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STRUCTURE AND ENVIRONMENT

archtitecture, construction, environmental engineering, energy

“Structure and Environment” is the technical journal with
the wide spectrum such as architecture, civil engineering,
environmental engineering and energy. It is understood in
the wide sense as the process of construction, starting from
conceiving the project, initial stage of project preparation
(architecture, surveying, geology, physics of structures,
construction, utilities), carrying it out in the field (civil
engineering, technologies in construction and utilities,
construction materials, automation and control process), use
(environmental engineering, macro-and microclimate, healthy
and intelligent building, clean environment, energetics)
up to final stage of closing the cycle (recycling, waste
treatment engineering, renewable energy sources, balanced
development). Although the spectrum of these themes is so
wide, its aim is one: construction of the beautiful shape, which
is functional, user friendly, safe, stable, healthy, environment
friendly, assureing balanced development. Although the title
and design of this journal implies division into two parts:
structure and environment, it actually pertains one goal: proper
and approved by the society shape of the structure in the
environment and the environment within the structure.

The range of journal's contributors with such a wide
thematic spectrum is very wide: scientists, researchers, Ph. D.
- candidates, students, producers, project engineers, project
managers, participants of developments projects, users, patent
participants, who are applying and exploring the possibility of
new, often modern or innovative solutions. Therefore, the main
task for which the SaE journal was created is to become the link
between the innovative thoughts, research and development,
use and the healthy impact on creativity. It is up to us, if we
will take this challenge and actively participate in fulfilling its
objectives. | invite you cordially to do so.

LStruktura i Srodowisko” jest czasopismem technicznym
0 szerokim zakresie tematycznym, obejmujgcym architektu-
re, budownictwo, inzynierie $rodowiska, energetyke. To za-
gadnienia szeroko pojetego budownictwa od przygotowania
projektu (architektura, geodezja, geologia, fizyka budowli,
konstrukcje, instalacje), poprzez realizacje (budownictwo,
technologie budowlane i instalacyjne, materialy budowlane,
automatyka i sterowanie), eksploatacje (inzynieria $rodowi-
ska, makro- i mikroklimat, zdrowy i inteligentny budynek,
czyste srodowisko, oszczedno$¢ energii, energetyka) do za-
mkniecia cyklu (recykling, inzynieria unieszkodliwiania od-
padéw, odnawialne zrddfa energii, zréwnowazony rozwdj).
Mimo takiego szerokiego podejscia tematycznego, wszystko
wigze jeden cel: budowla — o pieknej bryle, funkcjonalna,
przyjazna, bezpieczna, trwata, zdrowa, nie degradujca $ro-
dowiska, zapewniajgca zréwnowazony rozwoj. Mimo, ze ty-
tuf i ukfad czasopisma sugerujg podziat na dwa zagadnienia:
strukture i sSrodowisko, w istocie dotyczy jedne] idei — wiasci-
wego i akceptowalnego przez spofeczenstwo ksztaftowania
struktury w Srodowisku i srodowiska w strukturze.

Forum czasopisma o takim zakresie tematycznym jest
bardzo szerokie; naukowcy, badacze, doktoranci, studenci,
producenci, inzynierowie, projektanci i wykonawcy, uczest-
nicy projektow rozwojowych, patentujacy, wdrazajacy i eks-
ploatujacy nowe, czesto innowacyjne, rozwigzania. Dlatego
gtéwnym celem, dla ktérego ,Sak” zostato stworzone jest
spetnienie roli komunikatora mysli twérczej, doswiadczen ba-
dawczych, efektéw praktycznych i zwrotnego oddziatywania
na tworczo$¢. Nam pozostaje tylko decyzja czy wiaczyc¢ sie
w realizacje tego celu — do czego serdecznie namawiam.

Jerzy Zb. Piotrowski



EDITORIAL BOARD

Main Editor Jerzy Z. Piotrowski

Secretary of the Editorial Board Radostaw Zaborek
Sectional Editor STRUCTURE Zdzistawa Owsiak
Sectional Editor ENVIRONMENT Lidia Dabek

SCIENTIFIC BOARD
Chairmanship Tomasz Koztowski

STRUCTURE

Tomasz Arciszewski (USA), Lestaw Brunarski, Marek lwanski, Zbigniew Kowal, Jozef Melcer (Slovakia), Zbigniew Rusin,
Victor Proskuriakow, Bohdan Rymaszewski, Wiestaw Seruga, Malgorzata Wilczkiewicz (USA), lwan Go (Japan)

ENVIRONMENT

Elzbieta Bezak-Mazur, Dorota Chwieduk, Graham Herbertson (Scotland), Andrzej Kapton, Andrzej Kuliczkowski,
Pawet Purgat, Leszek Radziszewski, Anatol Stroy (Ukraine), Ludwik Sliwa (USA), Maria Zygadto, Akagawa Satoshi (Japan)

The Journal published by the Kielce University of Technology,
Faculty of Civil and Environmental Engineering

PL ISSN 2081-1500

© Copyright by Wydawnictwo Politechniki Swigetokrzyskiej

25-314 Kielce, Al. Tysiaclecia Panstwa Polskiego 7,
tel. 41 34 24 581
www.tu.kielce.pl/organizacja/wydawnictwo
e-mail: wydawca@tu.kielce.pl






structure

GRZEGORZ STELMASZCZYK
PRZEMYSEAW SWIERCZ

Kielce University of Technology,

Al. Tysiaclecia Panstwa Polskiego 7,
25-314 Kielce, Poland,

e-mail: zmsgs@tu.kielce.pl

EVALUATION OF CALCAREOUS AGGREGATE
USABILITY FOR FROST RESISTANCE CONCRETES

Abstract

The durability of concrete structures exposed to water and frost action depends, among others, on physical properties of
coarse aggregate, primarily on its porosity, dimensions, shapes and pores continuity.

The paper presents the results of investigations into the diversified physical properties of the rock and calcareous aggregate
from the same deposit with respect to their durability under cyclic freezing and thawing conditions.

Keywords: concrete frost resistance, calcareous aggregate

1. Introduction

The freeze/thaw resistance of the concrete is
decisive for the durability of structures of this material
exposed to water, frost action, and often also deicing
salts. Deterioration of concrete structures under winter
conditions is related to the microstructure of hardened
concrete. Obtaining frost resistance structure of the
cement paste by means of its aeration and also proper
quantitative and qualitative selection of components
causes hardly any problems in practice. On the other
hand, the choice of appropriate coarse aggregate,
which constitutes approx. 50% of the total concrete
volume, often presents serious difficulties and may
result in many unpredictable defects that are revealed
in the operation of such structure [1], [2].

Physical  properties, in  particular  porosity,
absorbability or size and geometrical arrangement of
pores are decisive as regards aggregate usability for
frost resistance concretes. For practical purposes, the
stability of those parameters in different aggregate
batches is also important. It is often difficult to satisfy
the above-mentioned condition for mines quarrying
stratified deposits of different origin and various physical
properties. That refers particularly to calcareous rocks.

The paper presents results of investigations into
physical features of calcareous aggregate from a
deposit of diversified properties with respect to
aggregate usability for frost resistance concretes.
Aggregate and rock material samples used in
investigations were taken from one of limestone

deposits, in operation for a few dozen years, in the
Swietokrzyski Region.

2. Range and methods of investigations

The range of investigations covered the assessment
of changeability of physical properties of calcareous
aggregate from the same deposit as regards its
usability for concretes exposed to the action of water
and low temperatures. Investigations were conducted
for a randomly selected aggregate sample of 8-16 mm
fraction and rock taken directly from the excavations,
which corresponded to aggregate grains in colour and
texture.

As indicated in the introduction, aggregate
usability for frost resistance concretes is, to a large
extent, determined by its porosity, absorbability, size
and geometrical arrangement of pores, therefore
investigations focused on the assessment of those
features changeability, both in the aggregate and the
corresponding rock material.

As regards changes in colour and texture, due to
macroscopic assessment of the aggregate and rock
samples, it was possible to identify 4 groups of the
material, whose colour and texture were similar. For
each group, absorbability, specific density, volumetric
density, porosity, freeze/thaw resistance, pore size
distribution investigations were conducted. Freeze/
thaw resistance investigations of aggregate grains and
rock samples were carried with direct freeze/thaw test
method (25 cycles of freezing in air and thawing in
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water), whereas pore size distribution was examined
with mercury porosimetry method.

3. Description of investigations and results obtained

The aggregate under consideration originates in
calcareous rocks, light to dark grey in hue and of much
diversified texture. Macroscopic examination of the
aggregate and rock samples revealed considerable
heterogeneity of the aggregate and rock grains,
caused by significant diversification of the stratum
in operation. An overall view of the aggregate sample
is shown in Fig. 1, whereas in Fig. 2 one can see the
view of grains similar in hue and texture, identified in
the sample assessed, together with their mass fraction
in the whole sample.

Fig. 1. Overall view of aggregate sample

Grains making up the aggregate and the
corresponding rock material were divided into 4
groups marked by letters A, B, C and D. A-marked
grains, which came from porous limestone, light grey
in hue with rough fracture, constituted 64% of the
sample mass. B-marked grains, which originated in

broken limestone, were similar in light grey hue to
A-marked grains, but with smooth vitreous fracture.
Those constituted 15% of the sample mass. C- and
D-marked grains came from broken limestone with
smooth vitreous fracture, grey (C-marked grains)
or dark grey in hue with numerous calcite crystals
(D-marked grains). Their mass fractions in the total
aggregate mass amounted to 12% and 9% for C- and
D-marked grains, respectively.

Fig. 2. View of aggregate sample after grouping grains of
similar hue and texture, mass fraction of each group in the
sample is provided

Table 1 presents physical properties of the rock
material from the deposit assessed.

Macroscopically, examined rock  samples
corresponded to aggregate grains marked A, B,

Table 1. Physical properties of the aggregate and rock material

i Examination result
Item Examined property
A B © D
1 |Density, g/lcm® " 2.68
2 | Volumetric density, g/cm® 2.36 2.40 2.56 2.60
3 | Porosity, % 11.9 10.4 4.5 3.0
4 | Mass absorbability, % 4.5 4.2 1.9 1.1
Direct freeze/thaw resistance of:
5 |-rock, cracks cracks cracks no cracks
- aggregate no cracks no cracks cracks no cracks

" the rock specific density was determined for averaged material sample in accordance with the Polish standard PN-76/B-06714
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C and D. In spite of macroscopic differences, A-
and B-marked rocks were characterised by low
volumetric density (approx. 2.36-2.40 g/cm?), high
porosity (above 11%) and high absorbability (above
4%), and also low freeze/thaw resistance (Fig. 3).
Aggregate grains originating in those rocks, however,
did not demonstrate damages due to freeze/thaw
resistance tests (Fig. 4). The C-marked rock had low
porosity and absorbability (approx. 2%), as well as
insufficient freeze/thaw resistance, which resulted in
visible cracking of frozen/thawed rock samples (Fig.
5) and crumbling of aggregate grains (Fig. 6). The
D-marked rock sample was characterised by good
resistance to freezing/thawing cycles (no cracks or
crumbling were noted), although its porosity and
absorbability were similar to those in C-marked
rock. Such behaviour was demonstrated by both rock
samples and aggregate grains.

Fig. 3. Crack in A-marked rock sample caused by
freeze/thaw resistance tests

Fig. 4. View of aggregate sample from A-marked rock
following freeze/thaw resistance tests

Fig. 5. Crack in C-marked rock sample

Fig. 6. View of C-marked aggregate sample following
freeze/thaw resistance tests

Aggregate freeze/thaw resistance depends, to a
large extent, on the distribution of pore sizes inside
aggregate grains. This opinion was followed in the F
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annexe titled “Guidelines for Aggregate Freeze/Thaw
Resistance Assessment” to the Polish standard PN
EN 12620:2004 “Aggregates for Concrete”.

In order to determine pore size distribution in
aggregate grains mercury porosimetry investigations
into aggregate grains from A, B, C and D-marked
rocks were conducted. The results of pore size
distribution investigations are presented, in the form
of integral curves, in Figs. 7-10.

aggregate A

V, mm3/g

1 10 100 1000

pore radius, nm

10000

Fig. 7. Pore size distribution in aggregate from A-marked rock

aggregate B
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Fig. 8. Pore size distribution in aggregate from B-marked rock
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Fig. 9. Pore size distribution in aggregate from C-marked rock

aggregate D

1 10 100 1000

pore radius, nm

10000

Fig. 10. Pore size distribution in aggregate from
D-marked rock

On the basis of pore size distribution curves in Figs.
1-4, it can be observed that aggregates from A- and
B-marked rocks (Figs. 7 and 8) are characterised
by similar total porosity and high content of pores
that range 10-100 nm in radius, which may be the
reason for damages to concrete exposed to the action
of water and low temperatures. With respect to
concrete freeze/thaw resistance, aggregate capillary
pores of radiuses ranging 5-100 nm are thought to be
detrimental. Such pores are easily filled with water,
which when frozen, exerts hydraulic pressure on
the inside of grain thus causing its damage, as well
as damage to the surrounding paste [1], [3]. Total
porosity in the aggregate from C-marked rock (Fig.
9) is almost three times lower when compared with
aggregates A and B, yet both its rock samples and
aggregate grains were damaged in direct freeze/thaw
resistance tests. The reason for that is a high content of
small pores of less than 10 nm radius, as well as their
proportion to larger pores. Water in pores of radius
as above is strongly affected by surface phenomena,
which increases hydraulic resistances in flow and
causes considerable increase in pressure inside grain
when it is frozen due to quick temperature drop. On
the other hand, the aggregate from D-marked rock
(Fig. 10) stands out due to the lowest total porosity
and proportional distribution of pore sizes in the
whole range examined. That indicates advantageous
properties of aggregate obtained from a rock of this
kind as regards concrete freeze/thaw resistance.

4. Conclusions

In addition to granulometric features of aggregate,
they are physical and mechanical properties of rock
material from which it is produced, that decide
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about its usability for construction industry and, in
particular, concrete technologies. Granulometric
features such as graining, grain shapes, the content
of over- and under-grain, or finally impurities content
can be modified in the course of aggregate production
due to the application of appropriate technological
solutions. Physical and mechanical properties of rock
material, however, were determined by nature and
differ for various quarrying sites and even within the
same stratum.

The calcareous aggregate being assessed is
characterised by high changeability of physical
properties. The examined sample was composed of
grains originating in 4 kinds of calcareous rocks.
Those of their properties which are important for
the durability of concrete exposed to the action of
water and low temperatures were highly diversified.
Therefore, it is very probable that freeze/thaw
resistance of concrete produced with such aggregate
will vary greatly, depending on proportions of
different rock kinds in the aggregate composition.
Furthermore, when such aggregate is used to produce
cement concrete, differences in consistency or

Grzegorz Stelmaszczyk
Przemystaw Swiercz

strength of the concrete can occur, which also affects
its durability. The significance of this phenomenon
grows with a higher class of concrete produced.

As the demand for concrete aggregate grows, it is
expected that the use of aggregate from calcareous
rocks for the production of concretes exposed to
harsh operational conditions will tend to increase.
In order to ensure high durability of concrete with
such aggregates, in addition to the choice of material
of proper physical properties, it is also necessary to
account for their retaining stability through time.
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Ocena przydatnosci kruszywa wapiennego
do betonéw mrozoodpornych

1. Wstep

O przydatnosci kruszywa do betonoéw mrozoodpor-
nych decyduja jego wtasciwosci fizyczne, a w szcze-
golnosci porowato$¢, nasigkliwos¢ czy wielkose
i uktad geometryczny porow [1], [2]. Z praktycznego
punktu widzenia istotna jest rowniez stabilnos¢ tych
parametroéw dla poszczegolnych partii kruszywa. Wa-
runek ten jest czgsto trudny do spetnienia w przypad-
ku kopalni eksploatujacych zloza uwarstwione, o r6z-
nym pochodzeniu i réoznych wiasciwosciach fizycz-
nych. W szczeg6Inosci dotyczy to skat wapiennych.

2. Metodyka badan i uzyskane wyniki

Oceniane kruszywo pochodzito ze skat wapiennych
o barwie od jasno do ciemnoszarej i mocno zrézni-
cowanej teksturze. Na podstawie makroskopowych
ogledzin kruszywa i probek skaty stwierdzono znacz-

na niejednorodnos¢ ziaren kruszywa i skaty, spowo-
dowang zroznicowaniem eksploatowanego poktadu.
Na rys. 1 przedstawiono widok wyodrgbnionych,
z ocenianej probki, ziaren o zblizonej barwie i tek-
sturze wraz z ich udziatem wagowym w calej probie.

Wchodzace w skilad kruszywa ziarna oraz od-
powiadajacy im surowiec skalny podzielono na 4
grupy oznaczone literami A, B, C i D. Ziarna ozna-
czone litera A stanowily ziarna porowatego wa-
pienia o jasnoszarej barwie i szorstkim przetomie,
stanowiace 64% masy proby, litera B oznaczono
ziarna ze zbitego wapienia o zblizonej do ziaren A
jasnoszarej barwie, lecz gladkim, szklistym przeto-
mie, stanowiace 15% masy probki. Ziarna oznaczo-
ne literami C i D stanowity ziarna zbitego wapienia
o gtadkim szklistym przetomie, barwie szarej (ziar-
na C) lub ciemnoszarej z licznymi krysztatami kal-
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cytu (ziarna D). Ich udziat w catkowitej masie kru-
szywa wynosit odpowiednio 12% dla ziaren C i 9%
w przypadku ziaren D.

Mrozoodpornos¢ kruszywa zalezy w duzej mierze
od rozktadu wielko$ci poréw wewnatrz ziaren kru-
szywa. Poglad ten znalazl si¢ w zataczniku informa-
cyjnym F zatytulowanym ,,Wskazéwki dotyczace
oceny mrozoodpornosci kruszywa” normy PN EN
12620:2004 ,, Kruszywa do betonu”. W celu okresle-
nia rozktadu wielkosci poréw w ziarnach kruszywa
wykonano badania metoda porozymetrii rteciowej
ziaren kruszywa ze skat A, B, CiD.

Z przeprowadzonych badan rozktadu wielkosci
poréw wynika, ze kruszywa ze skal oznaczonych li-
terami A i B maja zblizona porowatoscia catkowita
i duza zawarto$cia pordw o promieniach z przedziatu
10-100 nm. co moze by¢ przyczyna uszkodzen be-
tonu narazonego na dziatanie wody i ujemnych tem-
peratur. Poddane bezposredniemu zamrazaniu probki
skaty A i B ulegly uszkodzeniu. Porowato$¢ catkowi-
ta kruszywa ze skaly oznaczonej litera C jest ponad
trzykrotnie mniejsza w porownaniu do kruszyw A
i B, jednak zaréwno probki skaty jak i ziarna kruszy-
wa ulegly uszkodzeniu w badaniu mrozoodpornosci
bezposredniej. Przyczyna tego jest duza zawarto$é
poréw drobnych o promieniach ponizej 10 nm oraz
ich proporcje w stosunku do poréw wigkszych. Woda
w porach o takich promieniach podlega silnym od-
dziatywaniom powierzchniowym, co zwigksza opory
hydrauliczne przeptywu i powoduje znaczny wzrost
ci$nienia wewnatrz ziarna podczas zamrazania [2].
Kruszywo ze skaty oznaczonej litera D wyrdznia si¢

10

najnizsza porowatoscia calkowita i proporcjonalnym
rozktadem wielko$ci poréow w calym badanym za-
kresie. Wskazuje to na korzystne z punktu widzenia
mrozoodpornosci betonu wlasciwosci kruszywa po-
zyskanego z tego rodzaju skaty.

3. Podsumowanie

Oceniane kruszywo wapienne cechuje si¢ znaczna
zmienno$cia wiasciwosci fizycznych. Analizowana
probka zlozona byta z ziaren pochodzacych z 4 rodza-
jow skat wapiennych o mocno zréznicowanych wiasci-
wosciach, istotnych z punktu widzenia trwalosci beto-
nu narazonego na dziatanie wody i niskich temperatur.
Istnieje zatem wysokie prawdopodobienstwo znacznej
zmienno$ci mrozoodpornosci  betonu wykonanego
z tego rodzaju kruszywem w zaleznosci od wzajemnych
proporcji poszczegolnych rodzajow skaty w stosie okru-
chowym. Ponadto w przypadku wykorzystania tego
rodzaju kruszywa do produkcji betonu cementowego
moga wystapi¢ roznice w konsystencji czy wytrzyma-
losci produkowanego betonu, co rOwniez nie pozostaje
bez wptywu na jego trwatos¢. Znaczenie tego zjawiska
ro$nie wraz ze wzrostem klasy produkowanego betonu.

W zwiazku ze wzrostem zapotrzebowania na kru-
szywo do betonu, nalezy spodziewac si¢ coraz szer-
szego wykorzystania kruszyw ze skal wapiennych
do produkcji betonow narazonych na trudne warunki
eksploatacyjne. Dla zapewnienia wysokiej trwato$ci
betonu z tego rodzaju kruszywami nalezy, oprocz
wyboru surowca o odpowiednich wlasciwosciach fi-
zycznych, zwroci¢ rowniez uwagg na zachowanie ich
stabilno$ci w czasie.
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APPLICATION OF THE ACOUSTIC EMISSION METHOD
IN ORDER TO DETERMINE THE CRACK INITIATION
MOMENT IN TIMBER

Abstract

Wooden structural elements frequently develop cracks, which can be dangerous if the elements are under service
conditions. Cracks usually propagate parallel to the element axis, and their depth of several centimeters is frequently the
same as the thickness of the element. Almost all timber cracks are classified as serious defects. They are responsible for
lower strength parameters and lower biocorrosion resistance.

The acoustic emission (AE) method, which is commonly used for testing objects or structures made of steel or reinforced
concrete, can now be applied to analyze the fracture toughness of timber structures and then diagnose and monitor their
safety. This refers to both statically and dynamically loaded elements, e.g. timber support structures in mine galleries.

Keywords: acoustic emission, crack in timber, crack initiation

1. Introduction
An example of wooden cracks is presented in Fig. 1.

Fig. 1. View of the cracks in the angle brace, the purlin
and the rafter

The load capacity of an element with a crack is
dependent on the element fracture toughness. It is
determined in accordance with the principles of
fracture mechanics.

The following parameters are used for timber: the
critical energy release rate G_, and the critical stress
intensity factor K, where o denotes the loading mode
(I, I or III). The first case (oo = 1) is the cleavage. It is
also called the crack opening. Cleverage occurs when
the load is applied normal to the crack plane. The
second case is the in-plane shear (a = II). It occurs,
when the load is applied parallel to the crack and acts

normal to the crack edge. The third case, the so-called
out-of-plane shear (o = I1I). It occurs when the load is
in the crack plane but it is parallel to the crack edge.

Fig. 2. Three basic loading modes of an element with a
crack: mode I — cleavage, mode II — in-plane shear, mode
IIT — out-of-plane shear

The fracture toughness of a material is determined
by measuring the critical load, P . This corresponds
to the moment of crack initiation. It is essential to
analyze the phenomenon of crack initiation, because
it has a direct effect on the values of G and K. It
is important to apply the method which is justified,
simple and precise.

2. The methods used for determining the moment

of crack initiation in timber

Timber is regarded as anisotropic material. The
crack initiation moment and the value of the critical
load, P, can be determined with various methods and

11
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standards. The most common techniques discussed in
Refs.[1]and [2] are shown in Fig. 3. The first one is the
non-linearity (VL) method. It is based on a change in
the element compliance. The crack initiation moment
coincides with the non-linearity point on the load-
displacement (P-0) curve. This point corresponds to
the value of the critical load P\ In practice, it is
impossible to determine this point precisely.

Fig. 3. Methods used for determining the critical load P,

The second method assumes that the crack
initiation moment coincides with the point of
intersection of the P-8 curve with a straight line. The
tangent of slope is 5% less as compared to slope
of the straight line with a linear section of the P-0
curve. This method was originally derived for metals.
It assumes that in the case of a slowly propagating
crack, the critical load corresponds to a 2% increase
in the crack length. It is important to consider the
deviation of the P-6 curve from the straight line
with a linear section resulting from the plastic strain.
This increases the departure from the linear part of
the curve by additional 2%. The influence of the
specimen geometry causes a deviation from linearity
by 1%. A change in the specimen geometry results
in a deviation from the straight line with the linear
section of the P-6 curve and is assumed to be 5%.
The load corresponding to the point designated as 5%
is assumed to be the critical load PC(S%). This method
is also suitable for composites. The critical load is
frequently assumed to be the same as the maximum
value of the force applied in a test. This corresponds
to the point designated as Max. In this case, the value
of the critical load corresponds to P oy

For timber, however, the approach based on the
acoustic emission (4E) method seems to be the most
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suitable [3-8]. The load at which acoustic signals
occur is assumed to be the crack initiation moment.
The value of the critical load P s corresponds to the
AE point shown in Fig. 3 [2].

3. The Acoustic Emission (AE) method

The numerous applications of the AE method
include: testing materials and their strength,
monitoring the safety of structural elements and
whole buildings, testing the tightness of elements of
engineering systems, geological and seismic tests,
and finally, detecting and locating discharges in high-
voltage transformers. Crack initiation is accompanied
by the emission of acoustic impulses. The acoustic
emission method is one of few non-destructive
method. It can be used to detect a defect propagating
in a solid which is subjected to load. One of the main
advantages of the AE method over the traditional
methods of engineering control is that it permits
detecting early changes in the material microstructure.
It also allows monitoring the slowly propagating
defects in elements of engineering structures on the
basis of acoustic signals.

An acoustic emission signal is generated by a
change in the energetic state of the material or release
of its internal energy. If the material with stored
inner energy is subjected to an external stimulus,
or the material state changes, then the state of its
energy stored will change as well, and part of it will
be released. The released energy is used to produce
mechanical work or heat. Only a relatively small part
of this energy is converted to elastic waves in the form
of acoustic emission signals. An AF signal generated in
the volume of the material as elastic waves reaches the
material surface. This can be registered with receiving
instrument. An AE signal contains lots of information.
Most of it, however does not characterize the sources
or the existing phenomena. An analysis of the acoustic
signal can be done with the choice of selected
parameters (Fig. 4). The most important of them are:
— the number of AE events, i.e. the number of

envelopes of AE impulses for which the amplitude

exceeds a certain arbitrarily selected level of
reference or level of discrimination;

— the number of AF counts, i.e. the number of areas
for which the amplitude exceeds the level of
discrimination.

The form of a single AE impulse and some of its
parameters are shown in Fig. 4.
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Fig. 4. Parameters characterising an acoustic impulse

The level of discrimination has little influence
on the value of the sum of counts. This implies good
correlation with the actual number of AE events [9].
The number of AE counts is an important parameter
frequently used in practice.

4.Applying the AE method to detect the crack initiation
moment in timber

The crack initiation moment and the critical load P,
of timber elements under analysis were determined
with the AE, NL, 5% and Max methods.

The tests were conducted for pinewood specimens
(Pinus silvestris) modeling beam timber elements.
TL stands for the load applied tangentially and RL
stands for the load applied radially, with respect to
arrangement of fibers and growth rings. L, 7, and
R stand for the longitudinal, tangential, and radial
directions, respectively. Two types of specimens
(B x 2h = 18x18 mm), were used for modeling the
beam elements with longitudinal cracks. The DCB
(Double Cantilever Beam) specimens were subjected
to cleavage (oo = I, Fig. 5a) and the ENF (End
Notched Flexure) specimens, which were subjected
to longitudinal shear (o =11, Fig. 5b).

The facility for testing consisted of a strength testing
machine, a strain-gauge bridge, an acoustic emission
processor and a PC with an analog-digital card. All
measurements were conducted with strength testing
machine (UTS System 209) with a load capacity of
20 kN. During strength tests were measured: load P,
displacement & of the point of application of force,
and an acoustic emission signal. The AE signals were
registered with AF system processor 204A, made
by Acoustic Emission Technology Corp. (USA).
AE signals were measured using a resonance sensor
with a frequency of 175 kHz coupled to an AE signal
preamplifier. The sensor was mounted on the side
surface of the specimens, just behind the crack tip

(Fig. 5a and b). After a signal was amplified, the
number of AE counts was registered. During the
strength tests, the force for which acoustic emission
signals appeared was assumed to be the critical load,
P, [i.e. the load under which a crack was initiated].

a)

b)
Fig. 5. Specimens under test: a) DCB (o, =1 loading
mode); b) ENF (o = II loading mode)

For loading modes I and II (Fig. 6a, b), there is
the relation between the values of the critical load
determined with the AE, NL, 5% and Max methods:
P <P <P P The difference between

c(AE) ¢ (NL) ¢ (5%) < ¢ (Max)®
8%

] 0
P, ) and P, 18 4% and between P, ) and P, %)

13
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b)
Fig. 6. Determining P, for pinewood: a) the DCB
specimen (o = 1); b) the ENF specimen (o = II)

As can be seen (Fig. 6. above) the choice of the
method to determinine the crack initiation moment is
very important. This affects the value of the factor
defining the fracture toughness (K _, G_ ). The 5% and
Max methods cause that the value of P, is too high,
and so is the value of fracture toughness. If we assume
that P = Pc(Mw() the critical values of G are 8% and
as much as 38% higher for loading modes I and II,
respectively, than the values of G determined with
the AE method. In the case of non-uniform materials,
the 5% and Max methods are not justified. Therefore
their application to timber analysis is limited.

The AE and NL methods are justifiable. In the
case of the NL method it is the change in the element
compliance that is related to the critical value of G _.
The load values obtained using the two methods are
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similar. This implies, that the crack initiation moment
can be determined with either one. Determining
the exact non-linearity point in the NL method may
be difficult because its value is always subjective.
The value of the corresponding load is also a certain
approximation. When the 4F method is applied, no
such difficulties or uncertainties are reported. This
method seems to be optimal for numerous reasons.
It can be used for analyzing the fracture dynamics
of timber, determining the crack initiation moment,
and, accordingly, determining the fracture toughness
of this material. Determining the crack initiation
moment based on the analysis of acoustic signals is not
complicated. The measurement procedure is simple.

6. Conclusion

The acoustic emission (4F) method, which is
commonly used for testing objects or structures made
of steel or reinforced concrete, can also be applied
to analyze the fracture toughness of timber structures
and to diagnose and monitor their safety. This refers
to both statically and dynamically loaded elements,
e.g. timber support structures in mine galleries. By
applying the 4E method one is able to determine
the moment of crack initiation, and accordingly, the
moment of failure.
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Zastosowanie emisji akustycznej
do wyznaczania inicjacji pekania drewna

1. Wprowadzenie

Pekanie jest zjawiskiem czgsto wystepujacym
w drewnianych elementach konstrukcji budowlanych.
O no$nosci elementu zawierajacego peknigcie decydu-
je odpornos¢ na pekanie, okreslana zgodnie z zasadami
mechaniki pekania, za pomoca jednego z kilku para-
metréw. W przypadku drewna sg to krytyczne warto$ci
wspolczynnika uwalniania energii G oraz wspotczyn-
nika intensywnosci naprezen K (o = I, I, III oznacza
sposob obciazenia). Podstawowa wielkoscia mierzona
przy wyznaczaniu odpornosci na pekanie, jest tzw. ob-
ciazenie krytyczne P_. Obciazenie to odpowiada mo-
mentowi inicjacji procesu pgkania materiatu oraz bez-
posrednio wptywa na wielkos¢ G 1 K_ (rys. 3).

Sposrod obecnie stosowanych metod wyznaczania
obciazenia krytycznego [1, 2] nalezy wymieni¢ me-
tode spadku podatno$ci NL, obciazenia maksymalne-
go Max 1 metodg 5% (rys. 3). Jak wykazano ponizej,
w odniesieniu do drewna najbardziej uzasadnione
wydaje sig by¢ podejscie bazujace na metodzie emi-
sji akustycznej EA. Jest to jedna z niewielu metod
nieniszczacych pozwalajacych wykry¢é wady, ktore
w ciele statym poddanym obcigzeniu rozwijaja sig,
powstawaniu peknigcia towarzyszy emisja impulsu
akustycznego. Za moment inicjacji pgkania drewna
przyjmowane jest obciazenie, przy ktorym pojawiaja
si¢ sygnaty akustyczne. Warto$¢ obciazenia krytycz-
nego P . odpowiada punktowi oznaczonemu na
rys. 3 jako EA. Ponizej przedstawiono wyniki badan
dotyczacych wyznaczania obciazenia krytycznego P,
elementéw drewnianych przy zastosowaniu metody
emisji akustycznej £A4 oraz metod NL i 5%.

2.Detekcja inicjacji pekania drewna za pomoca emisji
akustycznej EA

Badania przeprowadzono na probkach modeluja-
cych drewniane elementy belkowe z drewna sosno-
wego (Pinus silvestris) z pgknigciami podtuznymi
wzgledem widkien. Uzyto probek o przekroju 18x18
mm dwoch typow: DCB (Double Cantilever Beam),
probki rozrywane (oo = I sposob obciazenia) i ENF
(End Notched Flexure) probki poddane S$cinaniu
wzdluznemu (oo = II sposob obciazenia). Podczas
prob wytrzymatosciowych rejestrowano obciazenie
P, przemieszczenie § oraz ilos¢ zliczen EA (counts).
Czujnik E4 umieszczany byt na bocznej powierzchni
probek, bezposrednio za wierzchotkiem peknigcia.

Dla obydwu analizowanych sposoboéw obciazenia
(rys. 6a, b) pomigdzy warto$ciami obciazenia kry-
tycznego wyznaczonymi na podstawie metod NL, 5%
i EA zachodzi relacja P, < P, o < P (%) Roéznice
w wielkosci obciazefi wynosza 4% pomigdzy P,
iP_ ,, oraz 8% pomigdzy P, iP

¢ (NL) EAD T e (5%)”

(E4)

Analizujac uzyskane wyniki nalezy stwierdzi¢, ze
zastosowanie metody 5% iobciazenia maksymalne-
go powoduje zawyzanie wartosci P, co bezposred-
nio przektada si¢ na odpornos$¢ na pgkanie drewna.
W przypadku przyjgcia P, = P e krytyczne war-
tosci G, sa 0 8% 1 38% wyzsze odpowiednio dla
I i II sposobu obciazenia w porownaniu do war-
tosci G wyznaczonych przy uzyciu metody EA.
Uwzgledniajac rowniez, ze metody 5% i obciaze-
nia maksymalnego nie maja fizycznego uzasadnie-
nia w odniesieniu do materialéw niejednorodnych,
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ich zastosowanie w analizie pgkania drewna jest
ograniczone.

Metody EA 1 NL sa fizycznie uzasadnione (w przy-
padku metody NL jest to spadek podatnosci elemen-
tu), a uzyskane wartosci P sa do siebie zblizone.
Niestety doktadne ustalenie punktu nieliniowosci NL
moze nastrgcza¢ pewne trudnosci i jest zawsze su-
biektywne, a wartos¢ obciazenia jemu odpowiadaja-
cego P\ jest pewnym przyblizeniem. Zastosowanie
metody emisji akustycznej £EA4 nie nastrecza takich
trudnosci i1 niejasnosci, dlatego tez metoda ta wydaje
si¢ by¢ z wielu wzgledow optymalna. Umozliwia ona
analize¢ dynamiki procesu pekania drewna, pozwala
na $ciste ustalenie momentu inicjacji procesu pekania
oraz odpowiadajacego mu obciazenia krytycznego
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P . Analiza sygnatu akustycznego EA nie jest zbyt
skomplikowana, a pomiar nie nastr¢cza w zasadzie
zadnych trudnosci.

3. Podsumowanie

Metoda emisji akustycznej EA, ktora jest coraz
powszechniej stosowana w badaniach obiektow
1 konstrukcji wykonanych ze stali czy zelbetu, moze
z powodzeniem znalez¢ zastosowanie w badaniach
odpornosci na pgkanie drewna jak rowniez diagno-
styce i monitoringu bezpieczenstwa pracy konstrukceji
drewnianych. Dzigki zastosowaniu metody £4 moz-
liwe jest natychmiastowe wykrycie inicjacji pgkania
drewna informujac uzytkownika o nadchodzacym za-
grozeniu — mozliwo$ci zniszczenia konstrukeji.
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DYNAMIC DEFLECTIONS OF BRIDGES
DUETO MOVING LOAD

Abstract

The problem of vehicle-bridge interaction can be followed in the literature from the year 1849. It was induced by the
collapse of the Chester Rail Bridge in England in the year 1847. At the early stage the analytical methods were applied.
The development of computers brings the change in the approach to the used methods of solution. The Finite Element
Methods and the Component Element Methods represent the revolution and qualitative jump in the development. The
dynamic deflections and the values of dynamic coefficients are remarkable from the point of bridge designers. The
analysis of dynamic coefficients on the frequency ratio of natural frequency of vehicle and natural frequency of a bridge

and dependence of dynamic coefficients on the speed of vehicle motion are presented in this contribution.

Keywords: dynamics, vehicle — bridge interaction, computing model, numerical solution.

1. Introduction

The problem of vehicle-bridge interaction can be
followed in the literature from the year 1849. It was
induced by the collapse of the Chester Rail Bridge in
England in the year 1847 [1]. While the problem of
dynamic of railway bridges was followed from the year
1847 the problems of dynamic of highway bridges start
to be followed in the 20™ century only. The 1* important
report on this topic was published by the American
Society of Civil Engineers [2]. Total review about results
of solution to the year 1975 was published by Tseng
Huang in [3]. Also in the Czech and Slovak Republic
important works arose in this field. In the area of railway
bridges they were published by Fryba, L. [4] and in the
area of highway bridges they were published by Melcer,
J. [5]. Numerical modeling of the vehicle motion along
bridge structure requires paying attention minimally to
these facts: creation of computing models of vehicles,
creation of computing models of bridges, creation of
computing programs for the solution of the equations of
motion and displaying of obtained results.

2. Computing models of vehicles

The discrete computing models of vehicles can be
created on three qualitative different levels: 1 D—quarter
model, 2D — plane model and 3D — space model. Every
model has its advantages and disadvantages and under
certain assumptions it can be used for the solution

of real practical problems. Possible plane computing
models of a lorry and a bus are shown in the Fig. 1.
The relation between the components of displacements
{r(?)}, corresponding to individual degrees of freedom,
and deformations of jointing members {d(7)} gets the
transpose static matrix [A]”

{d@} =[A]"- {r(@®} (1)

Dependence between elastic forces in jointing
members (in the sense of action of mass objects on
jointing members) and its deformations is described
by the equation

{F (0} = [K] - {d()} 2)

where [K] is the stiffness matrix of jointing members.
Dependence of damping forces on the velocity of

deformations {d(s)} is described by the equation
{F ()} = [b] - {d(1)} (3)

where [b] is damping matrix. By dot is denoted
derivation with respect of time ¢. Friction forces are
considered as

it {d@)} >+d, {F()}=+{f},
{F ()} =- {1}, Q)

{F O} =+{f". {d)} / d, .

if {d(1)} <-d,
ifabs{d(r)} < d,
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Resulting forces in jointing members in action on
mass objects are

{Fs (O} = - {F (0} - {F, (0} - {F (O} . )

Sign (-) is due to the principle of action and reaction.
From the forces in jointing members {F (7)} the static
equivalents corresponding to individual degrees of
freedom {F ()} are calculated

{F, (0} = [A] . {F (D)} . (6)

To the forces corresponding to individual degrees of
freedom {F,(#)} the gravity forces {F} and reactions
in support {F_ (?)} must be added. In this manner we
obtain the complete vector of forces {F,(#)} acting on
the computing model of vehicle

{F (0} = Fo, (O} + {F} + {F, ()} . (7

The system of equations of motion describing the
vibration of the computing model of vehicle is then
expressed by the relation

[m] . {F(} = {F, ()}, @®)

where [m] is mass matrix.

Fig. 1. Plane computing models of a lorry and a bus
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3. Computing model of a bridge

For the description of bridge vibration the simplified
computing model in the form of simply supported Euler
beam excited by moving forces is adopted, Fig. 2.

Fig. 2. Computing model of a bridge as a simply
supported Euler beam

Equation of motion can be written as

4 2
g.7.9 y(ic,t)Jr#_a y(;c,t)+
Ox ot

oy(x,t) ©)

+2-p- @, == p(x,1)
ot

In the next the following identification will be used:
h(x) respectively A(f) — function defining the road
unevenness
y(x,t) —dynamic deflection curve of the beam axis

v(x,t) — profile of the runway defined by the term (10)
v(x,1) = y(x,1) + h(x) (10)

The assumption about the shape of dynamic deflection
curve is adopted in the form

y(x,t) = f(t) -y (x,1) (11)

where f(7) is a coefficient of proportionality dependent
on the time ¢ and v (x,?) is the static deflection curve
induced by static effect of vehicle.

n-mw-x

~ . n-z
w(x,t)= Znn (¢)-sin R
n=1

(12)

where

I 1
t:—- — . —_—
17,(1) ] (”j ;
i G n-mw-x (13)
~[zgj'—‘{~sin ’}
‘a0 on [

[ is span of the beam, G, is weight j-th vehicle axis.
Coefficient ¢ . = 1, if the corresponding axis is on the
bridge and sjﬁ = 0, if the corresponding axis is outside
the bridge. For the practical use only the 1% member
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of infinite series is used for the calculation. Than
v e =m(e) sin == (14)

and in the case of plane computing model of vehicle

771()— 2 (ﬂ) [28 -G -sin ZI} (15)

Expression for y(x,f) than can be written as

Yyt = f@)-y(x,0=

. . 16
= f(0)m(©)-sin == = (1) -sin == 1
and expression for the profile of the runway is
V(1) = y(x,0) + h(x) = (1) sin? +h(x)  (17)

q(?) in equations (16) a (17) is generalized Lagrange

coordinate. Assume that y(x,#)=q(¢)-sin(z-x/1),
than

842(1“ D _ ) sm% (18)
82y(x,t)_.. X

7 =¢(t)-sin ; (19)
ay(" D a)- sm% (20)

After substitute (18), (19), (20) into equation (9) we
obtain

4

E-1q(t) " —sin 4 4 i(r) -

! 1)
-sinT'+2-,u-a)b-4(t)-sin%=p(x,t)
respectively

.. . 71'4
{q(t)-ﬂ+q(t)-2-ﬂ'wb+q(t)-E-1-l—4 :
(22)

: sin% = p(x,1)

The moving forces F’ it €N be transform by the use of
Dirac 6 function on the continual load

P = 8, 8(x=x;) Fy ;). (23)

For the plane computing model we can write

px.)=Y &, -8(x—x,)-F, ()=

* N s (24)
=Z an,j(t)-sin
J n=1
where
27 nemex
' (25)
2 n-mw-x
:7.8.' 1nt/(t) sin !
Than
pn=> > p, (0)sin " E =
J n=1
=Z Z_ g F;ntj(t)'Sinn.ﬂ..xj‘Sinn.”.xz
j  n=l [ /
2 . nemeXx newex,
=Z Z_.Sln .gj mt/(t) sin (26)
j n=ll ) [

When we will use only the 1* member of the series
than the expression for p(x,7) can be simplified

2 X T-X,
x,t)==-sin——- Y g, -F_ (f)-sihn—=L (27
PO =1 l Z Fo () sin—=- 27)

4. Results of numerical calculations

Numerical calculations were realised in the
environment of the program system MATLAB. For the
purpose of numerical calculations the parameters of the
prestressed concrete bridge with the span /=29,0 m were
used. Moment of inertia of the cross section /= 1,60622
m*, modulus of elasticity £ = 3,85¢10 N-m, intensity
of the mass x = 19680 kg-m™, circular frequency of
damping @, = 0,1 rad-s". From the aspect of bridge
designers the values of dynamic coefficients versus
speed of vehicle motion are interested. Therefore in
the next the values of dynamic coefficients & versus
speed of vehicle motion in interval of /= 0— 120 km/h
are presented, Fig. 3, 4. As the moving vehicles the
lorry Tatra T815 and the bus KAROSA with following
parameters are applied.

Tatra T815:

m, =22 950 kg, m, =910 kg, m, =2 140 kg, I = 62
298 kgm?, [,=932 kg'm?,

k, =287 433 N/m, k,=1522 512 N/m, k, =2 550 600
N/m, k, =k, =5 022 720 N/m,

b, =19 228 kg/s, b, = 260 197 kg/s, b, = 2 746 kg/s,
b,=b,=5494 kg/s.
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Initial conditions are assumed as:
7,(0)=-0,02m, 7(0)=0,0

m/s, 7,(0) = 0,0 m, 7,(0) = 0,0 m/s,
7,(0) =-0,002 m, 73(0)=0,0 m/s,
r,(0)=-0,003 m, 7,(0)=0,0 m/s,
7(0)=0,0 m, 75(0)=0,0 m/s.

Dynamic coefficients versus speed of vehicle motion
1.25

1.2

= T815
[
a 1/(1-alfa)
= 1.15
2
O
g 1/(1-0,6%alfa
o
o
€ 11
]
3
a '\

1.05

1 o
0 20 40 60 80 100 120
Speed in  [km/h]
Position of centre of gravity of vehicle in dimensionless form
0.65

0.6

T815 j’ /f/
0.55

AL
mufgw g f f //
7

0.4
Speed in [km/h]

Position of vehicle xt/I

Fig. 3. Dynamic coefficients and position of vehicle
versus speed of vehicle motion, T815

KAROSA:

m =18 150 kg, m = 600 kg, m, = 1 250 kg, Iy =330
420 kg'm?,

k, =850 000 N/m, k£, =1 500 000 N/m, £, =1 700 000
N/m, k, =3 400 000 N/m,

b, =80 000 kg/s, b, = 160 000 kg/s, b, = 4 000 kg/s,
b, =8 000 kg/s.

Initial conditions are assumed as:

7 (0) = -0,02 m, #(0) = 0,0 m/s,
r,(0)=0,0m, 7,(0) = 0,0 m/s,
7(0) = -0,01m, #(0)=0,0 m/s,
7,(0) =-0,009 m, 7,(0)=0,0 m/s.
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The function 8(F) is not smooth curve. It has many
local maxima and spikes. Its character is connected
with discontinuities in the function x (V) indicating
the position of vehicle on the bridge at the moment
of arising of maximal dynamical deflection in the
mid span of the bridge. The position of spikes in
the function &(F) corresponds to the position of
discontinuities in the function x (V), Figs. 3, 4.

Dynamic coefficients versus speed of vehicle motion
1.25
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Fig. 4. Dynamic coefficients and position of vehicle
versus speed of vehicle motion, KAROSA

With respect to the character of the curve (V) it
would be convenient to approximate the maximal
values of dynamic coefficients by some envelope
curve, for example in the shape

ok=1/(1-a) (28)
or in the shape
ok=1/(1-0,6a). (29)

The dimensionless coefficient o indicates the influence
of the speed of vehicle motion. It is defined as

a=T, /2T, (30)
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T, is the period of bridge vibration in the 1% natural mode
and T, is the transit time of one axle along the bridge.
Every type of vehicle has its own suitable envelope
curve. But envelope curve (28) covers all cases.
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RELATIONSHIP M(x) ON THE BASIS OF RESEARCH
ON BEAMS SUBJECTED TO CHANGING LOADS

Abstract

While calculating reinforced concrete constructions the relationship momentum — curvature M(x) has significant
importance. In exploitation conditions reinforced concrete construction is subjected to increasing loading and unloading.
In bent moments, performing even a few cycles of static loading and unloading causes increase in temporary deflection.
Building a unified model of relationship M(x) describing the whole range from the elastic state to the full plasticisation,
allowing for variable reversible loads (hysteresis loop) requires further investigations. Degradation of cross section
stiffness is the result of damage process and plasticisation. Unified description of processes taking place in reinforced
concrete beam cross section can be obtained with the use of elastic work probability, plastic work probability and damage

relating cross section stiffness.

Keywords: concrete beams, changing loads

1. Introduction

The relationship moment — curvature M(k)
has special meaning for calculating reinforced
concrete constructions. It determines distribution of
internal force in static non-determinable states and
measures of element deflections. The relationships
M(x) presented in papers [1-4] allows to calculate
reinforced concrete loaded with monotonically
increasing instantaneous or long-lasting load.

Theoretical recognition of the relationship
M(x)in the process of loading by basic methods
can be found in ([5], [6]). Obtained numerically
theoretical relationships are strongly determined
by the assumption of linear-elastic behaviour of
unloaded concrete and steel with the unloading
modules equal to the initial values in the process
of loading. Applying the simplified material
relationships for concrete cross section behaviour
neglects specific features of reinforced concrete
cross section behaviour in the process of unloading.
In the reinforced concrete cross section appear
mechanisms related to micro and macro cracks [7],
plasticisation and self-stress [8].

In elements subjected to bending, performing even
a few cycles of static loading and unloading causes
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increase in temporary deflection. Building a unified
model of M(x) describing the whole range from the
elastic state to the full plasticisation allowing for
variable reversible loads (hysteresis loop) required
relevant investigation.

The purpose of this paper is to present a proposal
of constitutive relationship that is valid not only
in the process of increasing loads but unloads as
well, showing its real characteristics. Extending the
relationship M(x) by unloading processes allows for
its history. It is required to perform the analyses
of bent reinforced concrete rod constructions
which undergo the static loading. The occurring
plasticisation and damage processes by unloading
should be estimated experimentally. The knowledge
of M(x) while unloading is indispensable not only
for the calculation of the deflection of elements with
changing loads, but also for the determination of
the force redistribution in the structures statically
indeterminable. In the first part of the paper a
theoretical analysis of the continual relationship
moment-curvature M(ik) has been carried out. In the
second part, it was possible to determine the values
of the unknown model functions on the basis of the
results of the experimental investigation.
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2. Relationship M(i<) in the process of reproducible loads
2.1. General process description

Any history of cross section loading can be presented
as a sequence of curvature quantities (measure) {x}
=1k, =0, x, x,, ... ¥ } and corresponding moment
quantities {M.} determining points of change in load
direction. Separated by two subsequent curvature
quantities, relationship course M — k will be called
a ‘branch’ of the loading process. To simplify the
notation, for every branch we will accept local
coordinate system of coefficients «’., M’ oriented
according to curvature direction change (see Fig. 1).
Relationships occur between the global and local
coordinate systems:

K=k _ Tk =>M=M M

The plus occurs for loading branches and minus for

unloading ones.

2.2. Cross section model

Degradation of cross section stiffness is the result of
damage and plasticisation processes. Theoretical basis
for such a model has been described by Goszczynski
S. [9]. Unified description of processes taking place
in reinforced concrete beam cross section can be
obtained with the use of elastic work probability,
plastic work probability and damage relating to
cross section stiffness. During loading, the degree
(probability) of cross section plasticising and damage
rises, whereas, for the sake of simplification, it can be
assumed that these processes are independent from
each other. During unloading, stresses of opposing
signs additionally degrading stiffness appear in the
part of the plasticised cross section zone. In this case,
too, independence of the plasticising and damage
processes can be postulated but the probabilities
determining advancement of these processes are
conditional probabilities dependants on the degree of
the cross section plasticising during loading. Under
the assumptions, function M’ (x’,) for ‘i’ branch can
be described by the formula

M =B « E+PM)N_ N, (2.1)
where:

B,  —cross section stiffness in the phase la,

1 — number of load interval,

K’ —absolute curvature increase quantity,

E, P, — probability functions of elastic and plastic work,
M, - function of moment quantity carried by

plasticised cross section,

Npl - Rp , — probability functions of non-

damaging by loading,

N, — R, — probability functions of non-

damaging the cross section by loading,

— probability functions of damaging by loading,

— probability functions of damaging the cross
section by loading.

Since all functions marked with bold italics depend
on curvature increase, absolute variables have been
omitted in notations.

Two definitions of stiffness are used: secant stiffness
marked as B and called shortly “stiffness” with its
final value B, and “instantaneous stiffness” marked as
B(x’), and its initial value as B ..

Undamaged part of the cross section works partly
elastically and in the rest part plastically, thus at every
moment we have

E+P=1.

N .
pi
Nwi

R .
pi
R

(2.2)

After changing load direction, initially, the whole
of undamaged cross section works elastically — the
process of plasticising is fully and immediately
reciprocal. It causes instantaneous stiffness jump.
Initial stiffness of subsequent unload branches
is bigger than final stiffness of the previous load
branch. During the next loading, the previous state of
plasticising the cross section is restored at the moment
of exceeding the maximum curvature, causing visible
decrease of instantaneous stiffness.

Increase of the stiffness observed during the
investigation in the initial intervals of the branch,
especially with big load changes, can be explained by
pseudo-regeneration of cross section. Since damage
relates primarily to concrete being stretched, after
changing the direction of load micro cracks and
even cracks close. The concrete in these areas starts
conveying compression. Thus ‘empowering’ the
cross section will be obtained, assuming reciprocity
of damage processes. In contrast to plasticising
processes, regeneration is not complete (it occurs
with probability p = 0). Taking into consideration
regeneration it leads to characteristic, ‘S’ shape of the
branch. Such phenomenon has not been observed yet
in the results.

During loading, the initial function quantity IV, iequals
final quantity from the proceeding unloading branch.
If there is no cross section regeneration, the function
remains constant for the whole branch, otherwise, it is
an ascending function. Function N, i has analogical
features while unloading.
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The process of loading proceeds in time causing
rheological effects: creeping and relaxation decreasing
stiffness. Changeability of load, even low cycling,
increases these effects. During short-lastinginvestigation,
“early rheologism” with big, but quickly descending
velocity of deformation growth plays an important role.
This means decrease of stress. It leads to, after a short
period of time or after some teen cycles, stability of the
branch. In the presented model describing the process of
instantaneous loads, time-independent influence of early
rheological phenomena is treated as damage.

In case of monotonic probability function, certain
branches are also monotonic functions and theoretical
relationship M — « presented in Fig. 2. It indicates
representation possibility of real proceeding of this
relationship.

2.3. The first branch - loading

If we neglect the results of internal stress caused
by concrete ageing, the process of constantly growing
load is characterised by function constancy N, =
N, = 1 and initial function values: N, (0)=N, =1,
P(0) =0 and E(0) = E, = 1. Yet the differences
observed in the research (e.g. [10], [11]) of initial
beam stiffness indicate that these phenomena have
significant influence and therefore should be taken
into account. In the form of the presented model it
means that initial values of the functions discussed
do not follow previously described relationships
and there is N< LN, <11t would be possible to
observe the occurrence of the initial plasticising in
case of asymmetric reinforcement as the difference
in initial stiffness for bending moments of opposing
signs. So far no data is available which would confirm
the occurrence of this phenomenon.

Plasticising process intensity f, according to
postulated function characteristics must be a constant
function. With cross section deformation x we will
obtain plasticising probability

K
P =P+ [f,(w)du=P,+ AP ~AP,
0
and quantity of moment conveyed by plasticised
Cross section zone

(2.3)

K
P1 MIJI - .[ u Bo-ﬁ’l(u) du = P1 @, Bo K, (24)

0

where: 0 < @ < 1 — determines the ratio of moment
conveyed by plasticised cross section and elastically
working cross section.
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[, — intensity of plasicising process with deformation x.
applying the introduced notation, we will obtain the
quantity of the moment equal

M=B x[1- P, (1-w)] (Npo - Asz) Nw,, (2.5)

where AR - increase of damage During loading.

Characteristics of cross section work in the initial
stage of loading (x — 0) will be obtained from the
equation Eq. (2.5). The concrete which is properly
cared for has little contraction and in most cases with
a small error the following equation can be accepted
N,_,=N_, = 1. After omitting small higher dimensions
the equation has the form

M=N_ B x=B «. (2.6)

Initial stiffness B | equals tangent of tangent slope
at the point k = 0 and can be determined directly from
the experiment results. This enables calculating initial
non-damage of cross section

N,(0)=B, /B =N .7)

Instantaneous stiffness of the first branch can be
obtained by differentiation of the equation Eq. (2.1)

R |eE| |[oP oM
19:(<:)=[B0 E +B(,e}§é Hé’é }Mp M P] N, N, +
oN,|. |oN,

N +

w

2.8)

0é

+(B, ¢ E +PMP)( s
€

N,j

It is impossible to determine functions in the equation
Eq. (2.1) or Eq. (2.5), on the basis of the empirical
function of the first branch.

2.4. The second branch - unloading
Equation of the moments for this branch has the form

M, =B «,[1-P,(1 -w,)] N, (N, —AR ), (2.9)

where: N = N ' — probability of non-damage by
p2 pl

loading at the moment of unloading,

P — plasticising probability during unloading,

2

AR & — increas; of damage probability during
unloading,
© — determines the ratio between the moment

2
conveyed by the cross section plasticised

by unloading and the cross section working
elastically.
Next we will use the equality of certain initial
probability of non-damage, constant for the given
branch and final for the proceeding branch.
Initial stiffness for this branch determined from the
equation Eq. (2.9), equals
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B,=B N,N_ (2.10)

which enables to calculate the value of non-damage
function at this point of the process on the basis of
measurement results

Np2 = Np(Kl) = BDZ / (Bo Nwl)

AR =1-N (2.11)

p2

Stretching stress has the biggest influence on
stiffness degradation, including during unloading.
Since the stretched concrete presents features of a
fragile body, the probability of plasticising effects
will be small. This means that at least at the first
approximation it can be assumed as zero. It allows to
simplify the equation Eq. (2.9) as

M, =B x’, N, (N - AR ) (2.12)

describing non-linear, elastic - fragile cross section
model. With increasing unload, the probability of
damage and stiffness decrease. Its final quantity can
be written as

B,=B/N_ (N, AR )=B N N (2.13)

Comparing to the final stiffness of the first branch it is
bigger since damage probability AR  is the fraction
of plasticity probability P,.

Knowing the initial stiffness and the coefficient of
branch ending enables us to calculate the increase of
damage AR

M,2 = Bo K’2 Np2 Nw2 = Nw2 =
MV
= ——"— =AMR,=N,-N (2.14)
Bo ¢ 2 NpZ

2.5. The third branch (loading) - deformation hysteresis loop

The subsequent loading, with deformation not
exceeding «, gives linear function

M’,=B,<’,=B, (2.15)

because subsequent loading does not cause additional
damage of the cross section. Also following unloading
and loading in the range <k, x,> do not change
stiffness; we have a stable loop (unloading — loading)
of deformation hysteresis. In the case of fragile material,
the loop is reduced to the interval of a straight line.

In reality, obtaining the curvature x is caused by
a smaller moment than M, since the influence of
rheological phenomena appears. The equation of the third
branch, closing the first loop, allowing for rheological
effects, assuming N =N_, can be presented as follows

M’ =B« (N,-AR )N, (2.16)
where initial stiffness equals zero:
B,=B N,N_, (2.17)

Increase of damage for ¥, = k’, can be calculated
analogically as for the second branch:

M’3 = Bo K’3 Np3 Nw3 = Np3

M,
= —B o N = ARMZNp2 —NID3
€3

0

(2.18)

w3

To determine the quantity of damage for this branch
there can be used difference between moments:

AM’ =M, -M,=B (<’ -k ) AR N (2.19)

While analysing deformation hysteresis loop, it is
more convenient to use variables k’_for the increasing
load and «’  for the decreasing one. Loop equations
can be generalised for the subsequent m=1,2, ..., n
cycle deformation loops in this interval:

— for unloading branches

M’ =B ' N (N . —AR ) (2.20)
— for loading branches
M,i+1 - Bo K’p (Npi a AR,, i+1) Nw i+l (221

where: 1 =2 m.

Initial stiffness of these branches, having allowed
for the final of the relevant process at the moment of
load direction change, equal respectively:

Boi :Bo Npi-l Nwi»l :Bo Npini
B,,,=B,N N, ,=B,N N

oitl 17 witl

-1

(2.22)

The stiffness changes reflect accumulating damages
and creeping. They occure as a result of earlier
loading. They result from characteristics of loop slope
decreasing with the increase of the cycle number.

Increase of the moment for the lower deformation
limit (even branch number) in the following cycle
(Ax =K, —,) amounts to

AM? =M, -M_,=B Ax (N /N, = N N
=-B AN AR .

and for the upper one

AM’ ., =-B AKAR L N (2.23)

This allows to calculate the range of moment changes
after stabilising the deformation hysteresis loop (Fig. 3):

m
Mmin = Ml B Bo AK Np2 Nwl + Bo AK z Np 2m A1{w 2m
1
(2.24)
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m
M =M -B Ac Y AR , N

m p2m+l © w2m (225)
I
Considering small increases of deformation,
equations Eq. (2.24), (2.25) can be simplified as:

Mmin ~ Ml - Bo Ax Np2 Nwl +
m

T Bo AK G\IpZ 72 Alzp 2m+1) Z A}{w 2m -
1

=M, -B AN N, +B Ax[N,,—R (Ax)] R (Ax),

m
Mmax ~ Ml - Bo Ak (Nwl - z Alaw 2m) =
1
=M, -B Ak [N  —R (Ax)]
(2.26)
enabling determination of damage quantity on the
basis of measurement.

2.6. The third and the subsequent branches - moment
hysteresis loop

Increasing load in the third branch until M, = M,
(Fig. 4) causes simultaneously an increase in the
curvature until the quantity k, As the consequence we
observe not only an increase of damage probability
but also an increase of plasticising. The subsequent
unloading, as a result of increase in the plasticising
degree, increases damage caused by internal stress,
as well. There are added rheological effects, too. The
undergoing changes in the subsequent cycles {i = 2,
4, ...,2n} can be noted as:

APi+1 - P(Km) o P(Ki-l)’
ARp i Rp(KH—l) B Rp(Ki-l)’
A]Rwi - Rw(Ki) o Rw(Ki-Z)’

(2.27)

where there have been presented together: damage
increase, curvature increase and rheological effects.
If, in the process of cycle loading, the curvature
sequence {k, . } hasafinitelimitx =%, ,thenthe
hysteresis loop is stable in the deformation interval
<x . = lim{x, },x > Respective probabilities

determining the state of the cross section amount to:

n
Pm = PI + Z APZj-*—l = P(K2m+1) = P(Kmax)’
=1

n

R =R+ > AR

P P 2j+1

=R (x (2.28)

max)’

j=1

n
RW m-1 = Z Alzw 2j = Rw(Kmax - Kmin)’
i1
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N =1- Rpm = Np(KmaX),

p

N, =1-R_ =N(x

wm

—K

max min) >

and they are the same as in the deformation hysteresis
loop <k . .k

min > max

3. Determining model functions Np, N ,EP Mp

The relationships between the instantaneous and
section stiffness with cycle loads described in point
2 allow to determine damage increase AR and AR .
As aresult, values Np, N_ model damage functions at
the points of changing load direction become known.
At the point of initiating the first level of unload
cycles, with known Np » N, we have the equations
Eq. (2.1) and Eq. (2.2). Calculating the values E , P ,
M/, is still impossible. Similarly, it is impossible at
the initial points of the higher unload levels.

The missing equation is the result of instantaneous
stiffness quantity at the point of load direction change.
At the point of initiating cycle loads for any ‘k’ level
of moment hysteresis loop we have:

5 5 oM
ﬂ =| BE, +B0ék£ +57P M, + . P [Ny Ny +
2 s oé & Jé & ’ ¢ |4 P
k k k €y
JN J N,
+(BoékEk +Pk Mpk) ‘ Ap w k-l 7:‘ Npk
Jé Jé e,

3.1)

Little section of empirical relationship M(x)
just before the first point of initiating the loop is
approximated with a parabola

M(x)=ax*+bxk+c 3.2)

for which the coefficients a, b, ¢ are determined by
the method of the least quares.

As a result, the value of the left side of the equation
(3.1) becomes known.

At this point, considering the equations Eq. (2.1),
(2.2) and (3.1) we have both unknown E,, P,, M, and
quantities of model function derivatives E, P, Mp as
well. For initial points of subsequent load levels

. . OE
derivative values ‘?
€

can be determined on the
é

basis of parabola lead through values E, , E , E

k-17? k> k+1°
The same method is used for derivatives |°F- ,
ék

oM )
‘ > é" . Equations (2.1), (2.2) and (3.1) noted for the

k

initial point of ‘k’ unload level contains nine
unknowns E,_, E, E_,P ,P,P_ ,M M

k-1° K+ k12 k12 p k-2 p K2
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Mp .- Equations (2.1), (2.2) and (3.1) for all initial
points of loading levels form a system of the same
number of equations as the unknowns. Due to non-
linearity of these equations model function values
E,...E ,ELE ,...,E,P,...P P!(, ijl,.....,.Pn,
M.,...M M M .., M, forpoints initiating
pl pk-1 pk pk-1 n’ - ;

cycles they are determined numerically with the use

of Newton method [12].

4. Experimental research of three span reinforced con-
crete beams.

It is characteristic of the publicised research results
of continuous reinforced concrete beams [13-15] that
the research programs are limited to the issues of
interest for the different researchers.

Experimental discovery of the cross section and an
element work with temporary load (without dynamic
effects) considering the unloads have been carried
out on three span reinforced concrete beams. It was
necessary to carry out the experiment in Independent
School of Reinforcement Construction and Industrial
Building of Technical University of Kielce due to
lack of research results allowing to determine model
function values of relationship M(k).

The static scheme of three span continuous beam has
been accepted (Fig. 5), with rectangular cross section
140 x 250 mm, and the length of peripheric spans 1750
mm and midspan 2750 mm. The beams were made
of concrete with average resistance to compression
about 22 MPa. Percentage of reinforcement with bars
# 12 from steel 34 GS amounted to 1.07%.

Two beams have been tested "1’ and "2’. Two focused
forces applied in the midspan formed the load. The
program of static load (controlling of focused force P)
were done according to scheme P=0 - P <0 —
P,<>0 —P, ..., where P, > P, , P —damaging force.
The number of loading and unloading cycles from
the given force level P was dependant on measurable
hysteresis loop stability force - deflection.

During measurement program for the tested
elements were registered:

- the quantity of the applied load P and all the

reactions on the supports: A, B, C, D (see Fig. 6)

- deflection in the determined points of the beams

(see Fig. 6)

- deformation of upper and lower fibres on both sides

of the beam (see Fig. 6)

- location, height and opening of cracks.

Testing of continuous beams was carried out on a
measuring stand.

For the measurements the following devices were used:

boxdynamometers(range25—160kN) formeasuring

applied load and bearing reaction; estimated on the

basis of calibration of max measured force error for

the different dynamometers from 0.19 — 0.44 kN,

- induction sensors by PELTRON (range 50 — 100 mm)
for measuring deflection; accuracy 1.25 x 10°m,

- extensometer type MAYES (range 200 mm) for

measuring deformation; accuracy 0.8 x 107
- Brinell microscope (enlargement 24 times) for

measuring crack opening.

The quantity of the applied load, bearing reaction
and deflection, were registered with thirty two
channel analogue — digital converters mounted into
an IBM PC. This allowed to gather a large number
of measuring points. The converter with jump
load increase P for the assumed level, sampled
automatically five times with the same load kept,
every 20 seconds for 5 minutes.

5. Empirical hysteresis loops and their analysis.

For the interval of sheer bending in the span M(i)
has been calculated on the basis of the measured
deformations and deflections. There the constant
intensity of longitudinal reinforcement exists
simultaneously. The calculated relationships M(i)
differed maximally by ~12%. The confirmed reliability
of the results computed from automatic measurement
of deflection allowed to base the analysis exclusively
on them.

The experimental curvature was calculated based
on the formula:

=8 Af/ I (5.1)

where: Af — the increase in the deflection in the
middle of the segment | in relationship to its ends | —
the length of the segment of sheer bending. Chosen as
an example two series of moment loops M(k) for one
of the beams have been shown in (Fig. 7). They are
both with the ranges respectively ~26 — 0 kNm and
~29 — 0 kNm. For each series there are from several
to several teens unloading and loading branches lying
close to each other. Due to the measurement carried
out only in a few points of the branch, linking results
are presented as broken line. Observed subsequent
branch overlapping, overlaying, crossing may be
explained both by the character of the phenomenon
and the measuring accuracy.

The obtained empirical points with coefficients
(M, ) in the Cartesian system are loaded with errors
AM and Ak, resulting from the accuracy of measured
bearing reactions, applied load and deflection
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measurement. On the basis of measuring equipment
calibration [15] maximal value of span moment error
AMg = 1.23 kNm and curvature error AKg = 0.0002
1/m have been estimated.

In order to determine the shape of ‘m’ loop from the
sequence, the following analysis has been carried out. For
any empirical point ‘L’ with coefficients (i, M, ) lying
on the load or unload curve ( Fig. 8) vertical distances
-AM, and horizontal ones Ak, from the straight line run
through the upper and lower vertex of the loop have
been calculated. It arises from the statistic comparison
of the sets of the vertical{AM } and horizontal {Ax }
distances to maximal measuring errors of the moment
AMg = 1.23 kNm and curvature AKg that the loop M(k)
can be linearised in the loading and unloading process.

The sequence of hysteresis loop has been limited by
the contour of a quadrangle as in Fig. 9.

Unloads and repeated loads cause additional
damage process which is proved by positive sums of
temporary and permanent curvature increase. Having
formed the sequence of hysteresis loops from any
point 'k' on the original curve M°(k), we do not get to
the lengthening of the curve (Fig. 9).

6.Probability values E, P, N B N, and moment quantity
Mp in the initial unload points of ‘i’ load level with
estimation of errors AE, AP, ANp, AN, AMp.

The determined relationship M(x) for the
middle beam interval of 1000 mm length served
for calculating values of model functions E, P, N P
N, M, Relationship M(x) is loaded with error of
bending moment AM, resulting from accuracy of
bearing reaction measurement [16]. Curvature error
Ak, has been omitted considering it a small one in
comparison with maximal calculated curvature.

If the calculated quantity depends on many
supporting quantities, there is a very small probability
of occurrence of an event in which errors of all
supporting quantities will take extreme values and
unfavourable set of signs. The best results can be
obtained if we treat the measuring results together with
its error as a random variable. In this case, in order to
estimate its error, we can use radical form variation
called an absolute probable average error [17].

If for the random variable

Y = f(X,, X, ..., X,) (6.1)
non-linearity of the function f has little importance
and coefficients of variable changing X, are not too

big, then approximation of the variable variation Y in
the most general case is as follows

28

Var[Y]~)_ of of Cov[X;,X|]

i=1 =1 0 Xi 0 XJ (6.2)

where: Cov[X., Xj] means covariantion of variables
X, X..

Due to independence of variables X. covariantion are
zero and then

Var[Y]= Zn:(%) Var[X,].

i=1

(6.3)

In the analysis, it has been assumed that function
values E, P, Np, N, Mp are loaded with errors because
of bending moment error AMgmaX. It arises from the
analysis of bearing reaction [16] that for any point
of the empirical relationship M(k) the calculated
ordinate is the expected value of the bending moment.
It follows the normal distribution with standard
deviation equalling one third AM e Estimating
the errors AE, AP, AN AN, AM we calculate the
radicals from variation Wthh is standard deviation.

Obtaining directly the analytical formulas of errors
AE, AP, ANP, AN, AMP with the use of (6.2) or (6.3) is
impossible. The most accurate solution is to make use
of the probabilistic nature of errors AE, AP, ANP, AN,
AMP stemming from the bending moment error AMgmax.
For this purpose, its necessary to sample the value of
the moment random variable for subsequent measuring
points of the relationship M() with the application of
elemental simulation. In an artificial manner for the
relevant measuring points (i, M) the values of random
variable M have been generated. Variability according
to normal distribution with expected value equal to
empirical bending moment value in the given point and
standard deviation of one third value of AMgmax have
been assumed. The normal distribution was generated
with Monte Carlo simulation method [18].

While estimating error values AE, AP, AN AN,
AM thirty simulations have been carried out They
yleld a set of thirty curvatures M(k) for every beam.
Numerically determined thirty-element sets with
Newton method E, P, Np, N, Mp were used for
calculating average values and standard deviations.
The determined maximal in the observed range of
loads relative error values OF, ESNP, ON, 6Mp equal
respectively 13.1, 6.4, 4.3, 12.8 [%].

The course of the determined model function values
E, P, Np, N, Mp in the function of effort M/M (M,
- empirical damage moment) is presented graphically
in Fig. 10. M is known as a result of the created
plastic coupling on the section of sheer bending for
both tested beams.
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The experimental research presented in this paper
with analysis of the obtained results allows us to state
the following:

- in the range of loads up to ~0.9 of damage moment
the influence of unloads on reinforced concrete
beams is small. There is only observed damage
increase of cross section stiffness of ~15-18%,

- the process of damage during loading is significant
as for effort ~0.9 probability of cross section
damage amounts to 59-66%,

- cross section plasticising probability in the researched
range increases on average from 40 to 85%,

- in the load range up to ~0.65 M a small increase
of probability elastic work maximally up to ~5%
is observed. This indicates bigger concentration of
damage in the plasticised parts of cross section,

- for practical uses hysteresis loop in the changing
load process can be linearised; the slope angle of
the straight line depends only on the product of
values of non-damage probability Np N
The obtained values of the model function reflect

quantitative influence of damaging processes and
plasticisation on cross section stiffness degradation
with the accepted mathematical model (2.1). Physical
interpretation of the model functions stems from
treating the cross section as a set of elementary
sectors behaving elastically, plastically and in a short
way for any yield point and deformation point being
random variables.

7. Summary

The relationship M(k) valid not only for the process
of increasing load but also unloading is suggested in
this paper. It is continual, non-linear limited to five
model functions E, P, Np , N, Mp. reflecting its real
character. Physical interpretation of model functions
stems from the following assumptions:

- the cross section is treated as a set of material points
with random mechanical features,

- elementary sectors behave in an elastic, plastic and
in a short way, with yield point and deformation
point being random variables,

- the features on the level of the cross section
are represented by respective values of the five
functions or their proper combinations in the
accepted mathematical model.

The model generalises theoretical descriptions of
relationships M(k) in the processes of loading and
unloading. The model functions reflect mechanisms
related to micro and macro cracking, plasticising and
self-stress. The simplicity and clarity is the advantage of

so formed relationship. Thus, its not necessary to analyse
the relationships between deformation, normal stress or
adhesion stress between two neighbouring cracks.

The values of the unknown model functions have
been determined on the basis of the small database
of experiment results of M(x) allowing for low-cycle
loading. This limits the validity of the model to the
specific cross section shape with given percentage
content of reinforced steel both for stretching and
compressing, its kind and concrete characteristics.

The small number of the tested beams together
with the existing estimated errors AE, AP, ANp, AN,
AMP about ~13% call for caution in the quantitative
evaluation of the individual processes. For practical
uses hysteresis loop in the changing load process
can be linearised. The slope angle of the straight line
depends only on the product of values of non-damage
probability Np N

For a better quantitative evaluation of the damage
and cross section plasticisation processes it is required
to carry out broader experimental research.
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Zaleznos¢ M(x) na podstawie wynikow badan belek
poddanych obcigzeniom zmiennym

1. Wstep

Przy obliczaniu konstrukcji zelbetowych szczegol-
ne znaczenie ma relacja moment - krzywizna M(x).
Zalezno$¢ ta decyduje o dystrybucji sit wewnetrz-
nych w ustrojach statycznie niewyznaczalnych oraz
o wielko$ciach ugig¢ elementow. W rzeczywistych
warunkach eksploatacyjnych, konstrukcja zelbetowa
poddawana jest nie tylko obciazeniom narastajacym
ale 1 odcigzeniom.

W elementach zginanych wykonanie nawet Kkil-
ku cykli statycznych obcigzen i odcigzen wywoluje
przyrost ugi¢¢ doraznych. Budowa jednolitego mode-
lu zaleznosci M(x) opisujacego caty zakres od stanu
sprezystego do pelnego uplastycznienia z uwzgled-
nieniem obciazen powtarzalnych (petli histerezy)
wymaga przeprowadzenia odpowiednich badan.

2. Model przekroju

Degradacja sztywnosci przekroju jest wynikiem
procesow niszczenia i uplastycznienia. Jednolity opis
procesow zachodzacych w przekroju belki zelbetowej
mozna uzyska¢ wykorzystujac prawdopodobienstwa
pracy sprezystej, plastycznej oraz niszczenia, odnie-
sionych do sztywnosci przekroju. Podczas obcigzania,
ro$nie stopien (prawdopodobienstwo) uplastycznie-
nia i zniszczenia przekroju, przy czym mozna przyjac
dla uproszczenia, ze procesy te od siebie nie zaleza.
W trakcie odcigzania, w czg$ci uplastycznionej strefy
przekroju, powstaja napr¢zenia przeciwnych znakow
dodatkowo degradujace sztywno$¢. Rowniez w tym
wypadku mozna postulowac niezaleznos¢ procesow
niszczenia i uplastycznienia, ale prawdopodobien-
stwa okreslajace zaawansowanie tych procesow sa
prawdopodobienstwami warunkowymi zaleznymi
od stopnia uplastycznienia przekroju podczas ob-
ciazania. Wykorzystujac przyjgte zatozenia, funkcje
M’ (k) dla i tej galgzi mozna opisa¢ wzorem

M, =B, E+PM )N N, (1
gdzie:

B, - sztywno$¢ przekroju w fazie Ia,

i — numer przedziatu obciazania,

B

K’,  —bezwzgledna wielkos¢ przyrostu krzywizny,

E, P,—funkcje prawdopodobiefistwa pracy sprezystej
i plastycznej,

M, —funkcja wielko$ci momentu przenoszonego
przez przekroj uplastyczniony,

N, =N ,-R - funkcja prawdopodobienstwa nie-
zniszczenia obcigzeniem

N, ,=N_, —R .—funkcja prawdopodobienstwa nie-
zniszczenia przekroju odcigzeniem

R, . —funkcja prawdopodobienstwa zniszczenia ob-
cigzeniem

R . —funkcja prawdopodobiefistwa
przekroju odcigzeniem

Poniewaz wszystkie funkcje wyrdznione pogrubio-
ng kursywa zaleza od przyrostu krzywizny, w zapi-
sach pominigto wskazanie odcigtych.

W przypadku monotonicznych funkcji prawdopo-
dobienstw, poszczegdlne galezie sa rowniez funkcja-
mi monotonicznymi i przedstawiony schematycznie
narys. 1 teoretyczny zwiazek M-k wskazuje na moz-
liwo$¢ odwzorowania rzeczywistego przebiegu tej
zaleznosci.

zniszczenia

3. Wyznaczenie wartosci funkcji modelowych na pod-
stawie badan doswiadczalnych.

Doswiadczalne poznanie pracy przekroju i ele-
mentu pod obciazeniem doraznym (bez efektow dy-
namicznych) z uwzglednieniem odciazen przepro-
wadzono na trzech trojprzestowych belkach Zelbe-
towych (BELKA1, BELKA 2, BELKA 3). Przebieg
wyznaczonych wartosci funkcji modelowych E, P,
N,N, .M w funkcji wytezenia m=M/M (M, - em-
piryczny moment niszczacy) przedstawiono graficz-
nie na rys. 10.

4. Podsumowanie

W zakresie obcigzen do ~0.9 momentu niszczace-
go wplyw odciazen na zachowanie si¢ belek zelbeto-
wych jest niewielki, obserwuje si¢ jedynie przyrost
niszczenia sztywnosci przekroju o ~15-18%. Proces
niszczenia podczas obciazania jest znaczny gdyz
dla wytezen ~0.9 prawdopodobienstwo zniszczenia
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sztywnosci przekroju wynosi 59-66%. Prawdopodo-
bienstwo uplastycznienia przekroju osiaga w bada-
nym zakresie obcigzen wartos¢ 65-80%. W zakresie
obciazen do ~0.70 M obserwuje sig niewielki wzrost
prawdopodobienstwa pracy sprezystej o ~0.03-0.08%
co wskazuje na wigksza koncentracje niszczenia
w uplastycznionych czesciach przekroju.
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W zastosowaniach praktycznych petle histerezy
W procesie obciazen zmiennych mozna linearyzowac.
Kat nachylenia prostej zalezy jedynie od iloczynu
warto$ci prawdopodobienstw niezniszczenia Np N
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CRACKING PROCESS OF REINFORCED CONCRETE
BEAMS IN FUNCTION OF BENDING MOMENT

Abstract

The results of performed test on reinforced concrete beams were treated as the basis for the further analysis. The beams
differed only in the way of load application. Below the value of nominal cracking moments the growth of process intensity
is very small and above it can be regarded as proportional to the bending moment. The process intensity A for the beams

subjected to live load comparing to the beams under monotonous load grows faster with the increasing load.

Keywords: bending moment, reinforced concrete beams

1. Introduction

The stochastic model of the process of crack formation
and their calculation method in the reinforced concrete
elements is described in the paper [1]. The distance
between cracks was calculated assuming that close
to the crack location loss of the adherence between
concrete and steel occurs and stresses in concrete
decrease. This excludes forming of a new crack on the
left- (a,) and right-side (a,) of the developed crack.
Using this model a computer programme to estimate
the intensity of cracking process has been written [2].

In the paper an attempt to estimate relations between
the intensity of cracking process and bending moment
has been done. The results of performed test on
reinforced concrete beams were treated as the basis
for the further analysis. The beams differed only in the
way of load application.

2. Description of the experiments

The experimental tests was performed on simply
supported beams using the so-called four-point
bending loading. There is a zone of pure bending in
the beam tested. The section was monitored carefully
for getting reliable data about strain localization
and crack width for different levels of loading and
unloading. In the following, a detailed description of
examined reinforced concrete beams is given.

Two series of technically identical, reinforced
concrete beams differently loaded were examined.

The first series of examined beams consisted of four
reinforced beams and the second series consisted of
13 beams. For all the tested beams the tension zone
was reinforced with three bars ¢12 made of steel
34GS, with mean yield strength of reinforcement f,
= 435,23 MPa. In the compression zone two bars ¢ 8
made of steel St3S were used. For stirrups ¢4,5 bars
made of St3S steel were used. Between the applied
forces 225 mm stirrup spacing, whereas 100 mm
stirrup spacing at the supports was used.

Beams were made of concrete of identical recipe.
Mean value of concrete compressive strength was
estimated on the basis of experimental data and
varied from f, = 22.08 MPa to f| = 29.56 MPa for
each batches of concrete.

The beams of the first series (S1) were subjected
to step growing load: 0 > 5 —> 7,5 > 10 »> 15 —»
20 — 25 kN and so on, until collapse. The beams of
second series (S2) were subjected to step live load with
repeated unloading on higher load level: 0 > 5 — 7.5
21050510 >15-50->15->20>0->20
— 25 kN and so on, till collapse. Load capacity force
for beams ranged from 34.75 kN up to 38.75 kN.

For each loading and unloading analysed, on the
surface of concrete at the level of tensile reinforcement,
measurements of crack width and their location were
carried out. The test results of two series of reinforced
concrete beams were written into the data bases and
were used for further analysis.
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3. The results of research an example, for SIBO1 beam (Fig. 1) and for S2B01
FIkN] 10 beam (Fig. 2).
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Fig. 1. Process of crack forming in SIBO1 beam 0 1002000 300 400500 600 700 800 900 1000

. . Fig. 2. Process of crack forming in S2B01 beam
Graphical method of presentation of the test

results was used because of the size of digital data ~Mean distances between cracks for each tested beams
bases developed. The test results are illustrated, as  are given in the table 1.

Table 1. Mean, experimental distances between cracks

Beam Mean distances between cracks x [mm] for tested beams on each level of load F' [kN]

7,5 10 10° 15 15° 20 20° 25 25° 30 30° 325 35
S1B01 408 241 — 124 — 117 — 105 — 91 — 84 —
S1B02 261 190 - 128 - 108 - 93 85 — — 80
S1B03 1000 | 426 - 317 - 175 - 140 96 - 88 84
S1B04 310 213 - 150 - 108 - 98 - 86 - 80 80
S2B01 1000 243 243 192 173 121 113 101 101 101 91 91 -
S2B02 - 512 512 205 205 249 249 181 181 149 140 133 26
S2B03 1000 174 179 110 088 82 75 64 64 64 64 63 —
S2B04 1000 | 476 227 122 116 78 68 66 64 60 60 60 -
S2B05 1000 255 289 224 146 108 85 76 73 71 71 — —
S2B06 146 113 107 89 89 85 78 76 68 66 66 — -
S2B07 1000 208 122 104 86 69 67 63 63 61 61 59 -
S2B08 194 164 118 89 85 85 85 85 82 79 79 - -
S2B09 - 517 344 167 187 131 111 111 95 91 84 - -
S2B10 1000 305 244 202 187 162 151 122 104 96 92 92 89
S2B11 - 511 633 156 137 115 115 109 99 91 87 70 70
S2B12 210 175 293 155 155 127 127 115 79 79 74 71 71
S2B13 - - 507 197 181 151 141 132 85 85 85 85 -

4. The intensity of cracking process The length of adherence loss section a was estimated

In order to describe the intensity of cracking process ~ ©n the basis of the measured crack width and the value
A the probabilistic model of crack formation proposed ~ ©f stresses in reinforcement at the crack location:

in [3] was used. The governing equation is: WEs
a= )
S f,(A0) 20
A= (1) Ila
T = f e for 1 < 2 where: w is the width of crack, E_is the elasticity
P j’ > c* l > - . . .
2a modulus of reinforcement, and o, is the stress in
-1y L,)‘f’zc fy s + 2 7 peny: for a <1 < 22  Teinforcement at the crack location.
2a t+2a In case of overlapping adherence loss sections
~1,Gu0 [ 2 Gz + 2 [ f, (A0t f, (1) for ¢ 22a (Fig. 3) the value of a was calculated using the
2a i+2a following relation:

where: a is the length of section where loss of adherence

. . I wFE

between concrete and reinforcement occurs, A is the . _ y s

intensity of cracking process. I Tk k=120 1
The solution of (1) was obtained numerically using 4

programme LAMBDA [2] written for this purpose.

3)
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Fig. 3. Overlapping adherence loss sections

Since the process of calculation had to be repeated
several times, where « is a variable, a tool programme
ODCINEK A [2] was developed.

Because of random character of adherence loss
section the parameter a was defined as a random
variable. The length of adherence loss section is
then treated as an independent random variable for a
given type of beam with probability density function
/.(a) and mean value E(a). As a result the following
equation for random function is obtained:

fA) = £ (@, (x]a) da 4)
0

To calculate the random function with a treated as
a random variable [3], programme ROZSTAW [2] was
used. The result being the probability density functions
fix,A) are presented in Fig. 4, and relation between mean
distances of cracks and the process intensity in Fig. 5.

Fig. 4. Density function
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Fig. 5. Theoretical relationship between the mean distance
of crack and the intensity process

5. Relationship between the intensity of crack process
and bending moment

In order to determine the relation between the
intensity process function A and the bending moment
mean theoretical values of crack distances have been
adjusted to the experimental distances for each beam:

x .[M.j:x (/1. j 5)
sr, j\ sr\ 1,

where: i is the number of beam, j is the load number

of load.

Hence, the empirical values of the function were
estimated:

4, :(ij ©

and shown in Fig. 6.

For theoretical description the relation A(M) the
polynomial function was applied. Polynomials up
to third degree have been analysed in case of the
monotonously and low—cyclically loaded beams.

Approximating function parameters have been
determined using the least square method by
minimizing the distance:

2o 3 rf[,a.—;t. .(M. ﬂ N
i=1j=1 1, L\

where: ’1," ;j is the value for beam i and load ;.

Values determined from (7) are presented in the Table 2.

Since the deviation squares S* in case of linear
or parabolic functions do not differ significantly,
then, linear function can be accepted without loss
of approximation accuracy. Finally, for linear
approximating functions results are presented in Fig. 6.

1
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Fig. 6. Relationship A(M) for investigated beams

In Fig. 6 rhombuses mark quantities results for beams
from the first series and a dotted line the corresponding
approximation function 4. Square and triangle marks

37



structure

Maria Wiodarczyk

Table 2. Approximating function parameters and deviations

Function | a | b | c d
The first series (monotonic load)
MM) = aM+b 0,0146 -0,0776 - - 0,0005
MM) = aM? +bM+c -0,00009 0,0187 -0,1166 — 0,0003
MM) = aM*+bM? +cM~+d -0,00003 0,0001 0,0142 -0,0893 0,0016
Second series (primary load)
MM) = aM+b 0,0204 -0,0839 - - 0,0016
MM) = aM? +bM+c -0,0003 0,0345 -0,2134 — 0,0021
AMM) = aMP+bM’ +cM~+d 0,000004 -0,0006 0,0390 -0,2399 0,0024
Second series (secondary load)
MM) = aM+b 0,0215 -0,0686 — - 0,0031
MM) = aM? +bM+c -0,0006 0,0442 -0,2674 — 0,0019
MM) = aMP+bM? +cM~+d -0,00004 0,0015 0,0051 -0,0462 0,0417

are given for the beams from the second series. For
the path of the primary loading squares are used with
a corresponding function marked with a solid line B,
whereas for the secondary loading path triangles are
used with the corresponding broken line C.

In the modelling, the cracking moment for the tested
beams corresponds to the process intensity, for which
mean crack distance is x, = 1000 mm. Since the
description of the process for large distances between
cracks is almost identical with classic Poisson’s
process, the obtained value:

1 L romet, )

Ar X = 1000

sr

iscloseto zero. It can be accepted that the extrapolation
of the lines (thin broken lines) until intersection
with moment axis determine values of the nominal
cracking moments:

b
M, == - ©)

cr a

Using (9) the value of nominal cracking moment for
the beams in the first series is M = 5,31 kNm. For
the beams in the second series subjected to live load
the value for the primary load path is M_ = 4,11 kNm,
and on the secondary load path is M_ = 3,19 kNm.

Value of cracking moment calculated according to the
norm [S]isequalto M =9,36 kNmandis significantly
higher not only than nominal cracking moments but also
then ones observed during the tests (Table 1).

Comparing the quantities of nominal cracking moments
it has been concluded that for the beams for the second
series moments are smaller than for the first series. The
lower values are the result of live load influence.

Analysing the relations A(M) (Fig. 6) the differences
in the position of approximating functions are noticeable.
The significant influence of live load on the increase in
the process intensity is visible (lines B and C) in relation
to the monotonously loaded beams (line A4).
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For live loads lines B and C are similar. Values AM(M)
for the secondary load (line C) are above the values
obtained on the increasing path, which is the result of
cumulating influence of live loads.

The differences between B and C lines come from
adding the effect of the last unload. These differences
grow along with the unload value.

It has also been observed that the faster growth
of process intensity begins above nominal cracking
moments.

6. Conclusions

1. Below the value of nominal cracking moments the
growth of process intensity is very small and above
it can be regarded as proportional to the bending
moment.

2. A significant influence of live load on quantities
of nominal cracking moments has been observed.

3. The process intensity A for the beams subjected to
live load comparing to the beams under monotonous
load grows faster with the increasing load.
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Proces zarysowania belek zelbetowych
w funkcji momentu zginajacego

1. Wstep

Stochastyczny model procesu powstawania rys
w elementach zelbetowych oraz metodg ich obliczania
zostal zaproponowany w pracy [1]. Obliczanie rozsta-
wu rys oparto na zalozeniu, ze w otoczeniu powstalej
rysy nastgpuje zerwanie przyczepnosci pomigdzy be-
tonem i stalg oraz spadek naprgzen w betonie, co wy-
klucza powstanie nowej rysy w jej lewo- (a,) i prawo-
stronnym (a,,) otoczeniu. W prezentowanej pracy pod-
jeto probe oszacowania relacji migdzy intensywnos$cia
procesu zarysowania i momentem zginajacym.

2. Opis przeprowadzonych badan

Zbadano dwie serie, identycznych technicznie, be-
lek zelbetowych rozniacych si¢ miedzy soba sposo-
bem realizacji obciazenia. Dla wszystkich zbadanych
belek w strefie rozciaganej zastosowano trzy prety
012 ze stali 34GS o s$redniej granicy plastycznos$ci
];k =435,23 MPa i w strefie $ciskanej dwa prety ¢8 ze
stali St3S. Belki wykonano z betonu o takiej same;j
recepturze. Srednia wytrzymatosé okre§lona na pod-
stawie wynikow badan wahata sig¢ od f, =22,08 MPa
dof, =29,56 MPa dla poszczegolnych zarobow.

Wszystkie badane belki bytly swobodnie podparte
1 obciazone dwoma sitami skupionymi w odlegtosci
/3 od podpor. Pierwsza seria belek (S1) byta podda-
na dziataniu obciazenia skokowe, narastajacego az do
zniszczenia. Natomiast druga serig belek (S2) podda-
no dzialaniu obciazenia ztozonego, ktére obejmowato
skokowy wzrost sity z kilkukrotnymi odciazeniami.
Sita niszczaca wahata si¢ od 34,75 kN do 38,75 kN.

Na poszczegolnych poziomach obciazenia i odcia-
zenia wykonano migdzy innymi pomiary szerokosci
rys oraz zinwentaryzowano ich potozenie. Pomiary
byly prowadzone na powierzchni betonu w miejscu
wystgpowania zbrojenia rozciaganego.

3. Wyniki badan

Ze wzgledu na duze rozmiary baz do prezentacji
uzyskanych wynikow zastosowano metody graficz-
ne. Rezultaty uzyskane z badan poszczegdlnych be-

lek zostaty przyktadowo zilustrowane wynikami dla
belki S1IBO1 (rys. 1) i dla belki S2BO1 (rys. 2).

4. Intensywnos$¢ procesu zarysowania

W celu opisania intensywnosci procesu zarysowania
A wykorzystano zaproponowany w [ 1] probabilistycz-
ny model powstawania rys. Rozwiazanie rownania:

51,000
s (1)

—ﬁ(ﬂ,t)T z [, (A, )dz

dla t < 2a

dla a <t < 2a

= —j’l(l,t)ifzcﬂ(l,t)dz +2 T [ (A,t)dz

—j‘l(i,t)]C‘zpj‘l(i,t)dz +2 ]O f,(A0dz -t f,(At) dla t >2a

gdzie: a — dlugo$¢ odcinka utraty przyczepnosci
pomigdzy betonem i stala, A — intensywno$¢ procesu
zarysowania.

Otrzymano na drodze numerycznej wykorzystujac
specjalnie napisany do tego celu program LAMBDA [2].

Dlugos$¢ odcinka utraty przyczepnosci a oszacowa-
no na podstawie pomierzonej szerokosci rysy i wiel-
kosci naprezen w stali w przekroju przez rysg:

WE

a=

26[[(1

2

gdzie: w — szeroko$¢ rysy, E_— modut sprezystosci
stali, 5, — naprezenia w stali w przekroju przez rysg.

5. Zalezno$¢ pomiedzy intensywnoscia procesu | a mo-
mentem zginajacym
W celu wyznaczenia zalezno$ci pomigdzy intensyw-
nos$cia procesu A a momentem zginajacym poroéwnano
srednie teoretyczne wartosci rozstawu rys z odleglo-
sciami doswiadczalnymi dla poszczegdlnych belek:

x,, (M) =x,(1,) 3)
gdzie: i — numer belki, j — numer obciazenia.

Na tej podstawie otrzymano empiryczne wartosci
funkcji

h, (M) ©
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Celem uzyskania opisu teoretycznego przyjeto 2. Stwierdzono znaczacy wplyw obciazen zmiennych

zwiazek M(M) w formie funkcji wielomianowe;. na wielko$ci umownych momentéw rysujacych.
3. Intensywnos¢ procesu A dla belek poddanych ob-
6. Wnioski ciazeniu zmiennemu w poroéwnaniu z belkami ob-

cigzonymi monotonicznie ros$nie szybciej w miare

1. Do umownych momentéw rysujacych wzrost in- SOROE
wzrostu obcigzenia.

tensywnosci procesu zarysowania jest bardzo
maty, a powyzej mozna przyjac, ze jest proporcjo-
nalny do momentu zginajacego.
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ELIMINATION OF THE NEGATIVE INFLUENCE
OF TIGHT BUILDING STRUCTURE ON VENTILATION

Abstract

Ventilation of accomodation in warmed buildings well with tight windows ’joinery is perturbed. The two-function heaters
which are more and more frequently installed in the flats make up additional problem. This article presents results of
reaserch on example of two apartments furnished with Individual System of Air Intake. This system causes reduction of
CO2 concentration in rooms. Valus of this parameter has been under permissible valus (1000 ppm). The air humidity has
decreased what causes reduction of the stuffy air feeling the room. In result of ventilation system action, the working of
two-function water heaters has not been perturbed.

Keywords: building ventilation, tight building structure

1. Introduction

exhoust gases ventilatin

Ventilation of accommodation in warmed buildings
well with tight windows’ joinery is perturbed.
Inhabitants complain about feeling the stuffy air in
that kind of buildings. The reverse drafts are formed
on the last stores. That causes the impression of drafts
in periods fall — winter.

Previous research over the ventilation problems
have shown, that the situation is serious because of
crossing of permissible value of CO concentration.
It creates threat to residents’ life. Research results in
detail have been described in publication [3].

Article presents results of research on example of
two apartments furnished with Individual System of
Air Intake. The assignment of this system is improving
of microclimate in rooms with the two — function

water heaters. The next task of this system is correcting %: o
the functioning of ventilation system. The investigated . 4 /—thfé{m
flats are located on the penultimate and the last storey. M <
2. Object of research C ] C ]
The analysis range (cover) flats furnished with the
two — function water heaters with open combustion Fig. 1. Scheme of Individual System of Air Intake
(chamber). CO, concentration, internal temperature in building

and air humidity have been measured. Additionally o ) .
measurement has ranged velocity of inlet and outlet ~ 1he functioning of this system depends on supplying

air. Investigated flats have been ventilating by air to the rooms by individual ventilating ducts from
Individual System of Air Intake. level of cellar tracked. That individual ventilating
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ducts are lower section of exhaust gases ducts. They
are furnished with tight diaphragm which separates
blowing air from exhaust gas.

Outflow — ducts are furnished with air grate situated
under rooms’ ceiling.

Investigation was done over the periods fall — winter.
Then the mean daily temperature equaled 0,1 —4,7°C.

The mean daily wind velocity equaled 0,7 — 4,8 n .
s

Figure 1 shows location of the the ducts in investigated
object. The inlet air is drawn from the level of cellar.
Next, the air flow in the vertical ducts. Those vertical
ducts are changing to combustion ducts in rooms.
There is the tight diaphragm. It is located over the inlet
grate which prevents from regression of the exhaust
gases and flowing of those this gases into the rooms.

3. Analysis of microclimate in accommodations with the
two - function water heaters with open combustion

First, the air conditions in the rooms have been
analyzed. The Individual System of Air Intake has not
been working. The inlet grate has been covered. Next
the CO, concentration has been measured and compared
with permissible value — 1000 ppm [2].

The results have shown that the level of CO,
concentration has been often above the permissible
value. This situation creates a/the threat to residents’ life.

In next step of experiment the inlet grate was
uncovered. The outlet grate was covered and
uncovered respectively. The Figure 2 shows the results
of this investigation.

—— Day1st The outflow - grate is covered.
————— Day2nd The outflow - grate is uncovered.

Day3rd The outflow - grate is uncovered.
—— Permissible CO, congcentration.

CO, concentration [ppm]

200 e e T T T T T T T T T T T

T O NN ONTONTOUTONTOUTNONT OO

BESRNNRES588E 88858822 N oRe
Timet[s]

Fig. 2. Change of CO, concentration during normal use

of accommodation at periodic switching on water heaters

CO, concentration has increased over permissible
value during the night hours. It might be caused by
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the frequently turning on the water heater because of
the low temperatures outside. The measurement has
been done three times. The two of them has been done
when the outflow grate was uncovered, and the third
one when the outflow grate was covered. Three graphs
display/show the results. They are compared to each
other. It implies that uncovering of outflow — grate has
not effected this investigated parameter.

The next measured parameter was internal air
temperature. The research results are presented in
Figure 3. When the outflow grate was uncovered the
average temperature in room has amounted to 21.3°C.
When the outflow grate was covered the value of this
parameter has increased by approximately 1°C (from
21.3°C to 22.2°C).

——— Day1st The outflow - grate i covered
fffff Day2nd The outflow - grate i uncovered
244 Day3rd The outflow - grate i uncovered

Temperature t [°C]

1S L T T T T T T T T T T T T T T T

TONT NN OUNTONTOOTNONT-OUTNONT OO

BOSSTNBSSENGHBBONOROSTNOF LG
BN\ lielelelalalolelalslsla e Lttt e

Time t[s]

Fig. 3. Change of temperature during normal use of
accommodation at periodic switching on water heaters

The next measured parameter has been air humidity

in room.

—— Day1st The outflow - grate is covered
————— Day2nd The outflow - grate is uncovered
Day3rd The outflow - grate is uncovered

Air humidity RH [%]
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Fig. 4. Change of air humidity during normal use of
accommodation at periodic switching on water heaters
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The air humidity analysis has shown decrease
after uncovering the outflow grate. Then the average
humidity has equaled to 44.9%. When the outflow grate
was covered the value of this parameter has equaled to
56%. It means that big amount of moisture run away
with outlet air, but it does not cause deterioration of
thermal comfort conditions.This parameter has been
within range of permissible values (30-70%) [1].

The last analyzed parameter has been air velocity. It
has been measured on the two last storey.

First the penultimate storey has been analyzed.
During the analysis of air velocity in the duct of
Individual System of Air Intake average value of this

m
parameter has equaled 0,29 — . The outflow grate on
s

the last storey has been covered. When the outflow
grate on the last storey has been uncovered the value

m
of average velocity has equaled 0,30 — . It means lack
S

of influence of covering ventilation grate on the last
storey on inlet air velocity on the penultimate storey.
The results are presented in Fig. 5.

—— Air velocity. The outflow - grate on the last storey is covered.
Air velocity. The outflow - grate on the last storey is uncovered.

Air velocity w [m/s]

=2erieeerlerierlerlerlerlerierlerierlorier]erlerlerlorlorleplerlerierlerien]
%V(’)N\—Olﬂﬂ‘ N OONT NN ONT NN OOTNON

2R RRBENE EEE8BEer T oLk
Timet[s]
Fig. 5. Change of inlet air velocity during normal use of
accommodation at periodic switching on water heaters.
The penultimate storey

On the last storey there has been analyzed air velocity
in the outflow grate and in the inflow grate. The
average air velocity in the outflow grate has equaled

0152
S

average air velocity in the inflow grate has equaled

When the outflow grate was covered the

m
0,28 — . After the outflow grate was uncovered the
s

average air velocity in the inflow grate has reduced to

the level close 0,21 n . Small velocity in the outflow
s

duct is probably caused by the other outflow grate in
the neighbouring accommodation.
——— Air velocity in the outflow - grate.

R Air velocity in the inflow - grate. The outflow - grate is uncovered.
---- Air velocity in the inflow - grate. The outflow - grate is covered.
0,74
0,6

0,54

04-

0,34

Air velocity w [ms]
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0,04

Time t [s]

Fig. 6. Of inlet and outlet air velocity during normal use
of accommodation at periodic switching on water heaters.
The last storey

4. Conclusions

Using of Individual System of Air Intake holds
promise on eliminating or at least reducing problems
of filling discomfort in rooms with two — functions
water heaters.

This system causes reducing of CO, concentration
in rooms. Value of this parameter has been under
permissible value (1000 ppm). The air humidity has
decreased, what causes the reduction of stuffy air
feeling inside the room.

In result of ventilation system action, the working of
two — function water heaters has not been perturbed.
The microclimate’s conditions in room has been
slightly improved.
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Wyeliminowanie negatywnego wplywu szczelnej
konstrukcji budynkow na wentylacje pomieszczen

1. Wstep

Dobrze ocieplone budynki, szczelna stolarka okien-
na powoduja zaburzenia wentylacji pomieszczen.
Dodatkowy problem stanowia dwufunkcyjne pod-
grzewacze wody z otwartg komora spalania, ktore sa
nadal czgsto montowane w mieszkaniach.

2, Zakres badan

Analizie poddano kilka przyktadowych obiektow.
Mierzono stezenie CO,, temperaturg i wilgotnos¢ po-
wietrza w pomieszczeniu oraz predkos¢ powietrza
nawiewanego i wywiewanego z pomieszczenia.

Badania prowadzone byly w okresie jesienno-zimo-
wym przy $redniej dobowej temperaturze 0,1-4,7°C,
oraz $redniej dobowej predkosci wiatru 0,7-4,8 m/s.

Mieszkania, w ktorych przeprowadzano badania wy-
posazone byty w indywidualny system nawiewny (ISN),
gdzie kanaly doprowadzajace powietrze prowadzone
byly z poziomu piwnicy. Kanaly nawiewne stanowi-
ly dolne odcinki przewodéw spalinowych. Powietrze
doprowadzane do pomieszczenia oddzielata od spalin
szczelna przepona (rys. 1). Kanaly wywiewne prowa-
dzone byly oddzielnie i wyposazone zostaty w kratke
wentylacyjna usytuowana pod stropem pomieszczen.

3. Analiza warunkow panujacych w pomieszczeniach z
dwufunkcyjnymi podgrzewaczami wody

Gdy kratka nawiewna byta zastonigta poziom
stezenia CO, przekraczal warto$¢ dopuszczalna
(1000 ppm). Oznacza to, ze sytuacja taka powaznie
obnizala odczuwalny komfort mikroklimatyczny w
pomieszczeniu.

Po odstonigciu kratki nawiewnej stezenie CO,
obnizyto swa warto$¢ do poziomu akceptowalnego.
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Przy odstonigtej kratce nawiewnej sprawdzono
zachowanie si¢ pozostatych mierzonych parametrow.
Analize przeprowadzono odstaniajac i zastaniajac
kratke wywiewna.

Odslonigcie kratki wywiewnej spowodowalo zm-
niejszenie wilgotnosci powietrza do poziomu w zakre-
sie warto$ci 40-50% tzn. zawartych w przedziale do-
puszczalnym (30-70%). Oznacza to, iz wilgo¢ w duzej
mierze odbierana jest przez powietrze wywiewane.

Temperatura powietrza uleglta podwyzszeniu po
odstonigciu kratki wywiewnej. Bledne jest wigc za-
stanianie kratki wentylacyjnej przez uzytkownikow
mieszkan.

Predko$¢ powietrza w kratce nawiewnej po odsto-
nigciu kratki wywiewnej ulegta zmniejszeniu. Osia-
gneta w ten sposob warto$¢ korzystniejsza z punk-
tu widzenia komfortu cieplnego pomieszczen, tzn.
oscylowata wokot 0,2 m/s. Uzytkownicy nie odczu-
wali nieprzyjemnego przeciagu.

4. Wnioski

Wstepna analiza obiektéw z indywidualnym syste-
mem nawiewnym pozwala sadzi¢, iz takie rozwiaza-
nie poprawi mikroklimat pomieszczen z dwufunkcyj-
nymi podgrzewaczami wody.

Stezenie CO, zmniejszylo sig ponizej wartosci do-
puszczalnej. Réwniez wilgotno$¢ powietrza ulegta
redukcji, co spowodowato zmniejszenie odczucia
dusznos$ci w pomieszczeniu.

Na uwage zashuguje fakt, iz proponowane prowa-
dzenie kanatéw nawiewnych i wywiewnych nie zabu-
rza dziatania dwufunkcyjnych podgrzewaczy wody.
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ADDITIONAL AIR INTAKES AS THE ELEMENT
SUPPORTING NATURAL VENTILATION

Abstract

Enlargement of the thermal isolation of external barriers is the simplest and the most effective way to reduce the waste energy
on the heating aims. Unfortunately, inappropriate analysis and luck of coordination while performing thermomodernizational
work, negatively influences the microclimate in such objects. The size and the distribution of the intake openings has been
decisive for proper functioning of gravitational ventilation and warranty for the proper parameters of internal microclimate.
Even small works done on thermomodernizational ventilation may influence the quality of work of the whole system of

gravitational ventilation. These work should be carefully designed, planned and carried out efficiently.

Keywords: natural ventilation, air intakes

1. Introduction

The growth of maintenance costs of objects and
taking care of natural environment have led to searching
and promoting solutions reducing the waste of energy
on the heating aims of objects. Enlargement of the
thermal isolation of external barriers is the simplest
and the most effective solution as far as this problem
is concerned. Unfortunately, inappropriate analysis
and not coordinated thermomodernizational work has
negative influence on the microclimate in interiors
of such objects. This article presents the problems
met while leading research concerning microclimatic
conditions in buildings where thermo - modernization
was used. Polish standards related to microclimatic
conditions, ventilation of buildings and air exchange
were contained in three legal acts. In the decree [1] in
the matter of technical conditions which the buildings
and their location should obey the general requirements
concerning ventilation were presented. Moreover,
detailed requirements related to individual solutions
of the ventilation systems were presented in valid for
about twenty years norm [2] and its supplement [3]. This
norm says, that windows of the infiltration coefficient
smaller than 0.3 m*/(mhdaPa®®) mounted in habitable
buildings of public usefulness should be equipped
with the air intakes providing the right quantity of air
necessary for ventilation. In case of the lack of such
an air intakes, mechanical supply ventilation has to be
mstalled in the rooms. In all other cases, the coefficient
of infiltration of woodwork has to be comprised in

borders 0,5-1,0 m* (mhdaPa??). The above mentioned
requirements were settled for all buildings regardless
of their height, tightness of barriers or location. These
regulations are used not only in case of newly built
buildings, but also with reference to objects where
thermo - modernization was used. These workings are
very complex as they concern the works from several
fields of building engineering. Unfortunately, according
to valid regulations [4], some thermomodernizational
works can be conducted by the users of objects without
earlier coordination or permission. This has an impact
on/influences/ the quality of internal microclimate and
air exchange.

2. Carbon dioxide as the indicator of air quality

The relationship between the quantity of ventilating
air and the concentration of carbon dioxide inside the
rooms is recognized and an applied criterion for air
quality valuation. The frequent occurrence of carbon
dioxide in typical conditions is not dangerous. This
non — toxic gas can only cause the habitants the feeling
of smaller or larger discomfort, i.e. air stuffiness.
In closed rooms one usually observes the growth of
carbon dioxide concentration in the air coming from
external and internal sources. First of all, it penetrates
to the room from the outside by means of air infiltration
through untightness in the lining of the building.
The growing degree of industrialization causes the
growth of the level of carbon dioxide concentration
in the atmosphere. At present its value is between
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400 — 600 ppm. Living organisms and gas devices
are the source of carbon dioxide inside the rooms. Its
concentration depends on organism activity and may
vary for individual people depending on their diet,
the body mass and the degree of fitness. Obviously,
the concentration of carbon dioxide depends on the
number of people inside the room, not sufficient air
exchange (the decrease of oxygen concentration in the
air) and intensification of combustion processes in the
room (e.g.: smoking tobacco, preparing the meals).
That’s why carbon dioxide was chosen as the measure
of microclimate quality inside considered flats.

According to Hodgson [5], the critical value of
carbon dioxide concentration is 8500 ppm. The present
standards for the internal air assume the admissible
level of carbon dioxide concentration is on the level of
1000 ppm. This coefficient was proposed by Max von
Pettenkofer in the nineteenth century [6].

Table 1. Emission of carbon dioxide for different levels of
activity [7]

.. Emission of carbon
A type of activity ol (e |

Dream (motionless recumbent

i 10-12
position)
Sitting position (without doing

12-15

any work)
Sitting posture — easy office works 18-25
Doing work of average difficulty 32-44
Doing hard work >55

Table 2. The influence of carbon dioxide on human
organisms [8]

Concentration of

No. | carbon dioxide in The symptoms

the air [ppm]

1. {300 - 450 Dry external air
Basis for the qualification of most

2. | 1000 standards concerning the quantity of
ventilating air for a single person

3. | 1550 - 500 The growing feeling of stuffiness

4. | 5000 Limitations concerning working posts

5. 17000 - 10000 The growth of breathing capacity

6. | 15000 The appearance of metabolical stress

7 120000 The increased frequency of

breathing and headaches

Carbon dioxide concentration in the

8. | 40000 - 52000 air breathing out from the lungs

9. {60000 - 80000 The possibility of partial paralysis

Losing of consciousness in

10. | >80000 .
a few minutes
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3. The object of researches

The researches were conducted in a five — storied
habitable building built with traditional technology.
Ventilation was designed and executed as gravitational
with the system of cumulative ducts. Inside the flats
there were installed gas ranges and the heaters of warm
water with open combustion chamber powered with
the earth gas from the grid. The buildings had external
walls warmed with foamed polystyrene covered with
thin — layered mineral plaster. Additionally, the users of
particular flats exchanged the old window woodwork for
the new one, which the infiltration coefficient spanned
0.30 — 0.45 m3/mhdaPa*? (according to producer’s data,
depending on the flat). The object of researches were
typical parameters of internal microclimate. That is, the
temperature, relative humidity and concentration of the
dioxide inside considered flats. Moreover, temporary
speeds of the air flow and the direction of the flow of
stream of air were measured through the entire period
of investigation.

4. The results of measurements

During the researches there have been observed
considerable disorders in performance of the system
of gravitational ventilation. They mostly relied on the
appearance of backward ducts in ventilating ducts. It
was aprinciple in the considered building, that one of the
ducts in the grounds of the given flat took over the part
of the element delivering external air. Observed speeds
near the given inlets of ventilating ducts oscillated
between 0.00 m/s and 1.35 m/s for ducts removing the
air. However, in case of ducts where intake ventilation
took place they oscillated between 0,00 m/s and 1.44
m/s (Fig. 1). The above situation was inconvenient,
because when the temperature reached approximately
-10°C, the temperature of the intake air near the grate
outlet equaled about +15°C (Fig. 2). In rooms in which
there were air grates and air ventilation, the temperature
inside the room equaled about +17 — +19°C with
turned on heating. Characteristic phenomenon was the
alternating character of the direction of ventilating air
in particular ducts in the examined flat (Fig. 1). If the
duct in the kitchen removed the air from the flat, the
bathroom duct supplied external air. However, if the
external air was forced in through the kitchen duct, the
bathroom duct removed the internal air. Ventilation
took place mostly through the duct in the room where
gas devices were installed. Only in the situation when
at least one casement was opened, both ducts were
removing the air from the rooms. This phenomenon
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indicated that too tight building casing unabled
suitably right infiltration of external air. Thus, one of
the ventilating ducts takes over the part of the element
delivering external air, which is necessary for the needs
of gas combustion and living conditions.

‘ — Ventilating duct in the bathroom —— Ventilating duct in the kitchen
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Fig. 1. The course of changeability of the direction and
the speed of the stream flow of ventilating air through
particular ventilation ducts
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dioxide only fell below 2000 when the casements
were opened. These values are at least twice higher
compared to recommended norms. The parameter of
relative humidity also achieved high values, as they
oscillated between 44-68%. The diagram of internal
microclimate parameters for one of the considered
flats is presented in Fig. 3.

Additional air intake ventilators were installed
in Additional air intake ventilators were installed
in window woodwork, so as to improve internal
microclimatic conditions. However, the users of flats
began to complain because of too large speeds of the
flow of air (causing the dry air) and cooling the rooms.
Alternatively, it was proposed to bring the external
air necessary for gas combustion in gas devices. This
was done due to additional ducts in diameter 100 mm,
bringing the air near gas stoves and heaters of warm
water. The ducts were led through unused rooms, due
to the fact, that the air was heated initially.

Carbon dioxide concentration —— Pressure
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Fig. 2. The diagram of changes of the temperature near
the inlets of ventilating ducts
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Fig. 3. The diagram of the parameters of microclimate in a
chosen flat with the air inflow through the ventilating duct

The phenomenon described above influenced
the level of the microclimate inside considered
rooms. Carbon dioxide concentration oscillated
between 2500-4000 ppm and its maximum valued
equaled 5000 ppm. The concentration of carbon

Fig. 4. The diagram of the parameters of microclimate in
a chosen flat with additional intake ventilation openings

As a result of such conditions there appeared some
disorders in the performance of the system of
gravitational ventilation. The phenomenon of the
occurrence of backward ducts in ventilating ducts
and parameters describing internal microclimate
accepted more reasonable values. Carbon dioxide
concentration did not exceed the level 3500 ppm
and the relative humidity oscillated around the value
50%. The diagram of the changeability of parameters
in the flat with additional duct is presented in Fig. 4.

5. Analysis of the results. Conclusions.

The irregularities described above are the result
of the limited inflow of external air to flats. That is
necessary for the proper working of the ventilation
system and for the proper course of the process of
gas combustion in heating devices. This limitation is
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the consequence of the “improvements”, what limited
natural infiltration of external air. All conducted
works resulted in liquidation of existing paths of the
inflow of external air to flats. This in turn disturbed
the working of gravitational ventilation. In case
of flats in which windows were not exchanged, the
inflow of external air was too small. It was caused
by of the lack of tightness, what caused backward
ducts. Additionally, gas heating devices disturb the

working of ventilation in a particular building. As a

result of installing feedwater heaters with the open

combustion chamber, there appeared a sudden growth
of carbon dioxide concentration, with simultaneous
turning back of the duct in ventilating duct. Use of
the additional openings in external barriers (intake
ventilators) increases the right quantity of external
air. According to flat users these devices influence
negatively the comfort of the use of flats. The
increase of the flow of external air because of window
untightness influences only an air exchange to a limited
degree. Thus for the occupants it is necessary to use
this function wisely. As far as window untightness is
concerned, it is not possible to regulate the air stream
of inflowing air. The quantity of inflowing air does
not depend on internal air parameters. Additionally,
quick cooling of the rooms that follows during the
winter period is arduous for the flat users. Using the
openings supplying the air to flats through unused
rooms, significantly improved parameters of internal
microclimate. However, microbiological analysis of
the air is required.

To sum up the above mentioned observations it
should be noticed that:

1. Disorders of microclimatic conditions in flats
with tight casing and heating gas devices result
in backward ducts and decrease of air exchange.
However, it particularly relates to two last storeys.

2. The size and the distribution of intake openings
has a decisive meaning for the proper working
of gravitational ventilation and the assurances of
proper parameters of internal microclimate. Each
decision about the size and distribution of intake

50

openings should be preceded with the analysis of:
localizational conditions of the flat, construction
al possibilities, the demand of the air (balance).
The preliminary warming of ventilating air limits
disorders of internal microclimate conditions.

3. Conducting thermomodernizational works, even
in a small range, may influence the quality of the
working of gravitational ventilation. These works
should be projected and done efficiently.

4. Itispossible to attain the proper working of the system

of gravitational ventilation in thermo- modernized
buildings under the condition of co-ordination of
planned works.

5. Incase ofthe arrangement of thermomodernizational
works on several necessary years, it is necessary to
settle their order, so as not to disturb the system of
natural ventilation.
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Dodatkowe otwory nawiewne
wspomagajace wentylacje naturalng

1. Wstep
Wymagania norm krajowych.

W ciagu ostatnich 20 lat wzrosto zainteresowanie
budownictwem energooszczgdnym. Niestety zarow-
no wykonawcy, projektanci jak i przyszli uzytkow-
nicy zbyt mato uwagi poswigcaja zagadnieniom
wymiany powietrza, jako przedsigwzigciom drogim,
nierentownym lub w ich opinii nieistotnym.

Krajowe akty prawne [3], [4], wskazuja, iz okna
o wspodtezynniku a < 0.3 m?/(mhdaPa?®) montowane
w budynkach mieszkalnych powinny by¢ wyposazone
w nawiewniki powietrza. Wspotczynnik ten ustalono
dla r6znicy ci$nien wynoszacej 10 Pa, bez wzgledu na
wielkos$¢ budynku czy jego usytuowanie. Analizujac
wymagania dotyczace szczelnosci stolarki okiennej
w innych krajach nalezy stwierdzi¢, iz w wigkszo$ci
z nich poza rdznica ci$nien okreslona jest wysokosci
budynku, jego szczelno$¢ lub usytuowanie. Dane
te wskazuja jednoznacznie, ze wymagania Polskie
naleza do najostrzejszych.

2. Dwutlenek wegla wskaznikiem jakoSci powietrza

Stezenie dwutlenku wegla wewnatrz pomieszczen
jestuznawanym ipowszechnie stosowanym kryterium
oceny jakosci powietrza [1], [2]. Obecne standardy
dla powietrza wewnetrznego zaktadaja dopuszczalny
poziom stgzenia CO, na poziomie 1000 ppm [1].

3. Przedmiot badan

Badania prowadzono w budynkach mieszkalnych,
3-4 kondygnacyjnych, wielorodzinnych wykonanych
w technologii tradycyjnej, wybudowanych w latach
2000-2003. Obiekty wyposazone byl w kanalowy sys-
tem wentylacji naturalnej, kuchenki gazowe oraz piece
dwufunkcyjne z otwarta komora spalania, posiadaly
szczelng stolarke okienng wyposazona w nawiewniki
oraz Sciany zewnetrzne ocieplone styropianem.

4. Wyniki pomiarow
W trakcie pomiaréw zanotowano bardzo duze
zaburzenia w dziataniu wentylacji grawitacyjnej.

W kanatach wentylacyjnych zanotowano wsteczne
ciagi co w chtodne dni powodowalo wyzigbianie
pomieszczen. W trakcie korzystania z urzadzen ga-
zowych odnotowano bardzo szybki wzrost stg¢zenia
CO,. Charakterystycznym zjawiskiem byt przemien-
ny charakter przeptywu strumienia powietrza wenty-
lacyjnego w kanatach wywiewnych.

Dla poprawy mikroklimatu w mieszkaniach za-
proponowano wykonanie dodatkowych otworow
$120 mm w $cianach zewngtrznych, a na wylotach ka-
nalow wentylacyjnych zainstalowano urzadzenia typu
aspiromatic. Prace te doprowadzily do prawidtowego
kierunku przepltywu we wszystkich kanatach, ale jedno-
cze$nie odnotowano nadmierne wychtadzanie mieszkan
oraz zbyt duze predkosci przeptywu.

Z uwagi na komfort uzytkownikow, przywrdcono
stan poprzedni jednocze$nie wykonujac otwory do-
prowadzajace powietrze wentylacyjne w $cianach we-
wnetrznych na klatke schodowa i zlokalizowanych
z bezposrednim sgsiedztwie piecow gazowych. Wykres
parametréw mikroklimatu w jednym z mieszkan gdzie
zastosowano powyzsze rozwigzania przedstawia rys. 4.

5. Analiza wynikow

Zaobserwowane nieprawidtowosci sa wynikiem
ograniczonego naplywu powietrza zewngtrznego.

Zastosowanie otwordw doprowadzajacych powie-
trze do mieszkan posrednio poprzez klatk¢ schodowa
dla spalania gazu w piecach dwufunkcyjnych popra-
wito parametry mikroklimatu wewnetrznego, ale wy-
magana jest analiza mikrobiologiczna powietrza.

6. Wnioski

1. Zaburzenia warunkow  mikroklimatycznych
w mieszkaniach ze szczelng obudowa i1 gazo-
wymi urzadzeniami grzewczymi przejawiaja si¢
wystepowaniem wstecznych ciagdéw oraz zmniej-
szeniem wymiany powietrza i dotycza szczegol-
nie dwoch ostatnich kondygnacjach.

2. Pojawienie si¢ urzadzenia grzewczego w miesz-
kaniu powinno by¢ uzaleznione od wykonania
osobnego kanatu, odpowiednio obudowanego,

51



environment

Marek Telejko

52

doprowadzajacego powietrze do urzadzenia lub
zastosowania zamknigtej komory spalania.

. Wielko$¢ otworéw nawiewnych i ich rozmiesz-

czenie ma decydujace znaczenie dla prawidto-
wego dzialania wentylacji grawitacyjnej oraz za-
pewnienia wlasciwych parametréw mikroklimatu
wewngtrznego.

Decyzja o wielkosci 1 rozmieszczeniu otwordw
nawiewnych powinna by¢ poprzedzona szczego-
lowa analiza: warunkéw lokalizacyjnych mieszka-
nia, mozliwosci konstrukcyjnych, zapotrzebowa-
niem powietrza (bilans).
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STUDIES OF HYDRAULIC RESISTANCE
IN POLYPROPYLENE PIPE FITTINGS

Abstract

The results of studies of local hydraulic resistance in polypropylene segmental elbows (R/d < 1) and bends (R/d > 1)
in systems of two or more pipe fittings connected in series are analyzed. Qualitative and quantitative formulas for the
coefficient of local resistance in pipelines built from elbows and bends connected conformingly (forming spiral loops) or

alternatinvely (forming sinusoidal waves) are presented.

Keywords: Pipe fittings; Pressure flow; Local resistance.

1. Introduction

The local resistance coefficients for elbows or bends
found in the literature are mainly for steel or cast
iron pipe fittings and they considerably differ from
experimental results for single plastic pipe fittings
and especially for two consecutive elbows or bends
connected conformingly or alternatinvely. As yet local
resistance in systems made up of several to a dozen or
so elbows or bends connected in series has not been
studied, so the aim of this research was to explore:

— the local resistance in systems of two or more bends
or elbows conformingly connected in series to form,
among others, spiral loops;

— the local resistance in systems of two or more bends
or elbows alternatinvely connected in series to
form, among others, sinusoidal waves.

The measurement results and physical formula for
the local resistance coefficient of single segmental
90° elbows and bends was presented in dissertation
(Cisowska 2004).

2. Experimental Setup

Model local resistance studies were carried out
on forty six geometrical arrangements of segmental
polypropyleneelbows(R/d<1)andbends(R/d>1),consi
sting of pipe fittings with central angles
o€ {15°,30°,45°and 90°}, relative radii of curvature
R/d € {1.0, 1.75, 2.25, 4.25} and number of socket
joints z € <1,48> at relative straight socket section
length /, /d = 0.70. A diagram of the experimental
setup is shown in Fig. 1. The measuring lengths
(0-4) were built from straight socket sections with
assembly length L =1.0m (L /d=14.1).

po/pg=h,

e
tank
p/pg=h
®
— IVAUAN
60d 10g X 60d

%ﬂv
> ' —

measuring

74
A
N

60d 10g

investigated local resistance

overfall

Fig. 1. Schematic diagram of measurements in the model
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Needed results of the linear resistance coefficients of
the studied pipelines yielded results which were found
to be in quite good agreement with the ones calculated
from the Prandtl-Karman formula (for hydraulically
smooth pipes) and presented in (Cisowska 2004).
The internal diameter of the polypropylene pipelines
and pipe fittings was determined (by the volumetric
method) to be d = 71.0 £0.1 mm. Reynolds number
range was Re € <47000, 248000>.

3. Analysis and Interpretation of Local Resistance
Experimental Results

Experimental local resistance coefficient values are
usually given for the fully developed turbulent flow of
liquid in the 25 + 40 d long section of the pipeline before
the obstruction, taking into account the losses (due to the
velocity and pressure distribution disturbances caused
by the obstruction) along the 40 + 70 d long section after
the obstruction. In practice, different local resistances
are often closely spaced so that the flow of liquid cannot
fully redevelop. Then the overall resistance coefficient
for a system of pipe fittings is not equal to the direct sum
of the individual resistance coefficients and it should be
experimentally determined.

According to the Standard (Polish Standard
1976), C 00y = 2C 0, fOr sequences of conformingly
connected double elbows o, =2 x 90° = 180°, i.e. it is
recommended to double the value of €, of the individual
elbows, whereas for alternatinvely connected double
elbows the coefficient is C 200 = 4G (9r) IN neither case
has this been corroborated by the results of the studies.
The above recommendations result in overestimated
local losses in the investigated pipe fittings (Tabl. 1 —
series I, Il and IV).

Generally, for the same ratio R/d, total numerical
axial length / /d of elbows or bends, sum of central
angles o and number of socket joints z, the hydraulic
resistance of spiral-loop systems is much lower than
that of sinusoidal-wave systems.

To generalize the experimental results for the systems
of alternatively connected pipe fittings (including
ones forming sinusoidal waves) an attempt of the a
mathematical description of local resistance coefficient
C as a function of the particular dimensionless similarity
numbers was made. For this purpose the thirty two
samples, possibilities of measurements relating to the
systems of alternatively connected pipe fittings were
divided into families depending on the segments’
central angles o, € {30°; 45°; 60°; 90°}.

By combining the families of relations ¢ for o, €
{30°, 45°, 60°} one obtains a sufficiently accurate
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mathematical expression:

£ =-0.0756+ 0% 000223 % +
(R/d) 2,

l (1)

+0.780 % -0.823z

at a sum of the squares of the deviations of 0.055 and
a standard deviation of 0.05. Relation (1) holds for
the following intervals of dimensionless similarity
numbers:

R/de<175, 425>; a,/a e<2.12>;
l,/de<236, 35.60>;ze<2, 32>.

For systems of alternatively connected pipe fittings
at o, = 90° the following implicit formula for C:

£ =-0.0923+ (2'4373 +0.0654 %
R/

+
.

1

2
L 00648 (at, /a, ) @

(R/d)

+0.210 %"—0.2052

at sum of the squares of the deviations of 0.072
and a standard deviation of 0.08 in parameter

R/de<1.0,425>; «a /a,e<2, 8>;

[ /de<3.14; 5341>; ze<2, 48> isproposed.

Also the experimental results for ten geometric
arrangements of conformingly connected elbows and
bends (a,= 90°), including spiral loops, have been
generalized. The following formula:

£ =0.0891+ (z‘?if; +0.0515 %

ranges:

J’_
a;
, ®)
+O.170§—O.168 z

at sum of the squares of the deviations 0.056
and a standard deviation of 0.07 in parameter

R/de<1.0, 425>; a, /a,e<2, 8>;
[ /de<3.14, 28.27>; ze<2, 24> isproposed.

ranges:

4. Conclusions

The local resistance coefficient of the studied
systems consisting of () segmental elbows or bends
considerably differs between conformingly connected
systems and alternatively connected systems: in the
former case the values of total resistance coefficient
G,y Which is not a direct sum of resistance coefficients
G, of the component pipe fittings, are much lower
than in alternatively connected systems where the
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Table 1. Measured local resistance coefficient for model C

S X

Variants A B c D
Series R/d = 4.25 R/d =2.25 R/d =1.75 R/d = 1.00
- systems of bends - systems of bends - systems of bends - systems of elbows
Description, scheme 0 o o 0
a=15 a=30 a=45 a=90
No. ()
[a,] 4 ¢ ¢ g
Bends or elbows (90°) [90°]
J 0.279 0.324 0.434 -
Bends (45°) [45°]
I I/\ 0.178 - - -
2 conformingly connected
bends or elbows (90°) [180°]
I > 0.469 0.466 0.606 1.233
2 alternatingly connected
bends or elbows (90°) [180°]
\% / 0.426 0.561 0.856 2.841
2 alternatingly connected
bends (60°) [120°]
v / 0.313 0.401 - -
2 alternatingly connected
Vi be”ds/(‘l;)[go ] 0.246 - 0.745 -
2 alternatingly connected
Vil be”dlsfo/)l[‘m ] 0.150 0.276 - -
4 bends or elbows (90°) [360°]
Vil /\ 0.860 1.075 1517 4321
4 bends (60°) [240°]
IX f\\ 0.603 0.801 - -
4 bends (45°) [180°]
X /\ 0.462 - 1.174 -
4 bends (30°) [120°]
Xl g 0.282 0.459 - -
8 bends or elbows (90°) [720°]
Xl 1.974 1.977 2.996 7.994
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8 bends 60° [480°]
Xl M 1.438 1.444 - =
8 bends 45° [360°]
XIV /\/\ 0.976 - 2.109 -
8 bends 30° [240°]
XV 0.546 0.907 - -
e N
Spiral loop [360°] made from
bends or elbows (90°)
XVI Q 0.830 0.700 1.120 1.781
2 spiral loops [720°] made
from bends (90°)
XVII @ - 1.352 1.655 -
12 bends (45°) [540°]
XVllla - - 3.222 -
T T T
24 bends (30°) [720°]
XVIIIb /\/\/\ = 2.330 = =
hydraulic resistance of systems built from the same n, = the number of single elbow or bend (o) in

pipe fittings as above is much greater and (  is
approximately a direct sum of components C.

Ratio R/d and then equally central angle o (or ratio
of central angles o /a), relative axial length //d and
number of socket joints z have the most significant effect
on the local resistance coefficient of single segmental
polypropylene elbows or bends and their systems.

The quantitative formulas for coefficient C derived
in this paper can be used to polypropylene systems
of bends and elbows or other plastics in the adopted
range of dimensionless similarity numbers and
systems of geometric similarity.

Notation

The following symbols are used in this paper:

d =theinside diameter of a pipeline or a pipe fitting;

= the axial length of an elbow (R/d < 1) or a bend

(Rid>1): 1 ) = (n,0°/360°)2nR or a system of

such pipe fittings: /, = (n0.,°/360°)21R;

[, = the length of the straight socket section in a
segmental elbow or bend;

n = the number of a segmental elbows or bends (a.)
in a system (a.);
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segmental elbow or bend (a.);

R = the radius of curvature of a segmental elbow or
bend;

Re = the Reynolds number: Re = vd/v;

z = the number of socket joints in a segmental
elbow or bend: z = n, or in a system: z = nn;

o = the central angle of a single elbow or bend;

o. = the central angle of a segmental elbow or bend:
o, =na;

o = the sum of central angles in a system of
segmental elbows or bends: o, = no.;

¢ =anondimensional coefficient of local resistance.
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Opory hydrauliczne w ksztattkach z polipropylenu

1. Wstep

Podane w literaturze wartosci wspotczynnikow opo-
row miejscowych pojedynczych kolan (R/d <1) lub
hkow (R/d >1) odnosza si¢ gtownie do ksztattek
stalowych i zeliwnych i znacznie odbiegaja od wyni-
kéw badan pojedynczych ksztattek z tworzyw sztucz-
nych, zwlaszcza w uktadach dwoch kolan lub tukéw
bezposrednio po sobie wystepujacych. Ze wzgledu na
to, ze dotychczas nie przeprowadzono badan oporéw
miejscowych w takich uktadach, celem podjetych po-
miar6w byto poznanie oporow miejscowych uktadoéw
dwoch i wigcej tukow lub kolan zgodnych (ptaskich)
polaczonych szeregowo (w tym w postaci petli) oraz
oporéw miejscowych uktadéow dwu i wigcej tukoéw
badz kolan przemiennych (w tym w postaci sinuso-
idalnych fal).

2. Metodyka badan

Badania modelowe oporéw miejscowych dotyczy-
ly 48 ukladéw geometrycznych kolan oraz lukow
segmentowych z PP, ztozonych z ksztaltek o katach
srodkowych o € {15°, 30°, 45°, 90°} i wzglednych
promieniach krzywizny R/d € {1,0, 1,75, 2,25, 4,25}
oraz liczbie ztacz kielichowych z € <1,48>, przy
\zvzglqdnej dtugosci prostek kielichowych / /d = 0.70.
Srednice wewngetrzna badanych rurociagdéw i ksztat-
tek z polipropylenu okreslono metoda objetosciowa
w wysokosci d = 71,0 £ 0,1mm [1].

Schemat stanowiska doswiadczalnego przedstawiono
narys. 1.

3. Analiza wynikow

W ukfadach zgodnych kolan podwojnych
a, =2 X 90° = 180° (wystepujacych bezposrednio

po sobie) norma [2] podaje: §(2Xgoo) =2§(9oo), czy-
li zaleca podwajanie wartoSci C. pojedynczych ko-
lan, a w wypadku przemiennych kolan podwojnych

- (ngoo) - 45(900). W badaniach nie potwierdzono
takich zaleznosci. Zalecenia te prowadza do prze-
szacowania warto$ci strat miejscowych badanych

ksztattek. Generalnie uktady spiralnych petli daja
mniejszy op6r hydrauliczny w porownaniu z uktada-
mi w postaci sinusoidalnych fal dla danego stosun-
ku R/d i tej samej sumarycznej dtugosci osiowej / /d
kolan badz tukow, sumy katow srodkowych o oraz
liczby ztaczy kielichowych z.

W uogdlnieniu wynikdéw badan uktadow przemien-
nych, w tym w postaci sinusoidalnych fal zbudowa-
nych z kolan badz tukow segmentowych, podjgto
prébe opisu matematycznego wspdlczynnika oporu
miejscowego C w funkcji czterech bezwymiarowych
liczb podobienstwa.

Z potaczenia rodzin zaleznosci C dla uktadow prze-
miennych ztozonych wylacznie z tukéw segmento-
wych, przy o, € {30°; 45°; 60°}, uzyskano zadowala-
jaco doktadny zapis matematyczny w postaci:

£ =-0.0756+ 03000223 % ¢
(R/d) a

i

, ()
+0.780 j -0.823z

przy sumie kwadratow odchylen roéwnej 0,055 i od-
chyleniu standardowym réwnym 0,05. Zaleznos¢ (1)
obowiazuje dla przedziatéw bezwymiarowych liczb
podobienstwa, zwigzanych z zakresem przeprowa-
dzonych badan, a mianowicie:

R/de<1,75; 4,25>; a, /a,e<2.12>;
l,/de<2,36; 35,6>;ze<2, 32>.

Dla uktadéw przemiennych, przy a. = 90°, propo-
nuje si¢ nastgpujaca, uwiktang posta¢ wzoru do obli-
czen C:

£ =-0.0923+ (;';‘27)3 +0.0654 %= 4
ai
2
0.0648- (e, /)’ l ()
. ——VU. z
+ ———+0.210 =-0.205
(R/d) d

przy sumie kwadratow odchylen roéwnej 0,072 i od-
chyleniu standardowym réwnym 0,08; w zakresie
zmian parametrow:

R/de<1,0;4,25>; o, /a,e<2, 8>;
[ /de<3,14; 53,4>; ze<2, 48>.
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Uogo6lniono takze wyniki badan wspotczynnika
€ dla ukladéw geometrycznych kolan i lukow
segmentowych zgodnych (o.=90°), w tym tworzacych
spiralne petle. Zaproponowano nastepujaca postac
wzoru:

§=0.0891+%+0.0515-as / o, +

©)
+0.170-1,/d —0.168 - z

przy sumie kwadratow odchylen 0,056 i odchyleniu
standardowym rownym 0,07, w zakresie zmian
wartosci liczb podobienstwa:

R/de<1,0; 425>; a /a,e<2; 8>;
[ /de<3,14; 28,27>; ze<2; 24>

4. Podsumowanie

Wspoétczynnik oporow miejscowych badanych
uktadéw (n) kolan badz tukoéw rézni sig¢ zasadniczo
dla uktadow ptaskich i przemiennych. W uktadach
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ptaskich wystepuja mniejsze warto$ci sumarycznego
wspotczynnika oporu ukladu (;(n), ktory nie jest
suma prosta warto$ci wspotczynnikéw  oporéw
G, — sktadowych ksztaltek, w przeciwienstwie do
uktadow przemiennych, gdzie wystepuje wigkszy
opor hydrauliczny uktadow, a Q(n) jest w przyblizeniu
suma prosta sktadowych C.

Najistotniejszy wplyw na wartos¢ wspotczynnika
oporéw miejscowych pojedynczych kolan lub tukow
z PP oraz ich uktadéw, ma stosunek wzglednej krzy-
wizny ksztattki R/d, a nastgpnie rownorzednie: kat
srodkowy o, (lub stosunek a /o), wzgledna dtugos¢
osiowa / /d 1 liczba ztacz kielichowych z. Wyprowa-
dzone w pracy wzory iloSciowe na warto§¢ wspot-
czynnika € odnosza si¢ do badanych uktadow ksztal-
tek z PP, a takze innych tworzyw sztucznych pod wa-
runkiem zachowania podobienstwa geometrycznego
1 wartosci bezwymiarowych liczb podobienstwa wy-
nikajacych z zakresu przeprowadzonych badan oraz
przyjetych zatozen.





