-th layer’s heat capacity is determined
by the formula:

o P CaiMag) +Cw<i>(m<i) ‘mAG))
O M)

(34)

where p_is liquid density at the initial temperature,
kg/m.

In this case, the density of all layers is given equal.
To solve the system of differential equations (11) and
(14), the Runge-Kutta 4-th order method is applied
[14]. In order to assess the adequacy of the developed
mathematical model, a computer software has been
developed and a number of mathematical experiments
have been performed.

The results of the calculation are reflected in the
experiments No 1-6.

5. Results of the phase transition studies in the liquid

Source data. Let us consider the heat and mass
transfer processes in the liquid at the initial stage of
the barbotage introducing of bubbles into gas into
water [15]. With regard to technology, such processes
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are characteristic of carbonization [16], formation
of isobutane hydrate [17] and other hydrates [18-
20]. Duration of the estimated time interval is 3-6 us
(microseconds). The time step is 0.005-0.01 ns, the
specific heat flow near the bubble’s surface (boundary
condition of the 2nd kind) is 1 MW/m. The initial
diameter of the bubble is 0.1 mm, the initial water
temperature is +0.5°C.

The estimated layers are 12 in number, K_factor
equals 1.5. The initial values of heat conductivity,
density and heat capacity of water are taken at the
temperature of +0.5°C. The heat of the water-to-ice
phase transition is 335 kJ/kg. The temperature of the
steam-gas medium of the real bubble can vary within
a pretty wide range. To study the phase transition
processes in water, the bubble with the steam-gas
medium temperature below the phase transition
temperature will be called “cold”. The bubble with
the steam-gas medium temperature higher than the
phase transition temperature will be called “hot”.

Experiment No. 1. Let us consider a bubble in the
water formed during the barbotage gas throttling
through the narrow nozzle. Due to the Joule-Thompson
effect, the gas temperature inside the bubble is lower
than the temperature of the surrounding liquid.
Considering the gas pressure inside the bubble equal to
the pressure of the water (with account of the surface
tension forces), we will take the velocity of the bubble
walls equal to 0 m/sec. The results of the temperature
regime calculation for the liquid surrounding the
“cold” bubble, are shown in Figure 2.

Fig. 2. Diagram of temperature fields in the water
surrounding a stationary wall “cold” bubble (R =0 m/sec)

Experiment No. 2. If the gas pressure in the bubble
exceeds the pressure of the liquid, the bubble expands.
Let us consider the processes in the liquid during the
“cold” bubble expansion with the wall movement

velocity of 10 m/sec. The calculation results are
shown in Figure 3.

Fig. 3. Diagram of temperature fields in the water
surrounding a “cold” bubble expanding with the velocity

of R=10 m/sec

Experiment No. 3. In the process of oscillation, the
phase of the bubble’s expansion is replaced with the
phase of compression. Let us consider the processes
in the liquid during the period of the “cold” gas bubble
compression with the wall movement velocity of —10
m/sec. The calculation results are shown in Figure 4.

Fig. 4. Diagram of temperature fields in the water
surrounding a “cold” bubble compressing with the velocity

of R=10 m/sec

During the period of the bubble compression, the gas
temperature in it increases and favorable conditions
are created for melting of the ice crust formed at
the previous stages of the bubble’s oscillation. As
time passes, the movement of the bubble’s wall
slows down, and the process of expansion starts in
the conditions of the high gas temperature. The next
series of calculations was performed to study the
phase transition processes around the “hot” bubble.

Experiment No. 4. A bubble with “hot” gas is
immobile and is surrounded with an ice crust. Let
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us consider the process of ice melting around the
bubble. Based on preliminary calculations, the initial
ice temperature will be taken at —0.5°C.

Experiment No. 5. The “hot” bubble expands with
the velocity of 10 m/sec. The calculation results are
shown in Figure 6.

Fig. 5. Diagram of temperature fields in the water-
ice system surrounding the immobile “hot” bubble
(R=0 m/sec)

Fig. 6. Diagram of temperature fields in the water-ice
system surrounding the “hot” bubble that is compressing
with the velocity of R =10 m/sec

Experiment No. 6. Let us consider the ice melting
while a “hot” bubble is compressing with the velocity
of 10 m/sec (Fig. 7). The initial temperature of ice
was taken at —0.5°C.

Fig. 7. Diagram of temperature fields in the water-ice
system surrounding the “hot” bubble that is compressing
with the velocity of R =—10 m/sec
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6. Discussion of the results of the mathematical modeling
of phase transition processes in the liquid

The upper part of Figure 2 shows a relatively rapid
cooling of the liquid to the temperatures close to
the phase transition temperature (0°C). The phase
transition itself is observed as an almost horizontal
platform approximately in the center of the diagram.
The left side of the diagram illustrates the process of
ice cooling.

The stepped nature of the ice temperature is
explained by a small number of the designed layers
(12 pcs.). The freezing depth has made 5 layers of the
liquid around the bubble for 2.0 ms.

As it is seen in Figure 3, the freezing depth has
made 6 layers of liquid for 2.0 ms. Comparison of the
frozen layers masses in Experiments 1 and 2 shows
that when the bubble expands the liquid freezing
is approximately 1.6 times faster. This is due to an
increase of the heat transfer surface area when the
bubble size is expanding.

In the left side of the diagram, the ice temperature
is bearing a jagged nature. A slight rise in temperature
is observed due to the reduction of thickness and the
membranes’ thermal resistance in the process of the
bubble expansion.

In general, reducing the solid phase membranes’
thickness leads to the fact that the surface temperature of
the bubble is closer to the phase transition temperature
than it was in experiment No. 1. The results of the
“cold” bubble compression calculation, presented in
Figure 4, demonstrate that in this case, the freezing
of the liquid significantly slows down. Namely, the
ice thickness was only 60% of the variant with an
immobile bubble wall. This is explained by a reduction
of the heat transfer surface area. Due to the freezing
layers’ thickness increase, the thermal resistance grows
and the internal surface temperature of the bubble
reduces more rapidly than in experiments 1 and 2. The
results of the immobile “hot” bubble calculation (Fig.
5) show a relatively rapid initial warming of the ice
layers to the phase transition temperature. Comparing
the results with Experiment No. 1, it an be noted that
the melting process occurs at almost the same velocity
as that of the freezing process.

This is facilitated by the boundary condition of the
2nd kind. Almost four times less than the thermal
conductivity of water in comparison with that of ice,
causes more intense heating of the interphase liquid-
gas surface.

In experiment No. 5, as in experiment No. 2, ice
melting is accelerated due to the heat transfer surface
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expansion. Also, a slower wall temperature rise
occurs, and the specific “pulverulent” form of the
temperature field is caused by a gradual reduction of
the membranes’ thickness.

The results of calculating the “hot” bubble
compression (Fig. 7) show a significant deceleration
of the ice melting process compared with the previous
calculation. The temperature of water’s internal layers
grows much more rapidly than in Experiments 4 and
5. This is facilitated by both the water layers thickness
growth when compressing the bubble, and the much
less thermal conductivity of water compared with
that of ice (approximately 4 times). Reduction in the
amount of the melted ice is due to the surface area
reduction of the heat transfer, and as a consequence,
reduction in the total amount of heat that is brought
to the interphase surface of the bubble. Thus, with
the help of mathematical modeling, the distribution
of temperature fields in the liquid in the conditions
of the phase transition processes and the bubble size
change (Experiments No. 1-6) was obtained. The
study performed demonstrates that the method of
finite elements (3)-(34) used for the mathematical
model of non-stationary heat transfer in the liquid
(1)-(2) surrounding the oscillating gas-tosteam bubble
correctly displays the physical processes.

It takes into account the change in the thermal and
physical characteristics of the liquid (31)-(34), the
change in the bubble size (12), (22)-(25), the heat
transfer processes at its boundary (9), and the phase
transition processes in the liquid column (26)-(30).
The designed mathematical model can be used to
estimate the thermodynamic parameters of a two-
phase liquid in wvarious technological processes.
The suggested calculation technique can be used to
determine the thermal and physical haracteristics of
liquid and steam in various technological processes
associated with gases dissolution in liquid, foam
hardening and gas hydrates formation.

7. Conclusions

1. Amathematical model of the non-stationary thermal
conductivity of the oscillating bubble wall, which
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Abstract

The environment, where people are staying, should provide thermal comfort. It means that the equilibrium of the amount
of heat produced in the human body and the amount of heat lost to the environment should be kept. To achieve the suitable
conditions of air there the air conditioning, ventilation and heating systems are used. These systems regulate the air
parameters and maintain them at the desired level. Designers locate, most commonly, the supply units of air conditioning
systems in the ceiling in the central part of the room or near the windows without taking into account the specificity of
the premises. However, such an approach may contribute to the lack of thermal comfort. The sensation of air is a very
subjective indicator that depends on many variables. The authors of the article made an attempt to analyze the influence
of the type of air conditioning system and location of air supply units on the thermal comfort in rooms of different use.

Keywords: thermal comfort, air conditioning, simulation

Streszczenie

Srodowisko, w ktérym przebywa czlowiek powinno zapewnia¢ odczuwanie komfortu. tzn. powinna by¢ zachowana réwnowa-
ga pomiedzy iloscig ciepta wytwarzanego w ciele czlowieka a iloScig ciepla traconego do otoczenia. Aby uzyskac taki stan
powietrza w pomieszczeniach, stosuje sig rozne systemy wentylacji, klimatyzacji i ogrzewania. Ukiady te regulujq parametry
powietrza i utrzymujq je na zgdanym poziomie. Projektanci lokalizujg elementy nawiewne instalacji klimatyzacji najczesciej
w suficie w centralnej czesci pomieszczenia lub przy oknach bez uwzgledniania specyfiki pomieszczenia. Jednak takie spoj-
rzenie na instalacje moze przyczynic sie do braku warunkow komfortu cieplnego. Postrzeganie stanu powietrza jest bardzo
subiektywnym wskaznikiem zaleznym od wielu zmiennych. W artykule podjeto probe analizy wplywu rodzaju instalacji kli-
matyzacji oraz rozmieszczenia elementow nawiewnych w pomieszczeniach o roznym przeznaczeniu.

Stowa kluczowe: komfort termiczny, klimatyzacja, symulacje

1. Introduction

The internal environment is the subject of interest
to many scientists. This is the result from essential
influence of internal parameters on the health of the
occupants. The inappropriate temperature, humidity
or air composition can cause a sick building syndrome.
Even without the visible deterioration of human
health, we can see the impact of the inappropriate
micro-environment on decrease productivity, learning
performance or disorders of sleep or emotions. The
air parameters are also important for the structure of
the building as shown in [1]. In the literature [2] there

1. Wstep

Srodowisko wewnetrzne jest przedmiotem zaintere-
sowan wielu naukowcow. Wynika to z istotnego wpty-
wu parametroéw wewnetrznych na stan zdrowia osob
przebywajacych w pomieszczeniach. Niewlasciwy
uktad temperatury, wilgotnosci oraz sktad powietrza
moze powodowac¢ syndrom chorego budynku. Nawet
bez widocznego pogorszenia stanu zdrowia wptyw mi-
krosrodowiska ukazuje si¢ w spadku wydajnosci pra-
cy, uczenia si¢ lub klopotéw ze snem czy tez zaburzen
stanow emocjonalnych. Parametry powietrza sg istotne
réowniez dla konstrukcji budynku co pokazano w [1].
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was shown how important the indoor air quality is,
there the scientists have shown the influence of air
quality on people's sensations. There the influence
of temperature, air velocity and location of supply
elements depending on the type of air conditioning
system and the use of the buildings were analyzed in
the article.

2. Subject of study

Two public buildings were analyzed: a school and
a wedding house with hotel's rooms. Two alternative
air conditioning systems were designed in those
buildings. One of them was a centralized system
equipped with zone heaters to prepare parameters
for the whole zone according to its requirements.
The second system was equipped with wall's air
conditioners located in each of the rooms. In the first
solution, it was not possible to individually adjust
the parameters for each room, but for the whole
zone. In the second solution, the users were able to
adjust the parameters individually. The simulation
of parameters of supply air was done in lindQST
LINDAB. The premises of each category were
selected for analysis. The classroom and teacher's
room were chosen in the school building. The
wedding hall and the hotel room were chosen in the
wedding house. Table 1 presents the data of each
analyzed room. The internal air parameters were
chosen according to standard [3].

Table 1. The data of the analyzed rooms

Tabela 1. Dane dotyczqce analizowanych pomieszczen

Jak bardzo istotnym jest stan powietrza wewngtrznego
pokazuje literatura [2], gdzie naukowcy ukazali wplyw
jako$ci powietrza na osoby przebywajace w pomiesz-
czeniu. W artykule przeanalizowano wplyw tempera-
tury, predkosci powietrza oraz lokalizacji elementow
nawiewnych w zalezno$ci od rodzaju instalacji klima-
tyzacji oraz od przeznaczenia budynkow.

2. Przedmiot analizy

Analizie poddano dwa budynki uzytecznosci pu-
blicznej: szkote oraz dom weselny z pokojami hotelo-
wymi. W obiektach zaprojektowano dwa alternatywne
systemy klimatyzacji. Jeden stanowit scentralizowany
uktad wyposazony w nagrzewnice strefowe przygoto-
wujace parametry dla calej strefy w zalezno$ci od wy-
magan im postawionych. Drugi system wyposazony
byt w klimatyzatory $cienne zlokalizowane w kazdym
zpomieszczen. W pierwszym przypadku nie bylo moz-
liwosci indywidualnej regulacji parametrow dla kazde-
go pomieszczenia, ale dla catej strefy, w drugim przy-
padku uzytkownicy maja mozliwo$¢ regulacji parame-
trow indywidualnie. Symulacj¢ parametrow powietrza
nawiewanego wykonano w programie lindQST LIN-
DAB. Do analizy wybrano pomieszczenia z kazdej ka-
tegorii. W budynku szkoty byla to: sala lekcyjna oraz
pokdj nauczycielski, w domu weselnym: sala weselna
oraz poko¢j hotelowy. W tabeli 1 zaprezentowano dane
dotyczace poszczegélnych pomieszczen poddanych
analizie. Parametry powietrza wewngetrznego dobrano
zgodnie z normg [3].

The premises Area [m?] Cubage [m’] Heat gains [kW] | Stream of supply air [m*h”'] Internal temperature [°C] Humidity [%]
(lassroom 45.1 12.7 35 878 24 50

Teacher’s room 214 53.6 4.4 1090 24 50

Wedding hall 2124 894.6 16.09 9657 21 50
Hotel room 272 843 0.58 180 23 50

The value of the Predicted Mean Vote (PMV) along
the room (with the interval of 1m) was calculated on
the base of the parameters obtained in the simulation.
Fanger's model was chosen to the analysis according
to the standard [4]. This is a commonly used method
for assessing the thermal comfort of premises. The
researchers have shown that in hot and humid climate,
this model is unsuitable because of too much variance
in real and calculated values, which was shown in
[5]. However, the location of the analyzed objects in
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Na podstawie parametrow uzyskanych w symula-
cji obliczono warto$¢ wskaznika PMV na dlugosci
pomieszczenia z interwalem 1 m. Do analizy wybra-
no model Fangera wg normy [4]. Jest to powszech-
nie stosowana metoda do oceny komfortu cieplnego
pomieszczen. Naukowcy wykazali, iz w klimacie
goragcym 1 wilgotnym model ten nie sprawdza si¢
z uwagi na zbyt duze odchylenia wartosci uzyskanych
w warunkach rzeczywistych i obliczonych, co poka-
zuje [5]. Jednak lokalizacja analizowanych obiektow
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moderate climate allows for successful application
of the chosen model. At the same time, it should be
noted that Aravind Kumar A. and others [6] have
shown the influence of insulating materials on thermal
comfort what are not included in the Fanger’s model.
The metabolism of people has the greatest influence
on the value of PMV, what was shown in [7]. The
conducted analysis includes metabolism depending
on the activity of people.

3. Analysis

The thermal comfort analysis was conducted for
the summer period. The external air parameters were
assumed according to the standard [8]: temperature
30°C and humidity 45%. Two alternative air
conditioning systems for each of the buildings
were designed. The air flows were calculated and
the components of the systems were selected. The
simulation of flow of supply air was conducted in the
lindQST LINDAB program (Fig. 1). On the base of
the simulation's effects, the distribution of temperature
and air velocity at the border of the people's residence
zone (ie at the height of 1.8 m from the floor level)
have been specified.

a) b)

w klimacie umiarkowanym pozwala z powodzeniem
zastosowa¢ wybrany model. Jednocze$nie nadmienic¢
nalezy, iz Aravind Kumar A. i inni [6] wykazali wplyw
na komfort termiczny materiatow izolacyjnych, ktore
nie s3 uwzglednione w modelu Fangera.

Najwiekszy wplyw na wartos¢ wskaznika PMV ma
metabolizm o0séb przebywajacych w pomieszczeniu,
co pokazuje [7]. W artykule uwzgledniono metabolizm
w zalezno$ci od aktywnosci o0sob przebywajacych
w poszczegolnych pomieszczeniach.

3. Analiza

Analiz¢ komfortu cieplnego wykonano dla okresu
letniego. Zalozono parametry powietrza zewnetrz-
nego zgodnie z normg [8]: temperatura 30°C oraz
wilgotnos¢ 45%. Wykonano po dwa alternatywne
projekty instalacji klimatyzacji dla kazdego z bu-
dynkow. Obliczono strumien powietrza klimaty-
zacyjnego i dobrano elementy koncowe instalacji.
W programie lindQST LINDAB wykonano symu-
lacje nawiewu powietrza (rys. 1). Na tej podstawie
okreslono rozktad temperatury i1 predkosci powietrza
na granicy strefy przebywania ludzi, tj. na wysokosci
1,8 m od poziomu podtogi.

d)

Fig. 1. The simulation of distribution of air velocity and air temperature — air conditioning system with zone heaters:
a) hotel room, b) wedding hall, c) teacher's room, d) classroom

Rys. 1. Symulacja rozkladu predkosci i temperatury — system z nagrzewnicami strefowymi: a) pokoj hotelowy, b) sala

weselna, c) pokoj nauczycielski, d) sala lekcyjna
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The results of the simulation allowed to calculate
the value of the PMV coefficient. The values of
the analyzed parameter were shown in the graph in
Figure 2. Depending on the type of room, the supply
air parameters created by the various air conditioning
systems gave a different values of PMV.

The supply grate of the centralized air conditioning
system was located in the center of the hotel room.
The value of PMV was lower near the walls, and in
the rest of the room's area the value was constant and
equals 0.1. In a system with a wall's air conditioners,
the PMV value was decreasing as it moved away
from the wall and from the center of the room the
indicator's value was growing.

In the wedding hall, both the supply grates of the
central air conditioning system and the wall's air
conditioners were located on the opposite sides of the
room along the walls. In the first solution near the supply
grates, the PMV value was higher. In the central part of
the wedding hall the PMV value was kept at a constant
level, equal to the value obtained for the wall's air
conditioners. In the system with wall's air conditioners
the value was constant throughout the room.

In the classroom the supply grates of the central air
conditioning system were located on both sides of the
room and the thermal comfort factor was decreasing
along the room. In the system with wall's air
conditioners the PMV value was initially decreasing,
and from the center of room was growing up.

In the teacher's room the location of the
installation's elements was similar to the classroom.
For this room, the value of the PMV was growing as
the measurement was moving away from the wall's
air conditioner. While, in the case of the central air
conditioning system, the PMV value was decreasing
along the room and from the center of room it was
oscillating around the constant value.

Based on the analysis of the obtained data, it
can be seen that both proposed solutions of the air
conditioning systems are creating the microclimate
parameters making comfortable conditions for the
users. At the same time it cannot be said that one of
the analyzed systems is better.

To the analyze the air conditioning system equipped
with zone heaters the graph was created (Fig. 3). The
most comfortable conditions were obtained in the
hotel and teacher's room, it means in the rooms with
the smallest number of people. The highest values of
the PMV factor were obtained in the wedding hall,
where the largest number of people is and the physical
activity is highest.
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Wyniki symulacji pozwolity na obliczenie warto-
sci wskaznika komfortu cieplnego PMV. Wartosci
analizowanego parametru przedstawiono w formie
wykresu na rysunku 2. W zaleznosci od rodzaju po-
mieszczenia parametry powietrza nawiewanego kre-
owane przez rézne systemy klimatyzacji dawaty inng
warto$¢ wskaznika PMV.

W pokoju hotelowym nawiewnik klimatyzacji cen-
tralnej zlokalizowany byt w $rodku pomieszczenia.
Wartos¢ wskaznika komfortu cieplnego byta nizsza
w poblizu $cian, a w pozostatej czgsci pomieszczenia
byla stata i wynosita 0,1. W systemie z klimatyzatorem
sciennym warto$¢ wskaznika malata w miare oddala-
nia si¢ od Sciany, a od srodka pomieszczenia rosta.

Na sali weselnej zaréwno nawiewniki systemu kli-
matyzacji centralnej, jak i klimatyzatory zlokalizo-
wane byly po obu stronach pomieszczenia wzdhuz
scian. W przypadku pierwszego rozwigzania w bli-
skiej odlegtosci od nawiewnikdéw wartos¢ wskaznika
PMV byla wyzsza. W centralnej czg¢$ci pomieszcze-
nia utrzymywata si¢ na statym poziomie, rownym
wartosci uzyskanej dla klimatyzatoréw, dla ktérych
wartos¢ byla stata w calym pomieszczeniu.

W przypadku sali lekcyjnej nawiewniki klimatyza-
cji centralnej zlokalizowane byty po obu stronach po-
mieszczenia, a wskaznik komfortu cieplnego zmniej-
szal si¢ wzdhuz pomieszczenia. W przypadku klima-
tyzatoréw $ciennych wskaznik PMV poczatkowo
malal, a od srodka pomieszczenia zaczal wzrastaé.

W pokoju nauczycielskim lokalizacja elemen-
tow instalacji byla analogiczna do sali lekcyjne;.
W tym przypadku warto$¢ wskaznika PMV wzrastata
w miar¢ oddalania si¢ od klimatyzatora $ciennego,
natomiast w przypadku klimatyzacji centralnej mala-
ta wzdhuz pomieszczenia, a od jego $rodka oscylowa-
ta wokot statej wartosci.

Na podstawie analizy uzyskanych danych mozna
zauwazy¢, iz oba proponowane rozwigzania instalacji
klimatyzacji regulujg parametry mikroklimatu, two-
rzac warunki komfortowe dla uzytkownikow. Jedno-
cze$nie nie mozna stwierdzié, iz ktérys z analizowa-
nych systemow jest lepszy.

Celem przeprowadzenia analizy systemu klimaty-
zacji wyposazonego w nagrzewnice wtorne utworzo-
no wykres (rys. 3). Warunki najbardziej komfortowe
uzyskano w pokoju hotelowym i nauczycielskim,
czyli w pomieszczeniach o najmniejszej liczbie osob.
Najwyzsze wartosci wskaznika PMV uzyskano w sali
weselnej, gdzie byta najwigksza liczba os6b oraz naj-
wieksza aktywnos¢ fizyczna.
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Fig. 2. The PMV value along the room depending on the type of air conditioning system: a) hotel room, b) wedding hall,
¢) teacher s room, d) classroom

Rys. 2. Wartos¢ wskaznika PMV wzdiuz pomieszczenia w zaleznosci od rodzaju instalacji klimatyzacji: a) pokoj hotelowy,
b) sala weselna, c) pokoj nauczycielski, d) sala lekcyjna
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Fig. 3. The PMV value in premises with the central air conditioning system equipped with zone heaters

Rys. 3. Wartos¢ wskaznika PMV w pomieszczeniach klimatyzowanych przez system centralny z nagrzewnicami strefowymi
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Fig. 4. The PMV value in premises with the wall's conditioners

Rys. 4. Wartos¢ wskaznika PMV w pomieszczeniach klimatyzowanych przez system z klimatyzatorami sciennymi

To the analyze the air conditioning system equipped
with wall's conditioners the graph was created too
(Fig. 4). The most comfortable conditions were
obtained, as in the case of the first air conditioning
system, in the hotel and teacher's room. Similarly, the
highest values of the PMV factor were observed in
the wedding hall.

4. Conclusions

The conducted analysis showed that regardless of
the air conditioning system used, it is possible to
obtain the comfort conditions in rooms of different
use. At the same time, it can be said that it is easier
to get the right parameters in the premises for rooms
with fewer people and less physical activity of
occupants. In the three analyzed premises, users can
determine the micro-environment as slightly warm
(PMV = 0 + +1) or slightly cool (PMV = -1 = 0)
according to [4]. In the room with the largest number
of people and their greatest physical activity, thermal
comfort can be defined as heat (PMV = +1 + +2)
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Celem przeprowadzenia analizy systemu klimaty-
zacji wyposazonego w klimatyzatory $cienne row-
niez utworzono wykres (rys. 4). Warunki najbardziej
komfortowe uzyskano, tak jak w przypadku pierw-
szego systemu klimatyzacji, w pokoju hotelowym
1 nauczycielskim. Analogicznie najwyzsze wartosci
wskaznika PMV zaobserwowano w sali weselne;j.

4. Wnioski

Przeprowadzona analiza wykazata, ze bez wzgleduna
zastosowany system klimatyzacji mozliwe jest uzyska-
nie warunkow komfortu cieplnego w pomieszczeniach
o réoznym przeznaczeniu. Jednoczesnie mozna stwier-
dzi¢, iz w przypadku pomieszczen o mniejszej liczbie
0sob i ich matej aktywnosci fizycznej tatwiejsze jest
uzyskanie odpowiednich parametrow w pomieszcze-
niach. W trzech analizowanych pomieszczeniach uzyt-
kownicy mogag okresli¢ mikrosrodowisko jako lekko
ciepte (PMV=0++1)lublekko chtodne (PMV=-1+0),
wg [4]. W pomieszczeniu o najwickszej liczbie osob
1 najwiekszej ich aktywnosci fizycznej komfort ciepl-
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according to [4]. Reducing the supply air temperature
would increase the thermal comfort of the occupants
in this room provided they maintain a high level of
physical activity. However, due to the specifics of
the room where some people are dancing, some sit
at the table, people in the second group will evaluate
the micro-environment as too cool or cool. The main
conclusion of the analysis is the necessity of in-
depth analysis of the specifics use of the premises
for the proper location of the elements of the air
conditioning system and the appropriate selection of
supply air parameters at the design stage.

ny mozna okresli¢ mianem ciepto (PMV = +1 + +2),
wg [4]. Zmniejszenie temperatury powietrza nawiewa-
nego spowodowatoby zwiekszenie komfortu cieplne-
g0 0s0b przebywajacych w tym pomieszczeniu, pod
warunkiem utrzymywania wysokiej aktywno$ci fi-
zycznej. Jednak z uwagi na specyfike¢ pomieszczenia,
gdzie czes$¢ osodb tanczy, czgsé siedzi przy stole, oso-
by z drugiej grupy ocenityby mikrosrodowisko jako
zbyt chtodne lub chtodne. Zasadniczym wnioskiem
z przeprowadzonych badan jest konieczno$¢ doglebne;j
analizy specyfiki pomieszczenia celem odpowiedniej
lokalizacji elementéw koncowych instalacji klimaty-

zacji oraz odpowiedniego doboru parametrow powie-
trza nawiewanego na etapie projektowania.
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Abstract

Earth / water heat pumps using vertical heat exchangers do not require large areas and do not depend on the intensity of
the sun s radiation that strikes the surface of the earth. Vertical heat exchangers work efficiently in virtually all geological
environments, except for low thermal conductivity soils such as dry sand or dry gravel. As the forced circulation media is
selected anti-freeze mixtures with water in proportion to the requirements of the operating conditions. Circulation of the
working medium in the deep hole requires circulation pump. The paper presents a design of equipment for the usage of low-
potential heat collected from rock in a deep borehole by means of heat pipes (HP). Part of the paper deals with the processing
of measurement results gathered from the comparative experimental equipment requiring forced and unforced circulation
(heat pipe) of the working substance on the primary side of the heat pump.

Keywords: heat pipe, geothermal energy

Streszczenie

Gruntowe pompy ciepta wspolpracujgce z wymiennikami pionowymi nie wymagajq znacznej powierzchni terenu i nie sq
uzaleznione od natezenia promieniowania stonecznego padajgcego na powierzchnie Ziemi. Gruntowe pionowe wymienniki
ciepla dzialajg wydajnie praktycznie w wigkszosci gruntow, oprocz tych o niskiej przewodnosci cieplnej takich jak suchy
piasek czy suchy zZwir. Czynnikiem roboczym jest niezamarzajgcy roztwor wodny o sktadzie wynikajgcym z wymagan eksp-
loatacyjnych. Przepbyw czynnika w obiegu zapewnia pompa cyrkulacyjna. Artykut prezentuje projekt uktadu do odzysku ni-
skotemperaturowej energii geotermalnej przy uzyciu pompy ciepta wspotpracujqcej z pionowym wymiennikiem gruntowym.
Czesé¢ artykutu dotyczy obrobki danych pomiarowych zebranych porownawczo dla obiegu wymuszonego i cyrkulacji natu-
ralnej (jako rura cieplna) czynnika roboczego.

Slowa kluczowe: rura cieplna, energia geotermalna

1. Introduction

The heat falling on the Earth surface due to solar
radiation is timely highly unstable and influences the
heat flow in the Earth rocks up to the depth ranging
from 10 to 20 meters. Yearly and daily changes in
solar radiation intensity and outer air temperature
cause temperature variations in the thin layer of the
Earth’s surface. Heat regime in the depth greater than
the depth of the neutral zone (in Slovakia approx. 14
m), is formed due to the effects of heat characteristics
of the Earth’s core. The flow of radiogenic heat
produced inside the Earth is practically stable and
is not influenced by any seasonal or other changes
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of weather and temperature. The temperature of
the Earth increases with the depth from the surface
in compliance with the geothermic gradient of a
particular geological structure (approximately 3°C
for every 100 m). The amount of radiogenic heat from
inside the Earth differs for different areas of the Earth
crust. The heat flow for Central Europe ranges from
0.05t0 0.12 W-m2.

When using low-potential geothermal energy there
are two basic systems — the system with a forced
circulation of a heat carrying medium or the system
with thermosiphon effect without a forced convection
in a ground heat exchanger. In both systems the heat
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pump compressor circulation is predominantly used
for the heat potential transformation.

Heat carrying substances used for forced circulations
in the heat pump primary circuit are usually mixtures
of water and antifreeze, such as, e.g. ethylene glycol,
tyfocor, salt brine, etc. Owing to the fact that relatively
efficient circulation pumps need electricity for their
operation, new ways of heat transfer without a forced
circulation of heat carrying medium in the ground heat
exchanger are looked for. Heat pipes with suitable
charge seem to be a perspective way of collecting heat
from rocks without a forced circulation of a working
substance. In such a system the heat carrier flows in
the pipe without additional energy supply with small
temperature difference making use of the properties of
heat transfer at phase changes. The device working on the
mentioned principle of heat transfer is called a heat pipe.
Heat pipes have been recently commonly used for the
cooling of electronic components and electronic devices

(processors, transformers, etc.) and are examples of real
usage of heat transport without a forced circulation of
a heat carrier. In heat technology heat pipes are used
also for solar energy transfer in high-efficiency solar
collectors and in systems for heat recovery.

A design of device for low-potential heat collection
The device for low-potential heat collection from
the rock in a deep borehole was realized by means
of a conventional and unconventional way using heat
pumps. Due to the fact that there are two independent
soil probes making use of two different ways of heat
collection, we used two heat pumps to extract the
heat (abbr. HP) of the type Ground/Water working
independently from each other (Fig. 1). The whole
device together with all the measuring systems (with the
exception of deep boreholes) was placed in laboratory
premises. The pipes of primary circuit were led to the
boreholes located in front of the laboratory building.

Fig. 1. Scheme of experimental device for low-potential heat collection from deep borehole
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The whole device thus consists of two heat pumps
connected through the primary circuit to borehole
150 meters deep drilled in the vicinity of Zilina
University laboratories. The borehole was performed
by means of a drilling set equipped with a collapsible
drilling tower with a grief stem, rotary table, and its
own power unit (diesel engine). This drilling set is
designed for engineering and geological boreholes
and boreholes to extract heat from soil.

2. A design of the heat pipe
2.1. Numerical model of heat transfer from the rock
into the heat pipe

As the structure of the rock changes with the depths,
its thermokinetic characteristics also change. The
process of the rock cooling will, therefore, be modeled
according to various layers with different thermokinetic
characteristics of the given layer of a 150 meter borehole.

Heat transfer from the rock into the heat pipe is
described by Fourier’s equation for heat conduction
in cylindrical coordinates

(1

Supposing that physical characteristics of a body
are constant, we can write relation (1) in the form

ot A (ot 1et 1 8%t o%t) gy
= | Sttt |t
ot cyplor ror r-op” oz CoP

2)

Temperature t in the cylinder axis can be written as

.
q e4a2' q
t(r,r):t0+m.([ dt=ty+ LW (u) G

where the indefinite integral can be expressed in the
form of infinite series by means of a substitution
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(u)==7=In 2217331 441 )

where y is Euler-Mascheroni constant (0.5772).

The numerical model was set up on the basis of
experimentally determined input thermokinetic
parameters of the rock and boundary conditions
with an objective to create the situation similar
to real conditions. The objective of heat transfer
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simulation in the observed borehole was to determine
the temperature field and heat flows in the rock in
dependence on the borehole depth. The numerical
model was set up in the program ANSYS Workbench
— Fluent. This CFD software serves the simulation
of thermophysical and physical phenomena in a
wide range of software simulations. Mathematical
modeling of concrete physical phenomena is enabled
through fundamental physical models and equations.

Fig. 2. Temperature field in the vicinity of the borehole
after 21% day of heat collection

The course of temperature in the calculated temperature
field near the borehole surface, mainly in the area of
the probe output shows the drop of the temperature of
medium at the output from the initial 4.8°C to 1.8°C
after 22 days of heat collection simulation. The obtained
heat output decreased with the increasing number of
days. Its decrease depends on more parameters, but
mostly on thermal conductivity and specific thermal
capacity of the rock that are given as initial conditions.
Numerical simulations showed that relevant data about
thermokinetic parameters of the rock are needed for the
exact simulation of heat collection from the rock in the
vicinity of the deep borehole.

Numerical simulation illustrates very well changes
ofthermal fields in the rock massif, mainly temperature
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Fig. 3. Course of output change on the heat pump primary circuit (HP — heat pipe) and secondary circuit

Table 1. Measurement of heat output from a deep bore hole

Forced circulation of the heat
transfer medium — bore hole

Heat pipe — measurment

Heat pipe — measurment | Heat pipe — measurment

Max. measured power* 7922W 400 W 3120W 3200W
Min. measured power* 4950 W 290W 1190 W 1550 W
Average power* 4980 W 338.6W 1695 W 1900 W

* measured power on the heat pump primary circuit

changes in dependence on the borehole depth and
time at heat collection. Temperature changes in the
borehole were decisive for an analysis of a possible
change in the behavior of heat pipe working substance
at heat collection and subsequent decrease of heat
potential of the lower part of the borehole.

3. Measurement of ground/water heat pump with

heat pipes

The measurement was made after seven days when
the temperatures in the borehole had been leveled off.
The reason was to eliminate the influence of supplied
ammonia on temperature changes in the deep borehole
when the heat pipe was applied. During these seven
days the heat pump was off and, consequently, the
heat transfer from the borehole was stopped.

Due to the fact that the measurement was made
in spring months which were extraordinarily warm,
the secondary circuit of the heat pump had to be
connected to the cooling tower to provide efficient
heat removal on the secondary side of the heat pump.

The continuous operation of the heat pump started
when a stable appliance was connected to the heating
(secondary) circuit.

Before the measurement 700 g of gaseous ammonia
was removed from the heat pipe to avoid residual
ballast gas and impurities in the upper condensation
part of the heat pipe. During ammonia inlet, the heat
pump operated at full output. When the heat pump
was launched and ammonia removed, the process of
phase change in the heat pipes immediately began.
Immediate drop of temperatures in the heat pipe
along the all depth of the borehole was recorded. The
temperature decrease was recorded also in the next
hours and also in the following day. During the heat
pump operation the temperatures were decreasing
nonlinearly mainly in the upper part of the heat pipe
in the vicinity of the condensation heat exchanger. In
these parts the temperature drop was the most intensive.
The temperature in the depth of 5 meter dropped to the
lowest minimum during the measurements, namely to
3°C. Considerable temperature drop was recorded up
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to the depth of 100 m. The efficiency of heat pipe was
manifested on the temperature gradient of the heat
pump primary circuit. At the start of measurement
its difference was as many as 3.5°C. Gradually, the
temperature difference was mildly decreasing and at
the end of measurement achieved 2.3°C, which was
seen also in gradual decrease of heat output obtained
from the borehole by means of the heat pipe.

The difference between the output obtained by a
classical method of a forced circulation of the working
substance and the one obtained by the heat pipe was
considerable (Table 1). Itis obvious that the heat pipe did
not continuously work with the designed heat transfer.
This fact can be attributed to more factors having
influence on the correct operation of the heat pipe. One
problem was removed at the introductory measurement
of the heat pipe and the output considerably increased
and the heat pipe began working.

4. Conclusion

During the measurements taken one the heat pipe,
more changes occurred and were manifested in the
records of temperatures and output. One of them
was a mild decrease of obtained output during all the
measurements on the heat pipe. After a few days of
measurements gradual leveling off the temperatures
to the original value in greater depths was also
recorded. There can be several causes of these facts:
1. the heat pump was connected to the hot-air unit in

the corridors of the building where was a surplus heat
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rejection. As the outer daily temperatures approached

28°C, the heat pump control more often turned on

and off in short time intervals. This could result in
continuous interruption of the process of phase
change in the heat pipe which led to heat output drop.

This problem was solved through stationary cooling

but the output increase was not significant.

Another possibility which might occur in our case

may be unequal dosing of the working substance

for individual U tubes of the heat pipe. As the
heat pipe consists of two independent U-tubes, the
condensate dosing in the exchanger part can not be
influenced and it is impossible to provide and equal
supply of the working substance into each of the

U-tubes. This fact can cause that the condensate

from the exchanger part leading to the lower part

of the heat pipes flows to one U-tube only. It can
result into the heat pipe output drop due to;

— loss of efficiency of one of the U-tubes (as it is
empty there is no phase change in it).

— increases of pressure caused by the height of
ammonia column in the full U-tube (it could,
in the case of complete accumulation in one
of the U-tubes, achieve the height of 60 m).
Hydrostatic pressure will increase and the
total pressure in the heat pipe will increase as
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ACCUMULATION OF LOW-POTENTIAL THERMAL ENERGY

MAGAZYNOWANIE NISKOTEMPERATUROWEJ ENERGII
GEOTERMALNEJ

DOI: 10.30540/sae-2018-009

Abstract

The article presents interpretation of accumulation of thermal energy in a vertical borehole. It describes measuring device
and final graph of measurement. It studies mainly the influence of water on storage capacity of the vertical borehole.

Keywords: accumulation, termokinetic parameters, thermal conductivity, heat capacity

Streszczenie

Artykul przedstawia zagadnienie magazynowania ciepla w pionowym odwiercie w gruncie. Przybliza on zastosowane
urzqdzenia pomiarowe i schemat ukladu pomiarowego, a takze analizuje wplyw wody na zdolnosci magazynowania ciepla

w pionowym odwiercie.

Stowa kluczowe: akumulacja, parametry termokinetyczne, przewodno$¢ cieplna, pojemnos$¢ cieplna

1. Introduction

Accumulation capacity of ground in the surrounding
borehole is influenced by its termokinetic parameters,
it is thermal conductivity, heat capacity and density.
Thermal conductivity is so affected by water content,
density soil, mineralogical elements and chemical
property of water. Heat capacity of the ground
have no strong influence of mineralogical and
chemical structure, but the content of water is most
important. We can state that the biggest influence on
accumulation capacity of borehole has soil moisture,
eventually underground water.

Appealing to Operational Program for Research
and Development — Transfer of knowledge and
technology from research and development into
practice (ITMS-26220220057), whose strategic goal
is “Device for the use of low-potential geotermal heat
without forced circulation of the heat carier in deep
boreholes®, near the University of Zilina.

2. Accumulation of low-potential thermal energy

In rock with right termokinetic parameters it is
possible to accumulate thermal energy over the system
in the underground structure, for example sun’s heat
accumulation in summer and for later usage in winter.

In our case this system consists of two bore by over
150 meter depth. In bore there are set thermal plastic
U-tubes form polyethylene 4xDN32. In Figure 1 we
can see technique placing and intrusion of U-tubes in
the borehole. Borehole V is connection parallel and
in borehole V, are two U tubes connection into series.
Water is applied as heat transfer fluid in accumulation
in ground over earth heat-exchanger. Temperature
in the axle borehole is measured with the help of
thermoelements. Thermoelements are placed in depth
5,50, 100, 150 for V, and in depth 2, 25, 50, 75, 100,
125, 150 for V,. Aim charging of such little amount
of borehole with solar energy in summer months
raises its effectivity and operating life. The measuring
will verify this aim as real realization and if realized
borehole accumulation with low-potential thermal
energy in summer months is possible.

In borehole distributed heating performance is
15 kW. This performance is generated with heating
spirals placed in the tank. Spirals are connected to
alternating electric source. Circulations of water
insure circulating pump, which is measuring electric
input power, feed on electric network individually.
Sensing temperature of water is done at input
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Fig. 1. Scheme of equipment

Fig. 2. Experimental device in laboratory
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and at its output with temperature sensors PT100
DIN1/6. Temperature in borehole is scanned with
thermoelements, which are placed throughout alee
depth bore at distance every 25 meters. All monitored
attributes are recorded on central measuring station
and loaded to personal computer. Access tubes are
located on ground and they are isolated with isolation
TURBOLIT DG 20x42-DN32. Temperature sensing
of atmospheric air is placed in exterior thermoelement.

In the borehole there was transported constant
power 15 kW for duration of 56 hours. Over this time
temperature of ground in the axis borehole go up in
average by over 15°C.

3. Evaluation of accumulation heat

Storage capacity of borehole is most adversely
affected with localization groundwater. So for
comparison and evaluation of accumulation of heat
to real bore it needs to simulate storing heat for ideal
ground, so for ground without water. 2D simulation
is made in program ANSYS. As input date is the
thermokinetic parameters of dry claystone. In Figure
3 we can see cool dry rock from 25°C for the duration
of 56 hour. As we can see on temperature area (Fig.
3), after elapsed time of simulation the temperature of
rock surrounding borehole is 15.6°C.

Fig. 3. The temperature field around the borehole for 56
hours

Following graphs (Figs. 4-9) illustrate temperature
decrease in borehole V, (charging thermic input
power is 7.7 kW) in individual depths bore after
power off heating. Recording time is 56 hour. All
over depth borehole occurred over measuring
temperature decreased. On graphs on biggest depths
we can see oscillation of measured temperatures. It is

apparently caused by longer thermoelements, which
is applied in biggest depths. These probably induce
electrical signal from near electrical substation.
For correction of this undesirable effect and for
evaluation of results moving average measured
temperature was applied.

On the first graph (Fig. 4) temperature drop is
visible at a depth of 25 meters. As can see in the
figure, neither after the recording time (56 o’clock),
temperature in depth 25 m did not reach initial
temperature. Over this time come temperature drop
by about 10°C. Comparison process of cooling rock
in the depth 25 meter with the simulation cooling dry
rock, can be stated a little moisture and acceptable
storage capacity.

At the depth of 50 meters, we can study expressive
temperature drop. There gets the temperature of the
rock to the initial temperature after 38 hours away
from the shutdown of heating. During this time there
was a decrease temperature of about 15°C. It’s big
assumption is contents of groundwater or gravitational
moisture in claystone.
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Fig. 4. Graph of temperature drop at a depth of 25 meters
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Fig. 5. Graph of temperature drop at a depth of 50 meters

89



environment

ACCUMULATION OF LOW-POTENTIAL THERMAL ENERGY

On graph (Fig. 6) of temperature drop at a depth
75 meters occurs even faster cooling of the rock.
It attests to contents of groundwater. Temperature
attain the initial value after 22 hours away from the
disconnection of heating and overall decrease is 15°C.

V2-75m
= = Initial temperature

Temperature [°C]

0 10 20 30 40 50 60
Time [hour]

Fig. 6. Graph of temperature drop at a depth of 75 meters

Temperature measurement at a depth of 100 meters
pointed to that in the direction of bigger depths are
probably moving away from the watered layer. The
initial temperature of the rock was attained after 40
hours.
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Fig. 7. Graph of temperature drop at a depth of 100 meters
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Fig. 8 Graph of temperature drop at a depth of 125 meters
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Fig. 9. Graph of temperature drop at a depth of 150 meters

The course of temperature decrease on the axis
of the borehole to 125 m distance from the surface
also indicates the volume of water bed. The fall of
temperature occurs in 26 hours. Storage capacity of
surrounding is reduced.

At the depth of 150 meters applicable conditions
are present to store low-potential thermal energy. It is
indicated by the fact that temperature have no initial
value after elapsing of recording time.

In the same way borehole V, was evaluated. After
examination processes cooling the temperature for
depth 5, 50, 100, 150 meters have been determined,
that the cooling of rocks at the initial temperature
occurs on boundary of the 50 hours or far beyond
it. This fact indicates the only little volume of
groundwater or groundwater located in bigger
distance from borehole. Borehole V, is more suitable
for accumulation of low-potential energy.

From existent ends it is possible to deduce that on
the borehole V, significantly more water than borehole
V., is present. The correctness of our ideas is also
backed by thermal response test and its comparison
with graph of cooling rock. Interpretation test have
given consequential attributes about effective thermal
conductivity of the borehole. The borehole V, has
value of 2.11 W/(mK) and borehole V, has value
2.8 W/(mK). As the borehole are away from each
other just 10 meters on composite ground it is hardly
likely, so different attributes of effective thermal
conductivity indicate higher volume of water on the
borehole V,. This supports also ends from graphs of
cooling ground.

4. Conclusion

In the case of applied borehole for accumulation of
heat it is needed to perform main measuring process
of cooling temperature after storage some thermal
energy. These time dependences of temperature drop
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in the axis of the borehole after powering off heating,
verily present applicability or impropriety of mine
rock for accumulation of heat. After evaluation of
graphs and detection, than in some parts of boreholes
water is present. We can state than boreholes haven’t
got applicable conditions for accumulation of heat.

surrounding borehole and by that make it impossible to
effective accumulate heat. Bigger thermal conductivity
ofrock caused be water in the pore improves conduction
of heat in surrounding borehole. The fact that water in
the ground increases its heat capacity, is in the case of
unlimited solid irrelevant.

Deposit of underground water take away heat faster into
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IMPACT OF SUPPORT CLOSED SECTION RIBS ON THE CRITICAL
MOMENT FOR LATERAL TORSIONAL BUCKLING OF STEEL BEAMS

WPLYW ZEBER PODPOROWYCH 0 PRZEKROJU ZAMKNIETYM
NA MOMENT KRYTYCZNY ZWICHRZENIA BELEK STALOWYCH

Structure and Environment No. 1/2018 vol. 10, p. 5

Abstract

The study presents the results of theoretical investigations
into the effect produced by support closed section ribs on
the critical moment for lateral torsional buckling (Mcr) of
bisymmetric I-beams. Elastic restraint against warping,
at the site of support, was provided by closed section ribs
made from selected rolled profiles (longitudinally cut
circular tubes, angles, and channels). Detailed calculations
were made for beams under uniform load applied to
the top flange of the section. The results obtained in the
investigations were compared with the values obtained
for beams with end plate. The analysis was conducted of
the impact of ribs on the increase in the critical resistance
of beams. Analytically estimated critical moments for
lateral torsional buckling were verified using FEM tools
(LTBeamN, Abaqus).

IDZISEAWA OWSIAK
AGNIESZKA MAZUR
JUSTYNA ZAPALA-SLAWETA

DOI: 10.30540/sae-2018-001

Streszczenie

W pracy przedstawiono wyniki badan teoretycznych
wplywu podporowych zeber zamknietych na moment
krytyczny zwichrzenia (Mcr) belek o bisymetrycznym
przekroju dwuteowym. Sprezyste zamocowanie przeciw
spaczeniu w miejscu podparcia stanowily zebra o prze-
kroju zamknietym, ktore wykonano z wybranych profili
walcowanych (podiuznie rozcigte rury, kqtowniki, ce-
owniki). Obliczenia szczegolowe wykonano dla belek
obcigzonych rownomiernie obcigzeniem przylozonym
do polki gornej przekroju. Uzyskane wyniki porowna-
no z wartosciami otrzymanymi dla belek z zebrowaniem
w postaci blachy czolowej. Przeprowadzono analize wply-
wu zeber na zwigkszenie nosnosci krytycznej belek. Osza-
cowane analitycznie momenty krytyczne zwichrzenia zwe-
ryfikowano za pomocg MES (LTBeamN, Abaqus).

THE EVALUATION OF THE EFFECT OF CHALCEDONY DUST ON THE REACTION
OF ALKALIS WITH REACTIVE AGGREGATE IN CEMENT MORTARS

OCENA WPLYWU MACZKI CHALCEDONITOWEJ NA PRZEBIEG REAKCJI ALKALIOW
Z KRUSZYWEM REAKTYWNYM W ZAPRAWACH CEMENTOWYCH

Structure and Environment No. 1/2018 vol. 10, p. 19

Abstract

Chalcedony dust can be used as a mineral additive in
cements and concretes. This material can act as a pozzolan
and prevent the expansion caused by the alkali-silica
reaction. The paper presents the examination of cement
mortars with reactive opal aggregate and various quantities
of chalcedony dust conducted using a long-term method
as set out in the ASTM C227. A petrographic analysis
as well as tests of potential reactivity of opal aggregate
were carried out by chemical method as specified in the
ASTM C289. The microstructure of cement mortars with
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Magczka chalcedonitowa moze by¢ wykorzystywana jako do-
datek mineralny do cementow oraz betonow. Surowiec ten
moze dziata¢ jak pucolana i zapobiegaé ekspansji wywola-
nej reakcjq alkalia-krzemionka. W referacie przedstawiono
badania zapraw cementowych z reaktywnym kruszywem
opalowym oraz rozng ilosciqg dodatku mqczki chalcedoni-
towej metodg diugoterminowg wg ASTM C227. Wykonano
analize petrograficzng oraz badania potencjalnej reak-
tywnosci kruszywa opalowego metodg chemiczng zawartq
w normie ASTM C289. Przeprowadzono rowniez badania
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chalcedony dust and opal was also examined. The tests
showed a positive effect of the chalcedony dust additive on
the reduction of the expansion caused by the alkali-silica
reaction compared to the mortars without the additive.
The addition of 20% of chalcedony dust to cement mortars
lowers the expansion to a safe level that does not exceed
0.1% after 360 days (as set out in the ASTM C227).

MICHAL SZCZECINA
PAWEE TWORZEWSKI
[ZABELA UZARSKA

mikrostruktury zapraw cementowych z mgczkq chalcedoni-
towq i opalem. Badania wykazaly pozytywny wplyw dodatku
mgczki chalcedonitowej na ograniczenie ekspansji wywola-
nej reakcjq alkalia-krzemionka w stosunku do zapraw bez
tego dodatku. Dodatek mqczki chalcedonitowej do zapraw
cementowych w ilosci 20% obniza ekspansje do bezpieczne-
go poziomu, nieprzekraczajgcego po 360 dniach 0,1% (we-
diug normy ASTM C227).

NUMERICAL MODELING OF REINFORCED CONCRETE BEAMS,
INCLUDING THE REAL POSITION OF REINFORCING BARS

MODELOWANIE NUMERYCZNE BELEK ZELBETOWYCH
Z UWZGLEDNIENIEM RZECZYWISTEGO ROZMIESZCZENIA ZBROJENIA

Structure and Environment No. 1/2018 vol. 10, p. 28

Abstract

The article presents comparison of the results obtained
from reinforced concrete beams experimental studies with
the use of ARAMIS system (digital image correlation)
with the results gained from numerical modeling. During
studies, deviation from the plane of reinforced concrete
beams was observed. Inventory of rebars positions in
cross-section of this beams showed significant deviations.
Analysis carried out in the work [1] revealed the impact
of improperly embedded longitudinal reinforcement on
the occurrence of horizontal displacements. Based on the
collected data, numerical models of two selected reinforced
concrete beams with correct and incorrect positon of the
reinforcing bars were made using the Concrete Damaged
Plasticity model in Abaqus sofiware. It has been shown
that premature interruption of the calculation appeared
in models taking into account deviations in the position
of reinforcing bars. However, the occurrence of horizontal
displacements was still confirmed by numerical model for
beams with incorrect positioning of rebars.

DOI: 10.30540/sae-2018-003

Streszczenie

W artykule przedstawiono porownanie wynikow badan
eksperymentalnych belek zelbetowych z wykorzystaniem
systemu ARAMIS (korelacja obrazu cyfrowego) z wyni-
kami uzyskanymi w wyniku modelowania numerycznego.
W wykonanych badaniach zaobserwowane zostato odchy-
lenie z plaszczyzny belek zelbetowych, spowodowane nie-
zgodnym z projektem rozmieszczeniem pretow zbrojenia, co
potwierdzono w pracy [1]. Inwentaryzacja polozenia pretow
zbrojeniowych w przekroju poprzecznym belek wykazala
ich znaczne odchylenia. Na podstawie zebranych danych,
w oprogramowaniu Abaqus, przy uzyciu modelu Concrete
Damaged Plasticity, wykonano numeryczne modele dwoch
wybranych belek zelbetowych z prawidlowym oraz niepra-
widlowym rozmieszczeniem pretow. Stwierdzono przed-
wezesne przerwanie obliczen dla modeli uwzgledniajgcych
odchylenie w polozeniu pretow zbrojeniowych. Mimo to
opracowany model numeryczny potwierdza wystgpowanie
przemieszczen poziomych w belkach z niewlasciwym roz-
mieszczeniem pretow.
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LUCJAN KAMIONKA

THE ISSUE OF TRANSIENCE IN ARCHITECTURE AND THE PROBLEMS
OF CONSERVATION PROTECTION IN THE SELECTED MODERNIST BUILDINGS

PROBLEMY PRZEMIJANIA W ARCHITEKTURZE | OCHRONY KONSERWATORSKIEJ
NA PRZYKLADZIE WYBRANYCH BUDOWLI MODERNISTYCZNYCH

Structure and Environment No. 1/2018 vol. 10, p. 39

Abstract

The issue of permanence and transience in architecture has
intrigued both the theorists and the practitioners dealing
with the creation of buildings since antiquity. We construct
buildings assuming their durability and long life. We give
them the sense of timelessness. In point of fact, architecture
undergoes permanent transformations which embrace
both its significance and material dimension. Once built,
architecture gradually loses its material value. It also ages
inthe moral sense, as the expectations towards the buildings
constructed years ago change with time and are not met
today. The assessment of the value of an architectural
object is frequently the basis for the decisions concerning
its survival, conversion or demolition. The article presents
two cases, a negative one, where a building of unique
architectural value was demolished, and a positive one, in
which a structure intended for demolition was registered as
an object of cultural heritage and protected by conservation
due to an initiative of community and civic groups.

BOGDAN WOLSKI
CEZARYTOS

DOI: 10.30540/sae-2018-004
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Problem trwalosci i przemijalnosci w architekturze nurto-
wal teoretykow i praktykow zajmujqgcych si¢ tworzeniem bu-
dowli juz od starozytmosci. Budowle wznosimy z zalozeniem
ich trwatosci. Nadajemy im znamiona ponadczasowosci.
W rzeczywistosci architektura ulega permanentnym prze-
obrazeniom, ktore obejmujg jej wymiar materialny oraz
znaczeniowy. Architektura zbudowana traci wartos¢ ma-
terialng. Starzeje sig¢ rowniez moralnie, bo oczekiwania
w stosunku do budynkow zmieniajg si¢, bo obiekt zbudo-
wany przed laty nie spetnia ich dzisiaj. Ocena wartosci ar-
chitektury jest czesto podstawq do podejmowania decyzji
o jej przetrwaniu, przeksztatceniu lub likwidacji. W artykule
przedstawiono dwa przypadki: negatywny, gdzie wyburzo-
no budynek o unikalnych wartosciach architektonicznych
oraz pozytywny, w ktorym budowla przeznaczona do wybu-
rzenia, dzigki ruchowi spolecznemu, zostata wpisana do re-
Jestru zabytkow i objety ochrong konserwatorskg.

THE STATISTICAL MODELS FOR INTERPRETING THE RESULTS OF PARCELS AREA
VERIFICATION IN INTEGRATED ADMINISTRATION AND CONTROL SYSTEM IACS

STATYSTYCZNE MODELE INTERPRETACJI WYNIKOW WERYFIKAC)I
POWIERZCHNI DZIALEK W PROGRAMIE IACS

Structure and Environment No. 1/2018 vol. 10, p. 53

Abstract

A key element of the system IACS is the verification of
the parcel area covered by direct subsidies. Control
measurements are made by FOTO method, and in a small
part by the direct inspection. Statistical methods are used
in estimating the significance of differences. The results
of such analysis are correct only when the empirical
distributions are consistent with the theoretical ones. The
problem of distribution adequacy is presented in the paper
on the examples of three objects. The hypotheses about
the possibility of using the commonly used distributions,
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Kluczowym elementem programu IACS (Integrated Admini-
stration and Control System) jest weryfikacja powierzchni
dziatek objetych doptatami bezposrednimi. Pomiary kontro-
Ine wykonywane sq metodq FOTO, a w niewielkiej czesci
w ramach inspekcji terenowej. W ocenie istotnosci roznic
zastosowanie znajdujq metody statystyczne. Wyniki takich
analiz sq poprawne pod warunkiem zgodnosci rozktadow
empirycznych z teoretycznymi. Problem adekwatnosci roz-
ktadow zaprezentowano w artykule na przykiadzie trzech
obiektow. Zweryfikowano hipoteze o mozliwosci wykorzy-
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and the appropriateness of the modification of the density
curves were verified. By questioning the effectiveness
of current methods of analysis, the authors point to the
advantages of robust statistics. The cognitive effect of
the analysis is to indicate the Laplace distribution as a
statistical model of the analyzed differences. Research is
concluded by proposal of post-control report that sums up
relevant properties of the survey results.

ANATOLIY PAVLENKO
HANNA V. KOSHLAK

stania powszechnie stosowanych rozkladow oraz zbadano
zasadnos¢ modyfikacji krzywych gestosci. Poddajgc w wqt-
pliwosé¢ efektywnosé stosowanych obecnie metod analizy,
Autorzy wskazujg na zalety metod statystyki odpornoscio-
wej. Poznawczym efektem analizy jest wskazanie rozkladu
Laplace’a jako statystycznego modelu analizowanych roz-
nic. Konkluzje badan stanowi propozycja raportu pokontrol-
nego zawierajgcego istotne wlasciwosci wynikow pomiaru.

PECULIARITIES OF PHASE PROCESSES IN THE VOLUME OF LIQUID
CECHY SZCZEGOLNE PROCESOW FAZOWYCH W DUZEJ OBJETOSCI CIECZY

Structure and Environment No. 1/2018 vol. 10, p. 66

Abstract

The work is devoted to the study of the transient processes
of heat and mass transfer in the volume of a liquid. The
method of calculating the temperature field in a liquid takes
into account phase transitions, motion of the bubble wall
and heat exchange processes near its surface. The method
takes into account the change in the thermophysical
characteristics of a liquid when its temperature changes.
The results of the research can be used to optimize the
various technological processes associated with cavitation,
boiling and the formation of gas hydrates.

EWA ZENDER-SWIERCZ
OLGA JEDRZEJCZYK
KAROLINA KACZOROWSKA

DOI: 10.30540/sae-2018-006

Streszczenie

Artykut dotyczy analizy nieustalonych zjawisk wymiany cie-
pla i masy w duzej objetosci cieczy. Metoda okreslenia pola
temperatur w cieczy uwzglednia przemiany fazowe, ruch
pecherzy i procesy wymiany ciepla przy Scianie. Metoda ta
bierze pod uwage zmiang wilasciwosci termofizycznych cie-
czy, gdy zmienia sig jej temperatura. Wyniki badan mogq by¢
wykorzystane do optymalizacji roznych procesow technolo-
gicznych zwigzanych z kawitacjq, wrzeniem i tworzeniem
hydratow gazowych.

THE ANALYSIS OF THERMAL COMFORT IN THE SCHOOL AND THE WEDDING HOUSE
ANALIZA KOMFORTU CIEPLNEGO W SZKOLE | DOMU WESELNYM

Structure and Environment No. 1/2018 vol. 10, p. 75

Abstract

The environment, where people are staying, should provide
thermal comfort. It means that the equilibrium of the
amount of heat produced in the human body and the amount
of heat lost to the environment should be kept. To achieve
the suitable conditions of air there the air conditioning,
ventilation and heating systems are used. These systems
regulate the air parameters and maintain them at the
desired level. Designers locate, most commonly, the supply
units of air conditioning systems in the ceiling in the central

DOI: 10.30540/sae-2018-007
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Srodowisko, w ktérym przebywa czlowiek powinno zapew-
niac¢ odczuwanie komfortu. tzn. powinna by¢ zachowana
rownowaga pomiedzy iloscig ciepta wytwarzanego w cie-
le czlowieka a iloscig ciepta traconego do otoczenia. Aby
uzyskac taki stan powietrza w pomieszczeniach, stosuje sie
rozne systemy wentylacyji, klimatyzacji i ogrzewania. Ukiady
te regulujq parametry powietrza i utrzymujq je na zgdanym
poziomie. Projektanci lokalizujq elementy nawiewne insta-
lacji klimatyzacji najczesciej w suficie w centralnej czesci
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part of the room or near the windows without taking into
account the specificity of the premises. However, such an
approach may contribute to the lack of thermal comfort.
The sensation of air is a very subjective indicator that
depends on many variables. The authors of the article
made an attempt to analyze the influence of the type of air
conditioning system and location of air supply units on the
thermal comfort in rooms of different use.

MARTIN VANTUCH
ANDREJ KAPJOR
ROMAN BANOVCAN
KATARINA KADUCHOVA

pomieszczenia lub przy oknach bez uwzgledniania specyfiki
pomieszczenia. Jednak takie spojrzenie na instalacje moze
przyczynic sie do braku warunkow komfortu cieplnego. Po-
strzeganie stanu powietrza jest bardzo subiektywnym wskaz-
nikiem zaleznym od wielu zmiennych. W artykule podjeto
probe analizy wplywu rodzaju instalacji klimatyzacji oraz
rozmieszczenia elementow nawiewnych w pomieszczeniach
0 rOZNnym przeznaczeniu.

EXPERIMENTAL MEASUREMENTS OF GRAVITY HEAT PIPE
WITH NH, MEDIUM TO OBTAIN LOW-POTENTIAL GEOTHERMAL HEAT

BADANIA EKSPERYMENTALNE RURY CIEPLNEJ Z CZYNNIKIEM NH, DO ODZYSKU
NISKOTEMPERATUROWEJ ENERGII GEOTERMALNEJ

Structure and Environment No. 1/2018 vol. 10, p. 82

Abstract

Earth / water heat pumps using vertical heat exchangers do
not require large areas and do not depend on the intensity of
the sun s radiation that strikes the surface of the earth. Vertical
heat exchangers work efficiently in virtually all geological
environments, except for low thermal conductivity soils such
as dry sand or dry gravel. As the forced circulation media is
selected anti-freeze mixtures with water in proportion to the
requirements of the operating conditions. Circulation of the
working medium in the deep hole requires circulation pump.
The paper presents a design of equipment for the usage of
low-potential heat collected from rock in a deep borehole
by means of heat pipes (HP). Part of the paper deals with
the processing of measurement results gathered from the
comparative experimental equipment requiring forced and
unforced circulation (heat pipe) of the working substance on
the primary side of the heat pump.
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Gruntowe pompy ciepla wspolpracujgce z wymiennikami
pionowymi nie wymagajq znacznej powierzchni terenu
i nie sq uzaleznione od natgzenia promieniowania sto-
necznego padajgcego na powierzchnig Ziemi. Gruntowe
pionowe wymienniki ciepla dzialajq wydajnie praktycznie
w wigkszosci gruntow, z wyjqtkiem tych o niskiej prze-
wodnosci cieplnej, takich jak suchy piasek czy suchy zZwir.
Czynnikiem roboczym jest niezamarzajgcy roztwor wodny
o skladzie wynikajgcym z wymagan eksploatacyjnych. Prze-
plyw czynnika w obiegu zapewnia pompa cyrkulacyjna.
Artykut prezentuje projekt ukladu do odzysku niskotempe-
raturowej energii geotermalnej przy uzyciu pompy ciepta
wspolpracujqgcej z pionowym wymiennikiem gruntowym.
Czesé¢ artykutu dotyczy obrobki danych pomiarowych ze-
branych porownawczo dla obiegu wymuszonego i cyrkula-
cji naturalnej (jako rura cieplna) czynnika roboczego.
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MILAN MALCHO
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ACCUMULATION OF LOW-POTENTIAL THERMAL ENERGY
MAGAZYNOWANIE NISKOTEMPERATUROWEJ ENERGII GEOTERMALNEJ

Structure and Environment No. 1/2018 vol. 10, p. 87

Abstract

The article presents interpretation of accumulation of
thermal energy in a vertical borehole. It describes measuring
device and final graph of measurement. It studies mainly
the influence of water on storage capacity of the vertical
borehole.
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Artykul przedstawia zagadnienie magazynowania ciepla
w pionowym odwiercie w gruncie. Przybliza on zastosowa-
ne urzqdzenia pomiarowe i schemat ukiadu pomiarowego,
a takze analizuje wplyw wody na zdolnosci magazynowania
ciepla w pionowym odwiercie.
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