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STRUCTURE NUMERICAL MODEL UPDATING ON THE
RESULTS OF EXPERIMENTAL DYNAMIC TESTS

Abstract

The paper presents an algorithm of structure calculation model adjustment by the values of free oscillations frequencies
of structures, obtained as a result of experimental research. It is considered that the experimental test of a construction
can obtain some values of the natural frequencies of the object and identify the corresponding forms of free oscillations.

Keywords: computational model, natural frequencies, dynamic test, perturbation error

1. Introduction

Consider the problem of the adaptation of
computational models of building structures during
the dynamic monitoring or on the results of
experimental studies of these structures. Suppose
that in the experiment we succeeded in obtaining N

natural frequencies of the real object f. and in

J
identifying the corresponding forms of free

oscillations of the structure @; :

A~

f. =§)—' — i-th frequency of free oscillation of
T

structure in a second, the resulting of field tests,
measured in hertz,

@ — corresponding i-th site cyclic (circular)

oscillation frequency of structure, i.e. detected i-th
natural frequency of the structure in 2z seconds.

Calculation model of buildings constructed for its
numerical analysis in displacements, for example,
based on the finite element method, in general,
expressed in amatrix equation of movement:

[M]-{u} +[C]-{uj +[K]-{uj={P}

Thus, the construction calculation modd is
numerically represented by its matrix of stiffness

[K] and by the mass matrix [M] (and aso, in
general case of the calculation, by the matrix of

dissipative characteristics of structure [C] and by

the vector (vectors) of the externa force influences
on the structure {P}). Dimensions of square

matrices [K], [M] and [C] aswell as dimension of
vectors {P} and of the unknown displacements

vectors {u} isn, where n —the number of degrees of

freedom assigned to the structure numerical model.

The equation of motion of a discrete numerical
model of a mechanical system without interna
viscous friction has a matrix form:

M]-{uj +[K]-up={P}, @

and in the case of free movement

[M]-{u} +[K]-{u} ={0}
where {u} — the displacements vector.
When taking the free vibration as harmonics, i.e.
then {u}={®} -cos(e -t), the equations of free
oscillations (2a) become

(ot MK =10, @
i =1,2,....n,

(2a)

where;
@ — an arbitrary i-th site cyclic (circular) vibration
frequency of the structure calculation model,
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{(D}i — the form of free oscillations of the structure

calculation model, corresponding to the its i-th
natural frequency,

n — number of degrees of freedom of the calculation
model of structure (the order of the stiffness matrix

[K] and mass matrix [M]).

2. Technique of adaptation of the computational model

Let’s write the system of equations of stationary
oscillations (3) in the full matrix form

[K]-[®]-[M]-[2] [3]={0} @)
where:

[é]z[{(b}l{d)}z...{d)}n] — the matrix whose

columns are the eigenvectors of the calculation model
of the structure.

If we take

[A]=[M]"[K] (5)

then the matrix form of the equations of free
oscillations (4) can be written as

[A]-[@]=[2] ]3] ()
[J]=diag(4,4,,...,4,), or Jordan form of the

matrix [A],

A<M <. <A -
[A]z[M]fl[K], corresponding to the eigenvectors
A =w’ — is the i-th

eigenvalues of the matrix

{cb}i, and at the same time

eigenvalue of the structure calculation model, o —

the corresponding i-th site cyclic (circular)
vibration frequency of the structure calculation
model,i=1, 2,...,n.

Adjustments to the structure computational model
arbitrary using N values of frequencies of free

oscillations 4, =&,%, j = 1,..., N (N < n) identified
through field measurements are possible, if in the
sequence of eigenvalues A={4,4,,....4,} we

substitute the values A.

: instead of the values /1j

corresponding to natural forms {cp}j :

Thus, we get the changed sequence of eigenvalues
, for example, of some kind

~

SN S N NN S

> >

[op)

Minimizing average "loss" value with regard to the
replacement of N eigenvalues 4, of the calculation

model for values /{j identified from the experiment

we carry out with the least squares method, if we at
first construct, for example, a polynomial of the
form

y(x) =Y a x* ()
k=0
smoothing the sequence f\(i) from the condition
S=>A%—>min
i=1

where A, = y(xi)—f\i , X =1,

Then by the coefficients ¢,, k =0, 1, 2,..., m of
polynomial (7) obtained as a result we construct the
corrected spectrum of eigenvalues {/Tlﬂ;in}

calculating its elements by the formula (7):

A=) 8)
The computational model of the structure, adjusted

according to the results of experimental studies, we
represent by the matrix of the form (5):

[A]=[®] [ ][] 9)

formed according to the submission of its Jordan
decomposition:

[J]=diag( 4. 4y 4y
[3]=[]"[A}[2]

3. Maintaining the structure and the approximation
error of the computational model

(10)

(11)

The matrix [A] (9) adjustments made in such a

way by changing the number of its eigenvalues
retains the perturbation error of its Jordan form

[J]=diag(4,,4,.....,4,), but certainly violates its
band structure. In turn, maintaining the matrix [A]

band structure becomes the essential perturbation to

it. However, the conservation of the tape width of
the matrix [A} while preserving the original error
initial

of perturbation of the sequence of
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eigenvalues A={A4,4,,....4,} of the calculation

model is an important and, in general, is an integral
component of the adjustment procedure of the
complicated structure calculation model according
to the results of dynamic tests.

To save the band structure of the adjusted matrix
[A] reduce the sensitivity of the system of

equations (2) by its preconditioning with incomplete
Cholesky decomposition of the symmetric, positive
definite matrix [A].

Choose a simple rarefied lower triangular matrix
[h], it being “sufficiently similar" to the matrix [g]

of the Cholesky decomposition of the matrix [ A]:
[A]=1{g} (g}’

The matrix [D], as an incomplete Cholesky

(12)

decomposition of the matrix [A] becomes the
preconditioner of the system (2):

[0]={h}-{h}’

The main criterion in  appointing the
preconditioner [D] is the fulfillment of the
condition:

(13)

cond (Ad) << cond (A)

where cond(Ad) - is the conditionality number of
the matrix

[Ad)=[0]" [ 4],

as well cond(A) — is the conditionality number of
the matrix [AJ

(14)

Further in a symmetric matrix [Ad] (14) the
elements will be taken into consideration only within
the band width of the original matrix [A]. The rest
of its elements will be taken as zero. We call such a
matrix [ACT }

Thus, for example, in the case of the static analysis

of structures the solution of the original equations
system of the form

[A]-{u} ={P]

(15)

is replaced with

[Ad|-{u} =[D]"{P}.

4. Conclusions

An approach is proposed that allows to adjust the
structure computational model, using a number of
values of natural frequencies obtained from
experimental tests of the structure. The method
allows to keep the perturbation error of the
calculation model when changing the values of its
natural frequencies, while maintaining the band
structure of the stiffness matrix of the structure
calculation model.

(16)
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THE INFLUENCE OF THE LIQUID LOW-VISCOSITY
ADDITIVE (THPP) ON THE SELECTED PROPERTIES
OF THE MODIFIED BITUMEN PMB 45/80-55

Abstract

The main subject of the research introduced in this article is the influence of compaction temperature on lowering the
amount of additive during production and installation of asphalt. The research assesses the effect of the addition of
tetrachydropirymidupropyly (THPP) on selected properties of modified bitumen PMB 45/80-55. The content of THPP
dosed in the range of 0.2 to 0.6% by weight of the adhesive, increasing the concentration by 0.2%. Based on the obtained
results and the results of this analysis, conclusions have been drawn regarding the effects on selected parameters of

modified asphalt.

Keywords: modified bitumen, compaction temperature lowering, binder, viscosity

1. Introduction

Development of road infrastructure forces the search
for new technological solutions, which must have a high
economic and energy efficiency. What is more, they
should be environmentally friendly. In terms of road
materials, particular attention is paid to the bituminous
mixtures, which are produced at high temperatures
from 160 to 180°C. Now there is a tendency to lower
the preparation temperature. Of particular interest
are “hot” asphalt mixes produced at around 20—40°C
lower temperature comparing to traditional ones. They
are characterized by significant energy savings and
reduced greenhouse gas emissions. This trend is due to
increased awareness and a global initiative about the
prevention of global warming. Preparation of ‘“hot”
mineral-asphalt is possible through the plasticity of
asphalt road, which are cationic active substances.
To such substances amine and ammonium salts are
included, which enable to reduce the temperature of
surrounding mineral mix to 40°C [5]. A traditional
bituminous mixtures produced and incorporated in the
“hot” technology are prepared at a temperature range
from 160 to 180°C, depending on the type of asphalt, and
incorporated at the temperature of 140°C [3]. But now
the aim is to reduce the temperature of the production
and the technologies built using “hot” technology for
the temperature range from 110 to 140°C. In order
to achieve this effect it is necessary to apply a liquid
reducing agent and the viscosity of asphalt binder,

8

aggregate wetting enhancer at a reduced temperature.
The main advantage of this type of technology (THPP)
is to reduce the aging of the asphalt.

Furthermore, the additive THPP affects one of the
most important parameters, which is the content space,
and the rate of compaction build in asphalt. The content
of free space must ensure the requirements of the
standard DIN EN 13108-1 and EN 13108-5 depending
on the type of asphalt and the use of asphalt layers
in the package. It translates directly into providing
resistance to water and frost, and increased resistance
to permanent deformation.

The correct density of asphalt, and consequently
the required content of free space is affected by
temperature. Associated with bringing the technology
of asphalt in which the production of MMA
asphalt viscosity is low enough to provide the right
environment and the incorporation of aggregates to
obtain the required specifications [2].

2. Effect of the binder properties THPP

In order to assess the impact of the chemical agent
on lowering the thickening temperature the modified
bitumen PMB 45/80-55 was applied. Addition was
dosed in the amount from 0.2 to 0.6% by weight of
binder PMB 45/80-55 increasing the concentration of
0.2%. The main aim of the study was to determine the
effect of the standard selected rheological parameters
of the modified asphalt. In order to ensure precision
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the measurement uncertainly (denote by U) was
calculated in compliance with the following formula:

(1

W assumed measurement

U(y)=k'u

c(y)

where: k — widen factor, u_
uncertainty.

2.1. Effect of the addition to the basic parameters
of asphalt

In order to determine the effect of the addition of THPP
no changes of the basic parameters, the study was made
for the various contents of the weight of the base asphalt.
For this purpose, the following tests were performed:

—softening point according to EN 1427

— penetration of asphalt at 25°C according to EN 1426

— Fraass brittleness temperature according to EN 12593.

Results on the effect of the basic parameters of the
properties of THPP binder were presented in Figure
1. Uncertainty of measurement for this research fits
within the £2% error bars represent the uncertainty of
the drawings.

b)

c)
Fig. 1. The influence of the THPP additive content
on basic parameters

The analysis of the softening temperature results
(Fig. 1a) reveals that the increase of the concentration
of the binder PMB 45/80-55 softening point decreases
relative to the reference binder. At the level of 0.2% of
THPP the effect is hardly noticeable. When increasing
the concentration of the additive to the amount
of 0.6% by weight, asphalt softening temperature
dropped by only about 3°C. The maximum value of
the softening point was obtained with a content of
0.2%, while the minimum — at the maximum amount
of agent dispensed. It should also be notedthat all the
results obtained meet the requirements for modified
bitumen PmB 45/80-55.

The next analyzed parameter in aspect of THPP
is bitumen penetration (Fig. 1b), which determines
its consistency. The tests were performed at 25°C.
They show that with increasing concentration of
the additive by weight the value of this parameter
increases. Comparing the mean values obtained for
the penetration of asphalt, there was only a slight
change of penetration with a content of 0.4% which
increases the concentration of agent in the tested
range. The increase in penetration of approximately
10 units relative to the base bitumen is quite great.

A very important parameter is the temperature
brittleness of the binder by Fraass (Fig. 1¢). Based on
the evaluation of temperature brittleness was found
to play no significant role in changing this parameter.
The brittleness temperature with increasing amounts
of additive falls, but in the range of 0.2 to 0.4% the
temperature drop is small and amounts to —0.4°C, as
evidenced by the low impact on the parameter in the
tested dosage range. A significant drop in temperature
brittleness occurs at the concentration of 0.6% of
added THPP and is —3°C. The test results show that
the addition has a positive effect on the temperature
brittleness. Obtaining a value of —18.7°C shows a low
sensitivity of asphalt PmB 45/80-55 0.6% of THPP at
low temperatures. Moreover, the minimum value of
the output temperature brittleness of asphalt is —12°C
with the addition of THPP has brittleness temperature
as asphalt PmB 45/80-65.

2.2. Adhesion of binder to sand quartzite

The research of adhesion was performed according
to the PN-84 B 06714/22 “designation of bitumen
adhesion” to assess the resistance of asphalt to water
and frost. To determine the adhesion of the binder to
the aggregate strong acidic quartzite sandstone was
used. The result of the study is to read the visual
surface of the binder aggregate washed out. Therefore,
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a series of digital images is produced are analyzed
using a computer program. The results referred to the
percentage of asphalt aggregate detachment, and the
results are shown in Figure 2.

Fig. 2. The influence of THPP additive content
on adhesion of bitumen to aggregate

Based on the results, it was found that beneficial
effects of the adhesion of THPP addition to asphalt
aggregate occur. At the concentration of 0.2% of
THPP adhesion increased by about 11%. Adhesion
of asphalt to aggregate increases with increasing
addition of THPP in the binder. The maximum value
is achieved at the content of 0.6% and is 25.6%
higher compared to the reference asphalt. The
increase in adhesion of the binder to the aggregate is
a very advantageous feature and improves resistance
of asphalt to water and frost. Adhesion measurement
uncertainty does not exceed the value of £7%.

2.3. Penetration Index

Penetration Index (PI) is an indicator of the
rheological properties of asphalt determining the
viscosity of the elastic state, which is the measure of
the thermal sensitivity calculated from measurements
of the penetration and softening point of the asphalt.
Penetration index is determined in accordance with
BS EN 12591 using the following formula:

20-Tpg, +5001g P—1952
Tees —30-1g P+120

PI ()

where: T, .. —asphalt softening point in °C, P — penetration
asphalt at 25°C.

Effect of the addition of THPP to the penetration
index of the modified bitumen PMB 45/80-55 has
been shown in Figure 3.

The research have proven that with increasing
concentration of additive reduced THPP penetration
index value can be seen, and in the dosage range of
0 to 0.2% the decrease is small. However, in the range
of 0.4 to 0.6% a significantly larger change in the
parameter is observed. With the 0.6% decrease of the
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additive penetration index is 0.36 and has a tendency
towards negative values. It indicates a tendency to
change the state of the pyrasol-adhesive gel in sol.

Fig. 3. The influence of THPP additive content
on penetration index

Another important parameter is the temperature range
of the calculated point, which is indicated by the
formula:

TZP=T,,-T 3)

column

where: T — Fraassa

R&B
temperature brittleness.

The results of determination of temperature range of

bitumen PMB 45/80-55 plasticity in terms of the amount

of additive THPP have been shown in Figure 4.

— asphalt softening point, T

> “column

Fig. 4. The influence of THPP additive content on
temperature range of plasticity

Based on the results, it was found that regardless
of the amount of additive the temperature range
remains virtually unchanged. A slight decrease in the
parameter exists only when the content is 0.4% and
1°C compared to the reference binder. The obtained
parameters beneficially affect the viscoelastic
properties of the modified binder PmB 45/80-55.

2.4. Elastic recovery of binder

One of the most important parameters characterizing
the impact of THPP on the properties of modified
bitumen PMB 45/80-55 responsible for the increased
surface durability and resistance to permanent
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deformation is the return of spring. The results mark a
return spring made in accordance with BS EN 13398,
and is shown in Figure 5.

Fig. 5. The influence of THPP additive on elastic
recovery at 15°C

Based on these values, it was found that the addition
has a beneficial effect on the tested parameter. Based
on the results measurement uncertainty was specified,
which does not exceed = 2%. THPP additive content
in the range to 0.2 to 0.4% leads to higher values by
20% on average. However, with a content of 0.6%
the elastic relapse decreased by 5% compared to the
concentration of the binder add-on of 0.4%. This may
be caused by an excess of THPP, which causes worse
cohesion of the composite asphalt. The obtained
values of PmB 45/80-55 binder with THPP cause
an increase in the analysed parameter required for
asphalt of higher modifier concentrations.

2.5. Dynamic viscosity as a function of temperature

Dynamic viscosity is a fundamental rheological
property of the asphalt which describes the internal
friction, which occurs due to the existence of cohesion
forces when moving one asphalt layer relative to
the other [1]. The viscosity studies of the modified
asphalt were conducted with the device of coaxial
arrangement of cylinders. Studies of PMB 45/80-55
modified bitumen with THPP were made in the range
of 60 to 150°C by increasing the temperature by
10°C. Effects of additive concentration on asphalt
THPP PmB 45/80-55 are shown in Figures 6 and 7.

Fig. 6. The influence of THPP additive on dynamic
viscosity in the temperature range 60 to 90°C

Fig. 7. The influence of THPP additive on dynamic
viscosity in the temperature 100 to 150°C

Dynamic viscosity for the additive concentration in
the range from 0.2 to 0.4% has very small variations
with respect to the reference binder, which shows a
small influence on the test parameter. The decrease
in viscosity was observed in the range of 60 to 90°C
at the concentration of 0.6% relative to the bitumen
mass, which was 312 Pa x s at 90°C and 10 Pa x s at
60°C. In the range from 100 to 150°C the parameter
values for the modified bitumen with THPP are close
to the reference binder.

3. Conclusions

Based on obtained results of asphalt 45/0-55 with
the THPP addition the following conclusions can be
drawn:

— addition of THPP in the tested range from 0.2 to 0.6%
has little effect on the softening point, penetration
and penetration index of modified binders,

— increasing the THPP concentration above 0.4%
by weight of modified bitumen leads to a positive
brittleness temperature drop,

— with increasing concentration of the additive
adhesion of THPP binder to the aggregate increases,

— an excessive amount of additive THPP may
cause harmful interference to the integrity of the
composite asphalt,

— anincrease in the concentration of additive THPP
has little effect on the reduction of dynamic
viscosity of modified bitumen PMB 45/80-55,
which may suggest that modified asphalt PmB
45/80-55 is responsible for the dominant process
of aggregate wetting.
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Oznaczenie wpltywu dodatku (THPP) na wybrane
parametry asfaltu modyfikowanego PmB 45/80-55

1. Wprowadzenie

Rozwoj infrastruktury drogowej wymusza poszu-
kiwania nowych rozwigzan technologicznych, ktore
przyczyniajg si¢ do zmniejszenia degradacji $rodo-
wiska naturalnego. Szczegdlnym zainteresowaniem
cieszg si¢ mieszanki mineralno-asfaltowe ,,na ciepto”,
co jest spowodowane wzrostem $wiadomosci spote-
czenstwa i ogolnoswiatowg inicjatywa w celu prze-
ciwdziataniu globalnemu ociepleniu klimatu. Sg one
zgodne z poszukiwaniem oszczgdnosci energii w r6z-
nych dziedzinach przemystu.

Duze mozliwosci w zakresie uplastycznienia asfal-
tow drogowych wynikaja z wykorzystania substancji
kationoaktywnych. Do takich dodatkow zaliczajg si¢
substancje aminowe i amoniowe, ktore umozliwiajg
obnizenie temperatury otaczania mieszanki mineral-
nej nawet o 30°C [5].

Tradycyjne mieszanki mineralno-asfaltowe pro-
dukowane i wbudowywane w technologii ,,na gora-
co” wytwarza si¢ w temperaturze od 160 do 180°C
w zalezno$ci od rodzaju zastosowanego asfaltu,
a wbudowywane w temperaturze 140°C. Natomiast
obecnie dazy si¢ do obnizenia temperatury wytwarza-
nia oraz wbudowania stosujac technologie ,,na ciepto”,
dla ktorej zakres temperatury wynosi od 110 do 140°C
[3]. W celu uzyskania takiego efektu konieczne jest za-
stosowanie ptynnego srodka obnizajacego lepkos¢ as-
faltu i polepszajacego zwilzanie kruszywa lepiszczem
w obnizonej temperaturze. Podstawowa zaletg $rodka
tetrahydropirymidylopropylu (THPP) jest zmniejsze-
nie wptywu starzenia technologicznego asfaltu.

Ponadto $rodek THPP wptywa na jeden z najwaz-
niejszych parametréw, jakim jest zawarto$¢ wolnej
przestrzeni oraz wskaznik zageszczenia wbudowywa-
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nej mieszanki mineralno-asfaltowej. Zawartos¢ wol-
nych przestrzeni musi spelnia¢ wymagania stawiane
przez normy PN-EN 13108-1 i PN-EN 13108-5 w za-
lezno$ci od rodzaju mieszanki mineralno-asfaltowej
oraz zastosowania w pakiecie warstw asfaltowych.
Przektada si¢ to bezposrednio na zapewnienie odpor-
no$ci na oddziatywanie wody i mrozu oraz wzrost
odpornosci na deformacje trwate.

Na prawidlowe zaggszczenie mieszanki mineralno-
-asfaltowej, a w konsekwencji uzyskanie wymagane;j
zawarto$ci wolnej przestrzeni, ma wplyw tempera-
tura — zwigzana z doprowadzeniem asfaltu do tech-
nologicznego stanu, w ktorym podczas wytwarzania
MMA lepkosc¢ asfaltu jest wystarczajaco niska, aby
zapewni¢ wilasciwe otoczenie kruszywa, a podczas
wbudowywania uzyska¢ wymagane parametry tech-
niczne [2].

2. Wptyw dodatku THPP na wiasciwo$ci normowe
i reologiczne

Do badan oznaczenia wplywu ptynnego chemicz-
nego srodka obnizajacego temperature zaggszczania
na asfalt modyfikowany zastosowano lepiszcze PMB
45/80-55. Dodatek dozowano w ilosci od 0,2 do 0,6%
w stosunku do masy asfaltu PMB 45/80-55 zwigksza-
jac jego stezenie o 0,2%. Zasadniczym celem badan
bylo okreslenie wptywu dodatku na standardowe wy-
brane parametry reologiczne asfaltu modyfikowanego.

W celu zapewnienia poprawnosci wykonywanych
badan okreslono niepewnos$¢ rozszerzong U dla
wszystkich pomiaréw za pomocg wzoru (1).

2.1. Wptyw dodatku na podstawowe parametry asfaltu

W celu okreslenia wptywu dodatku THPP na zmia-
n¢ podstawowych parametrow wykonano badania dla
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roznych zawarto$ci Srodka w stosunku do masy asfal-
tu wyjsciowego:

— temperatury migknienia wedlug PN-EN 1427,

— penetracji asfaltu w temperaturze 25°C zgodnie

z PN-EN 1426,
— temperatury lamliwosci Fraassa wedlug PN-EN
12593.

Wyniki podstawowych parametrow okreslajacych
wpltyw srodka THPP przedstawiono na rysunku 1.
Niepewnos¢ pomiaru dla powyzszych badan miesci
sie¢ w granicy +2%, stupki btedow reprezentujace nie-
pewnos¢ przedstawiono na rysunkach la—c.

Analizujac uzyskane wyniki badan temperatury
migknienia (rys. la), mozna stwierdzi¢, ze wraz ze
wzrostem stezenia dodatku, temperatura migknie-
nia asfaltu spada w stosunku do wyniku uzyskanego
dla lepiszcza referencyjnego. Przy zawartosci 0,2%
w stosunku do asfaltu wptyw $rodka THPP jest prak-
tycznie nie zauwazalny. Podczas zwigkszania steze-
nia dodatku do ilosci 0,6% w stosunku do masy asfal-
tu wystepuje spadek temperatury micknienia jedynie
o okoto 3°C. Maksymalng warto$¢ temperatury migk-
nienia uzyskano przy zawartosci srodka 0,2%, nato-
miast minimalng przy maksymalnej ilosci dozowane-
go Srodka. Nalezy rowniez podkresli¢, ze wszystkie
uzyskane wyniki badan spetniajag wymagania jak dla
asfaltu modyfikowanego PmB 45/80-55.

Kolejnym rozpatrywanym parametrem w aspekcie
ilosci $§rodka THPP jest penetracja asfaltu (rys. 1b),
okreslajaca jego konsystencje. Badania wykonano
w temperaturze 25°C. Wykazujg one, ze w miarg
wzrostu stg¢zenia dodatku w stosunku do masy asfaltu
wystepuje wzrost ocenianego parametru. Poréwnujac
uzyskane wartosci S$rednie dla penetracji asfaltu,
stwierdzono niewielkg zmiang penetracji przy zawar-
tosci 0,4%, ktora rosnie wraz ze stezeniem Srodka
w badanym zakresie. Wzrost penetracji o okoto 10
jednostek w stosunku do asfaltu wyjsciowego jest
stosunkowo niewielki.

Ostatnim a zarazem bardzo waznym parametrem
jest temperatura lamliwosci wg Fraassa. Wyniki
oznaczenia temperatury famliwosci asfaltu przedsta-
wiono na rysunku Ic. Na podstawie oceny uzyska-
nych wartosci temperatury tamliwosci stwierdzono,
ze dodatek nie wplywa negatywnie na lepiszcze.
Warto$¢ temperatury tamliwo$ci wraz ze wzrostem
ilosci dodatku spada, jednak w przedziale od 0,2 do
0,4% spadek temperatury jest maty i wynosi -0,4°C,
co moze $wiadczy¢ o matym wplywie na badany pa-
rametr w tym przedziale dozowania. Znaczny spa-
dek temperatury tamliwos$ci wystepuje przy stezeniu

0,6% dodatku THPP i wynosi —3°C. Uzyskane wyni-
ki badan dowodza, ze dodatek korzystnie wplywa na
temperaturg tamliwo$ci. Uzyskanie wartosci —18,7°C
swiadczy o malej wrazliwosci asfaltu PmB 45/80-55
z dodatkiem 0,6% THPP na dzialanie niskich tempe-
ratur. Ponadto minimalna warto$¢ temperatury tam-
liwosci asfaltu wyjsciowego wynosi —12°C, z dodat-
kiem THPP asfalt uzyskuje temperature tamliwosci
jak asfalt PmB 45/80-65.

2.2. Adhezja lepiszcza do piasku kwarcytowego

Badanie adhezji wykonane zostato zgodnie z PN-
84 B 06714/22 ,,Oznaczenie przyczepnosci bitumow”
w celu oceny odpornosci mieszanki mineralno-as-
faltowej na oddziatywanie wody 1 mrozu. Aby okre-
sli¢ adhezje lepiszcza do kruszywa o silnym odczy-
nie kwasnym zastosowano piaskowiec kwarcytowy.
Wynik badania jest to odczyt wizualny powierzchni
odmytej kruszywa. Z uwagi na to do oceny wizualnej
wykonano serie obrazéw cyfrowych, ktére poddano
obrébce programu komputerowego. Na podstawie
uzyskanych wynikow okreslono procentowe odmy-
cie asfaltu z kruszywa, a wyniki przedstawiono na
rysunku 2.

Oznaczenie zmian adhezji lepiszcza do piaskowca
kwarcytowego przedstawiono na rysunku 2. Na pod-
stawie uzyskanych wynikow, stwierdzono korzyst-
ny wplyw na badany parametr. Przy stezeniu 0,2%
srodka THPP adhezja poprawita si¢ o 11%. Adhezja
asfaltu do kruszywa zwigksza si¢ wraz ze wzrostem
zawarto$ci dodatku THPP w lepiszczu. Maksymalng
warto$¢ osigga z zawartoscig 0,6% 1 jest ona wigk-
sza 0 25,6% w porownaniu do asfaltu referencyj-
nego. Wzrost adhezji jest bardzo korzystng cechg
i $wiadczy o podniesieniu odpornosci na oddziatywa-
nie wody i mrozu. Niepewno$¢ pomiaru adhezji nie
przekraczata wartosci +7%.

2.3. Indeks penetracji

Indeks penetracji (IP) to reologiczny wskaznik as-
faltu okreslajacy wtasciwosci asfaltu w zakresie stanu
lepkosprezystego, ktory jest miarg jego wrazliwosci
termicznej, obliczanej na podstawie pomiaréw tem-
peratury migknienia i penetracji asfaltu. Zmiang in-
deksu penetracji (rys. 3) okre$lono zgodnie z PN-EN
12591 za pomoca wzoru (2).

Wpltyw dodatku THPP na indeks penetracji asfaltu
modyfikowanego PMB 45/80-55 przedstawiono na
rysunku 3. Badania wykazaly, ze wraz ze wzrostem
stezenia dodatku THPP spada indeks penetracji, przy
czym w przedziale od 0 do 0,2 jest niewielki. Natomiast
w przedziale od 0,4 do 0,6% wystepuje spadek bada-
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nego parametru. Przy zwigkszaniu zawarto$ci dodatku
do 0,6% spadek indeksu penetracji wynosi 0,36, co
powoduje tendencje do zmiany stanu z zolo-zelowego
w zolowy, poniewaz zaobserwowa¢ mozna spadek pa-
rametru w kierunku warto$ci ujemnych.

Kolejnym istotnym parametrem obliczonym jest
temperaturowy zakres plastycznosci przedstawiony
na rysunku 4. Obliczony za pomoca wzoru (3).

Na podstawie wynikow badan temperatury migk-
nienia i temperatury tamliwo$ci wg Fraassa obliczono
temperaturowy zakres plastycznosci (TZP). Na pod-
stawie uzyskanych wynikéw badan temperaturowe-
go zakresu plastycznosci stwierdzono, ze wszystkie
badane probki posiadajg wartos¢ wieksza od 60°C.
Nieznaczny spadek badanego parametru wystepuje
jedynie przy zawartosci 0,4% i wynosi 1°C w stosun-
ku do asfaltu referencyjnego. Uzyskane parametry
korzystnie wplywaja na wtasciwosci lepko-sprezyste
lepiszcza modyfikowanego PmB 45/80-55.

2.4. Nawrot sprezysty

Jednym z wazniejszych parametrow charakteryzu-
jacych wptyw srodka THPP na wlasciwosci asfaltu
modyfikowanego PMB 45/80-55 odpowiadajacym
za zwickszenie trwatosci 1 odpornosci nawierzchni
na deformacje trwate jest nawrdt sprezysty. Wyniki
oznaczenia nawrotu sprezystego wykonano zgodnie
z PN-EN 13398 i przedstawiono na rysunku 5.

Na podstawie uzyskanych wartosci stwierdzono,
ze dodatek ma korzystny wplyw na badany para-
metr. Na podstawie uzyskanych wynikéw okreslono
niepewno$¢ pomiaru, ktéra nie przekracza wartosci
+2%. Zawarto$¢ dodatku THPP w przedziale do 0,2
do 0,4 powoduje wzrost badanej cech srednio 0 20%.
Natomiast przy zawartosci 0,6% warto§¢ nawrotu
sprezystego spada o 5% w stosunku do lepiszcza ze
stezeniem 0,4% dodatku. Spowodowane to moze by¢
przez nadmiar $rodka THPP, ktéry powoduje zakto-
cenia spojnosci kompozytu asfaltowego. Uzyskane
wartos$ci dla lepiszcza PmB 45/80-55 z THPP powo-
duja wzrost badanego parametru wymaganego dla as-
faltu o wigkszym stezeniu modyfikatora.

2.5. Lepkos¢ dynamiczna w funkcji temperatury
Lepkos¢ dynamiczna jest jedng z podstawowych
wlasciwosci reologicznych asfaltu. Opisuje ona tar-
cie wewnetrzne, ktore wystepuje w wyniku istnienia
sit kohezji przy przesuwaniu jednej warstwy asfaltu
wzgledem drugiej [1]. W badaniach lepkosci asfal-
tu modyfikowanego z dodatkiem zastosowano urza-
dzenie o wspotosiowym uktadzie cylindrow. Badania
asfaltu modyfikowanego PMB 45/80-55 z dodatkiem
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THPP zostat wykonane w przedziale temperatur od
60 do 150°C zwickszajac temperaturg o 10°C. Wplyw
stezenia dodatku THPP na asfalt PmB 45/80-55
przedstawiono na rysunkach 61 7.

Dla lepkosci dynamicznej w zakresie stezenia
dodatku od 0,2 do 0,4% stwierdzono bardzo mate
roznice w stosunku do asfaltu referencyjnego, co
moze $wiadczy¢ o matym wptywie na badany para-
metr. Spadek lepko$ci zanotowano w przedziale od
60 do 90°C przy stezeniu 0,6% srodka w stosunku
do masy asfaltu, ktory wynosit w 60°C 312 Pa-s
a w 90°C 10 Pa-s. W przedziale temperatur od 100
do 150°C wartosci badanego parametru dla asfaltu
modyfikowanego z dodatkiem THPP sg zblizone do
warto$ci lepiszcza podstawowego.

3. Podsumowanie

Na podstawie analizy wynikow badan asfaltu 45/0-55
z dodatkiem $rodka THPP mozna sformutowaé nastg-
pujace wnioski:

— zastosowanie srodka THPP w badanym zakresie od
0,2 do 0,6% ma nieznaczny wpltyw na temperature
micknienia, penetracje i indeks penetracji,

— zwickszanie zawarto$ci dodatku THPP powyzej
0,4% w stosunku do masy asfaltu modyfikowane-
go powoduje korzystny spadek temperatury
famliwosci,

— wraz ze wzrostem stezenia dodatku wzrasta adhe-
zja lepiszcza do kruszywa,

— nadmierna ilos¢ dodatku THPP, moze powodowac
zaktocenia w integralnosci kompozytu asfaltowego,

— wzrost stezenia dodatku THPP ma niewielki
wpltyw na obnizenie lepkosci dynamicznej as-
faltu modyfikowanego PMB 45/80-55, co moze
sugerowaé, ze za dominujacy proces zwilzania
kruszywa odpowiada asfalt modyfikowany PmB
45/80-55.
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WITH FROST RESISTANCE FACTOR, F,

Abstract

The paper presents the results of ceramic products testing for water absorption, water absorption under vacuum, specific
density, and pore size and volume distributions by mercury intrusion porosimetry. The test results were compared against the
F. frost resistance number. It was found that there is no simple correlation between selected physical properties and F, factor.
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1. Introduction

Frost resistance depends upon pore geometry and,
specifically, upon the proportion of larger pores,
which do not fill up with water readily, to smaller
pores, which absorb water susceptible to freezing
under operating conditions. The relationship between
frost resistance and specific pore properties such as
water absorption (measured using different methods),
specific surface, MIP characteristics, etc., has been
described in numerous publications.

One of the most interesting classifications of pores
in ceramic materials is the method developed by
Maage [3], in which the potential frost resistance
is evaluated with a single numerical quantifier
determined according to the following formula:

F_=3.2/PV +2.4*P3 (1)

where: F_— frost resistance number, PV —pore volume
in cm?/g, P3 — percentage of the pores with diameters
larger than 3 pum.

The analysis of comparative test results of direct
frost durability of ceramic samples with the pore size
and volume distribution determined using mercury
porosimetry allowed Maage to find that the ratio of
pores with cross - sections bigger than 3 pm to the total
intruded pore volume as well as the inverse value of
the total pore volume is an important factor affecting
the frost durability index, F_. Figure 1 shows selected
areas in the system of PV and P3, which correspond

to durable ceramic materials, non durable ceramic
materials and those of uncertain durability.

TAY
0,25

0,20 / /
Fe=55 /Fcyu

0,15

/JCEHTAIN

/ DURABLE

NON DURABLE

0.10

//

0,05

INTRUDED PORE WOLUME, PV IN CM3/GRAM

0 S 10 15 20 25 30

PORES WITH DIAMETER D >3um P3, ¥ OF PV)

Fig. 1. Influence of total porosity (MIP) and the
percentage of pores with sizes bigger than 3um on frost
durability of ceramic materials [3]

The method proposed by Maage attracted attention
of many researchers [5]. Some scientists questioned the
practical suitability of the method [1] or suggested that
the critical value of F, determining whether the ceramic
material is durable or not, should be different [2, 4].

The authors of this paper, in an attempt to develop
their own position in this matter, conducted a number
of tests that included determining such basic physical
parameters as porosity and water absorption.
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2. Own research

Thirty four brick specimens were used for testing,
including new bricks and old ones removed from
demolished buildings. The tests aimed at determining:

— density and volume density

— water absorption

— water absorption under vacuum

— pores size and volume distribution by mercury

intrusion porosimetry (MIP).

The specimens used in absorption and density
tests and MIP were dried at a temperature of 105°C.
Mercury intrusion with a porosimeter was set to the
maximum pressure of about 413 MPa. The value
of contact angle was 130 degrees. The tests were
conducted at two levels (low and high pressure),
which allowed the evaluation of pore size distribution
in the range from about 350 pm to 3 nm.

Density tests (LeChatelier) and volume density tests
helped calculate total porosity values of the specimens.
Water absorption levels were measured by gradually
immersing the specimens in water to constant mass.
Absorption under vacuum measurement was conducted
after 15-minute evacuation and then pouring hot,
degassed (pre boiled) water over the specimens.

3. Test results analysis

Figures 2-7 compile the results attained from the
tests and compare selected factors.

The values of water absorption of the specimens
are compared with F_ values in Figure 2. The squares
designate the test results for water absorption under
normal circumstances, whereas the diamonds designate
the results for the specimens saturated under vacuum.
No clear relationship between F_ and the water
absorption was found. The shift of the cloud of the
vacuum saturated specimens results to the right side of
the chart is understandable and expected.

Fig. 2. Distribution of F_values in relation to water absorption
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Figure 3 presents the correlation between F_ and
the ratio of the volume absorption (under normal
circumstances and under vacuum) to the total porosity
of the specimens. The relation of n_ and n_ , to the total
porosity expresses a significant attribute of microstructure
in terms of possible pore saturation range.

It is reasonable to suppose that the increased content
of water in the specimens soaked under vacuum
relates to the largest pores. By virtue of capillary
pressure, whose value is inversely proportional to the
dimensions of pore cross-sections, it is quite unlikely
that small pores remain empty or only partially filled
with water after ordinary soaking.

Fig. 3. Relation between F_and the degree of pore-filling

Fig. 4. Relation between F_and the degree of saturation

The degree of pore-filling during ordinary saturation
ranged from 65 to 93% of the total porosity, whereas
vacuum saturation raised this parameter to more than
80%. Here as well a general trend can be observed but
it seems impossible to precisely define the relationship
between F_and n /p.

The degree of material saturation with water, n_ /nop, isthe
widely used index for potential frost durability evaluation
of concrete. For the group of bricks investigated here, the
relationship of F_number and n_/n_ratio is presented in
Figure 4. The lower the n_ /nop value, the bigger numbers of
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large pores able to absorb water are present. Theoretically,
the lower then_/n_ . factor value, the higher the durability of
the material. Similar effect can be observed in air entrained
cement matrices in mortars and concretes. The scatter of
points in Figure 4 shows no clear relation between the
degree of saturation and frost durability F .

Information displayed in Figures 2-4 may attest
to the inability to predict the durability using the F,
number or the inability to use for that purpose simple
indices related to water absorption (under natural
environment and under vacuum) and porosity.

Frost resistance number F_ depends to the highest
degree on the volume percentage of pores with
diameters bigger than 3 um in the total porosity level
determined by MIP. Figures 5 and 6 show a cumulative
and a differential pore size distribution for three out
of 34 specimens. Table 1 compiles characteristic data
of the specimens presented in Figures 5 and 6.

Table 1. Sample data of three selected bricks
Ny % B n./p

C

% | n,%

o7’

Spec. | p,%
No.
24 268 | 280 | 186 | 250 | 229.1 | 0.69 | 093 | 0.75
18 287 | 298 | 234 | 265 | 149.7 | 082 | 093 | 0.88
31 27 282 | 252 | 261 | 523 | 093 | 096 | 096

n/p |n/n

pMIV op’ oz op

Fig. 5. Examples of cumulative pore size distributions of
three selected bricks

Fig. 6. Examples of differential pore size distributions of
three selected bricks

As shown in charts 5-6, specimen 24 had most of its
pores larger than 3 um in diameter, and the value of
P3 (acc. to Maage) was 86.4%, whereas for specimens
18 and 31, with a smaller amount of large pores, P3
values were 22.7% and 12.9%, respectively.

Although specimens 24, 18 and 31 prove the
interrelation between F_and relative water absorption
(NP, n/n, p), Figures 2, 3 and 4 indicate that many of
the investigated 34 bricks did not follow that relation.

4, Summary

Lack of clear relationship between frost durability
number, F.. and indices related to porosity and water
absorption may indicate that mechanisms of much
more complex nature contribute to freeze/thaw
damage of ceramic material. Those mechanisms need
to be explained using other methods for determining
the relations between water phase change and the
deterioration process leading to the failure of the
material. The recommended methods may include
determining linear and volume deformations,
calorimetric analysis, water phase change evaluation
and the direct frost resistance test.
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Poréwnanie wskaznika mrozoodpornosci ceramiki F,
z charakterystyka porow i nasiakliwoscia

1. Wprowadzenie

Mrozoodporno$¢ jest w gtownym stopniu zalezna
od charakterystyki geometrycznej porow, a w szcze-
golnosci proporcji poréw wiekszych, nie wypehia-
jacych sie tatwo woda do porow mniejszych, ktore
pochtaniaja wod¢ zdolng do zamrazania w warun-
kach eksploatacyjnych. W literaturze mozna odna-
lez¢ wiele publikacji odnoszacych sie do zwigzkow
mrozoodpornosci ze specyficznymi cechami porow,
np. nasigkliwoscia (badang r6znymi sposobami), po-
wierzchnig wtasciwg porow, charakterystyka MIP itp.

Jednym z ciekawszych sposobow klasyfikacji po-
row w materiatach ceramicznych, jest metoda opra-
cowana przez Maaga [3], w ktérej do opisu potencjal-
nej mrozoodpornosci wykorzystuje si¢ pojedynczy
wskaznik liczbowy, okreslony zgodnie z formulg (1).

Na podstawie analizy wynikow badan porow-
nawczych bezposredniej mrozoodpornosci probek
materialow ceramicznych z rozkladem wielkosci
i objetosci porow okreslonych metoda porozymetrii
rteciowej Maag stwierdzil, ze decydujacymi para-
metrami wptywajgcymi na warto$¢ F_ sg stosunek
objetosci poréw o wymiarach przekroju powyzej
3 um do catkowitej objetosci porow zajetych przez rtec
w metodzie MIP oraz odwrotno$¢ catkowitej poro-
watosci. Na rysunku 1 przedstawiono wydzielone
obszary w uktadzie PV i P3, ktore odpowiadajg ma-
teriatlom ceramicznym mrozoodpornym, niemrozo-
odpornym oraz nalezacym do strefy przejSciowej,
o niepewnej trwatosci.

Propozycja przedstawiona przez Maaga byta ana-
lizowana w r6znych opracowaniach [5]. Czes$¢ auto-
row podawata w watpliwo$¢ praktyczng przydatnosé
metody [1]. Przy czym, niektérzy z nich sugerowali
zmiany wartoSci kryterium F_ oddzielajgcego cerami-
ke trwala od nietrwalej [2, 4].

Autorzy probujac wypracowacé wilasne stanowisko
w tej kwestii podjeli szereg badan, z ktorych ozna-
czenie podstawowych cech fizycznych, takich jak po-
rowatos$¢ i nasigkliwo$¢ uznali za podstawowe.
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2. Opis badain wtasnych

Do badan wykorzystano 34 probki nowych i sta-
rych cegiet pobranych z rozbieranych obiektow. Wy-
konano nastepujace testy:

— oznaczenie gestosci i gestosci objgtosciowe;,

— oznaczenie nasigkliwos$ci zwykte;j,

— oznaczenie nasigkliwos$ci pod préznia,

— rozktadu wymiaréow pordéw i ich objetosci metoda

porozymetrii rtgciowej (MIP).

Probki do badan MIP, nasiakliwos$ci i ggstosci byty
suszone w temperaturze 105°C. Penetracja rteci wyko-
nana przy uzyciu porozymetru zostata okreslona przy
maksymalnym cisnieniu ok. 413 MPa. Do obliczen
przyjeto warto$¢ kata zwilzalnosci na poziomie 130
stopni. Badania wykonano dwustopniowo (niskie i wy-
sokie cisnienie), ktore umozliwily oceng rozktadu wy-
miaréw poréw w zakresie od okoto 350 pm do 3 nm.

Na podstawie badan gestosci (LeChatelier) i ge-
stosci objetosciowej obliczono wartosci catkowitych
porowatosci poszczego6lnych probek. Badania nasia-
kliwosci zwyktej wykonano przez zanurzanie stop-
niowe probek w wodzie, do momentu stabilizacji ich
masy. Nasigkliwosci pod pro6znia wykonano po 15
minutach prézniowania i zalaniu probek odgazowana
(wczesniej przegotowang) goracg woda.

3. Wyniki pomiardw i ich analiza

Na rysunkach 2-7 przedstawiono uzyskane rezul-
taty oraz poréwnanie wybranych wskaznikow. Na
rysunku 2 poréwnano nasigkliwosci probek cera-
micznych z wartosciami F_. Kwadratami oznaczono
wyniki badan nasigkliwosci zwyktej, romby oznacza-
ja wyniki badan probek nasgczonych préozniowo. Nie
stwierdzono jednoznacznej zaleznosci pomigdzy F_
a nasigkliwos$cig. Przesuniecie chmury wynikow pro-
bek nasgczonych prézniowo w prawa strong wykresu
jest zrozumiale i zgodne z oczekiwaniami.

Na rysunku 3 przedstawiono analogicznie zalezno$¢
F. od stosunku wartosci nasigkliwosci objgtosciowe;j
(zwyktej 1 pod proznig) do porowatosci catkowitej
probek. Stosunek n, i Ny do porowatosci catkowitej
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wyraza istotng cech¢ mikrostruktury w kontekscie za-
kresu mozliwego wypelnienia poréw woda.

Nalezy przypuszcza¢, ze zwickszona zawarto$¢
wody przy nasgczaniu prozniowym dotyczy porow
o najwiekszych srednicach. Raczej malo prawdopo-
dobne jest, by pory mate pozostaty puste lub cz¢scio-
wo tylko wypelnione woda po nasgczaniu zwyktym
ze wzgledu na specyfike cisnienia kapilarnego, ktore-
go wartos¢ jest odwrotnie proporcjonalna do wymia-
row przekroju porow.

Mozna stwierdzi¢, ze stopien wypelnienia poréw
wody podczas nasgczania zwyklego zawierat si¢
w grupie badanych materialow od 65% do 93% ogo6l-
nej porowato$ci, natomiast nasaczanie prozniowe
zwiekszyto ten wskaznik do poziomu powyzej 80%.
Takze w tym przypadku poza stwierdzeniem ogolne;j
tendencji nie jest mozliwe okreslenie precyzyjnej za-
leznosci F_—n /p.

Wskaznikiem, ktory z powodzeniem wykorzysty-
wany jest w technologii betonéw do opisu potencjal-
nej mrozoodpornosci jest stopien nasgczenia materia-
tu wodg: n_/n, o W grupie badanych cegiet zaleznos¢
wskaznika F_od stosunku n_/n ) przedstawiono na
rysunku 4. Im nizsza jest warto$¢ n_/n, o tym wiecej
w materiale jest porow o duzych wymiarach w poréw-
naniu do wszystkich poréw zdolnych do pochtania-
nia wody. Teoretycznie im nizsza warto$¢ wskaznika
n./n, o tym wyzsza powinna by¢ trwato§¢ materiatu.
Zjawisko o podobnym charakterze jest obserwowane
w napowietrzonych matrycach cementowych w za-
prawach i betonach. Rozproszenie wynikow badan na
rysunku 4 wskazuje, ze pomig¢dzy stopniem nasgcze-
nia a F_nie ma jednoznacznej zaleznosci.

Przedstawione na rysunkach 2-4 informacje moga
Swiadczy¢ o braku mozliwos$ci oszacowania progno-
zy trwatosci za pomocg wskaznika F_lub braku moz-
liwosci wykorzystania do tego celu prostych wskaz-
nikéw powigzanych z nasiakliwo$cig (zwykta i pod
préznia) i porowatoscia ogdlna.

Warto$¢ wskaznika F_ w najwigkszym stopniu za-
lezy od procentowego udzialu w ogdlnej porowatosci
okreslonej z wykorzystaniem MIP, poréw o wymia-
rach przekroju powyzej 3 um. Na rysunkach 5 i 6
przedstawiono skumulowany i rézniczkowy wykres
rozktadu wymiaru poréw trzech probek z posrod 34
badanych. W tabeli 1 zamieszczono dane charaktery-
styczne probek przedstawionych na rysunkach 51 6.

Jak wida¢ na rysunkach 5-6 probka nr 24 zawie-
ra najwiecej porow o wymiarach przekroju powyzej
3 um, warto$¢ P3 (wg Maaga) wynosi dla niej 86,4%,
natomiast probki nr 18 1 31 majg mniej tych porow,

a warto$ci P3 dla nich wynosza odpowiednio 22,7%
oraz 12,9%. O ile w probkach 24, 18 i 31 wystepu-
Jje zwigzek pomigdzy F_1i nasigkliwo$cig wzgledng
(n,/p, n/n, p) to z rysunkéw 2, 3 i 4 wynika, ze po-
srod 34 badanych cegiet wiele od tej relacji odstaje.

4. Podsumowanie

Brak jednoznacznego zwigzku pomiedzy wskazni-
kiem F_oraz wskaznikami zaleznymi od porowatosci
i nasigkliwo$ci moze $wiadczy¢ o bardziej skompli-
kowanej naturze mechanizmoéw niszczacych cera-
mike podczas zamrazania. Ich wyjasnienie wymaga
dodatkowych badan przy uzyciu innych metod okre-
slajacych zwigzki pomigdzy przemiang fazowa wody
a procesem odksztatceniowym i w efekcie uszkodze-
niami materiatu. Do tych badan migdzy innymi na-
leza oznaczenia odksztatcen objetosciowych i linio-
wych, kalorymetrycznych, ocena procesu przemiany
fazowej wody oraz mrozoodporno$¢ bezposrednia.
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RESULTS OF LABORATORY TESTS OF CONCRETE,
VITRIFIED CLAY AND PVC SEWER PIPES WITH CIPP
LINERS

Abstract

Results of load capacity tests of concrete pipes DN 200 and 300 and vitrified clay pipes DN 200, 250 and 300 with liners and
without them were shown together with results of ring stiffness tests of PVC pipes DN 200, 250 and 315 and CIPP liners DN
200, 250 and 315. All pipes and liners used to produce samples were brand new. The tested liners were made of polyester
tube saturated with epoxy resin. Preliners were not installed between liners and pipes. The liners were introduced to the
pipes using compressed air and cured with hot water. Main aim of the research was to find out if there is any correlation
between roughness of the pipe surface (depending on the pipe material) and load capacity growth after pipe rehabilitation
due to the sticky properties of the resin used for tube impregnation. Another subject discussed in this paper is the influence
of adhesion level between liner and PVC pipe to ring stiffness growth of this pipe. Relationship between adhesion level and
growth of load capacity/ring stiffness will be proven. Adhesion level should be taken into consideration when designing the

reconstructive liner designed not only to seal and protect the pipeline, but also to strengthen construction of the pipe.

Keywords: CIPP, cured-in-place-pipe, epoxy resin, sewer pipes, renovation, reconstruction

1. Introduction

One of the most common approaches for the
rehabilitation of pipelines is to line their internal
surfaces with one of the various types of liners. Among
these the most common form of lining is CIPP. In
this technology an impregnated tube is placed inside
the hostpipe using winching or inversion. Then the
impregnated liner is pressed against the wall of the
host-pipe and cured by circulating hot water or steam
through it or via UV light source [1]. Liner thickness,
tube material and type of resin are the factors that
determine the ring stiffness of the liner.

Three following design guidelines are used to
designate minimal thickness of the liner:

— American: ASTM F 1216, Standard practice
for rehabilitation of existing pipelines and
conduits by the inversion and curing of a resin-
impregnated tube, ASTM International Standard;

— Danish: Static calculations and dimensioning
of the gravity sewer pipe renovation. Collective
work developed by the Research Centre for

Pipes Danish Technological Institute for
Trenchless Team No-Dig;

— German: ATV-DVWK — M127P Part 2, Static
strength calculations for technical rehabilitation
of sewer lines by introducing liners or using
installation methods.

To select the optimum liner thickness, damage degree
of the pipe should be determined together with loads
acting on it. None of these three methods takes into
consideration a factor related to the surface roughness
of the pipe and adhesion level between pipe and liner.
This factor has a big influence on the load capacity
growth of the concrete and vitrified clay pipes. This
factor also has a big influence on ring stiffness growth
of the PVC pipes, as shown in this paper.

2. Preparation of test samples

In total, we examined load capacity or ring stiffness
of 76 samples made of concrete, vitrified clay and
PVC pipes with liners of different thickness and
without liners. Samples made of cured liner only
were examined too. Every sample made of cured liner

23



environment

Andrzej Kuliczkowski, Kamil Mogielski

Table 1. Test matrix

Nominal diameter/liner thickness [mm]
Sample material 300/0 300/4
200/0 200/3 200/4 200/6 250/0 250/4 315/0% 315/4%
Concrete pipe 1 4 4 4 - - 2 4
Vitrified clay pipe 1 4 4 4 2 6 2 6
PVC pipe 1 4 4 4 1 4 1 4
Resin liner ** = 13 13 13 = 13 = 13
TOTAL 76 samples
*PVC pipes DN 315 were tested. Internal diameter of this pipes is 299.6 mm.
** Each sample made of resin liner only was tested three times. 86 tests were made in total.

was examined three times. These studies took place
at Division of Water Supply and Sewage Systems at
Kielce University of Technology, Kielce, Poland.

All tested samples had a circular shape without
footer and they were 30 cm long in accordance with the
standards: PN-EN 1916 “Concrete pipes and fittings,
unreinforced, steel fiber and reinforced” and PN-EN
295-3 “Vitrified clay pipes and fittings and pipe joints
for drains and sewers — Part 3: Test methods”.

Table 1 lists the types of samples with their
parameters: pipe material, nominal diameter of pipe
and thickness of resin liner.

Tubes made of polyester with outer diameters
equal to the inner diameters of the pipes and with
thicknesses as shown in Table 1 were saturated in situ
with thermosetting epoxy resin.

Fig. 1. Preparation of the test samples [2]

Then, the resin impregnated tubes were introduced in
series, into the concrete, vitrified clay and PVC pipes.
Liners were introduced to the pipes with inversion
drum, by using compressed air. After that resin liners
were cured with hot water. Subsequently all devices
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were removed, pipes cooled and cut into 30 cm long
samples. Excessive amount of the cured liner has been
removed. Figure 1 shows the samples preparation site.

3. Test procedure

Samples made of concrete pipes were tested in
accordance with the standard PN-EN 1916. Tests
were made on the universal testing machines
MTS and Zwick/Roell. Figure 2 shows Zwick/
Roell machines owned by Kielce University of
Technology.

To perform the tests in accordance with the standard
PN-EN 1916, samples were placed in the universal
testing machine at the duralumin, V-shaped lower
bearing element with spread angle of 150°. Length of
lower bearing element was equal to the length of the
samples (300 mm), width of 120 mm and maximum
height of 40 mm. The load was applied by the upper
compression plate and spread by steel upper bearing
element with length of 300 mm, height of 50 mm and
width of 45 mm. Straps made of elastomeric material
with a hardness of 50 IRHD were inserted between
the pipe and both bearing elements.

A control group of samples without liners were tested
because of differences between the manufacturer’s
specification and actual data about load capacity.
Those samples were tested to determine base load
capacities. Base load capacities were compared with
test results of samples reinforced with liners. One of
the samples from the control group — made of concrete
pipe DN 300 — is shown in Figures 3a (before test)
and 3b (after test). Both groups of concrete samples
(DN 200 and DN 300) with liners were tested four
times. A sample made of concrete pipe DN 300 with
4 mm thick liner is shown in Figures 3c (before test)
and 3d (after test).
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a) a)
b)
b) o
d)

Fig. 2. Universal testing machines Zwick/Roell:

a) Z20 and b) Z100
Fig. 3. Concrete DN 300 pipe sample without liner:

a) before test and b) after test. Concrete DN 300 pipe
sample with 4 mm thick liner: ¢) before test and
d) after test [2]
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Samples made of vitrified clay pipes were tested in
accordance with the standard PN-EN 295-3. Samples
were not soaked before testing. To perform the tests
using this standard, samples were placed in the
universal testing machine at the steel, V-shaped lower
bearing element with spread angle of 170°. Lower
bearing element was 300 mm-long, 140 mm-wide
and had maximum height of 38 mm. The load was
applied by the upper compression plate and spread by
steel upper bearing element with length of 300 mm,
height of 37 mm and width of 65 mm. Straps made of
elastomeric material with a hardness of 50 IRHD were
inserted between the pipe and both bearing elements.

a)

b)
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d)

Fig. 4. Vitrified clay DN 200 pipe sample without liner:
a) before test and b) after test. Vitrified clay DN 200
pipe sample with 4 mm thick liner: c) before test
and d) after test [2]

Samples without liners were tested one or two
times and samples with liners were tested four or six
times. Samples made of vitrified clay pipes DN 200
without liner and with 6 mm-thick liner, before and
after test end are shown in Figures 4a—4d.

During the test, the universal testing machine was
recording the values of deformation and applied
force every 0.01 seconds. Data were collected
and stored in three-column table in DAT files on a
computer connected to the machine. Figure 5 shows
a graph that illustrates steady and slow force growth
applied to the sample made of concrete and vitrified
clay, both DN 200 and with 3 mm-thick liner. During
the tests of concrete and clay pipes, deflections
from about 6 to about 13 mm were observed.
Those deflections were a result of deformation of
elastomeric belts placed between the samples and
bearing elements.

Samples made of PVC pipes with and without liners
were tested in accordance with the standard PN-EN
ISO 9969 “Thermoplastic pipes — Determination
of ring stiffness”, and samples made of liner only
were tested in accordance with the Standard PN-
EN 1228 “Plastic piping systems — Glass-reinforced
thermosetting plastics (GRP) pipes — Determination
of initial specific ring stiffness”.

Samples made of PVC pipes and/or liners
were placed in testing machine directly and
symmetrically on the lower compression plate.
The load was applied directly from the upper
compression plate. Both compression plates were
100 cm long and wide.
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Fig. 5. Quasi-linear graphs showing load applied to the

top of the concrete pipe (in gray) and vitrified clay pipe

(in orange) in the function of time. Graphs are based on
the data obtained during the tests

PVC pipe with and without liners were tested to
compress the sample in three points at 120° spacing
around the circumference by 3% of diameter and then
release the test load. Force value was recorded at the
moment of the maximum load and deformation of
the sample. Force value was used to determine ring
stiffness of the sample. Data summary for those tests
in accordance with the standard PN-EN ISO 9969 are
shown in Table 2.

Table 2. Data summary for PVC pipe tests in accordance
with the Standard PN-EN ISO 9969

Pipe diameter, | 3% deformation, T ) Test time, | Initial force,
of deformation,
mm mm . S N
mm/min
200 6.00 5 72 15.00
250 7.50 10 45 18.75
315 9.45 10 57 22.50

Liner test was to compress the sample in three points
at 120° spacing around circumference by 3% of it
diameter in 60 seconds. Then the compression plate
was kept in position for 120 seconds. After 180 seconds
from the test beginning and after relaxation effect, force
interacting to the sample was recorded. Figure 6 shows
a graph that illustrates organization of test.

0
-50

-100 \
-150
-200
-250 \
-300
-350 \

-400 \

-450

20 A 60 80 100 120 140 160 1 200

Force [N]

Time [s]

Fig. 6. Graph showing applied load in the function of
time, generated during the test in accordance with the
Standard PN-EN 1228

4, Load capacity tests results of concrete and vitrified
clay pipes

After the test of the concrete pipes, the liners were
still well adhered to the pipes in spite of the complete
destruction of the samples. This is shown in Figure
7a (red arrows). Liner was still well adhered even if
the pipe burst along the surface parallel to the inner
wall of the pipe, which is also presented in Figure 7a
(yellow arrow).

After the tests of the vitrified clay pipes and complete
destruction of the samples, the liners were detached from
the inner wall of the pipes for a substantial part of the
circumference. This is shown in Figure 7b (red arrows).

b)
Fig. 7. Samples after the test made of a) concrete and
b) vitrified clay, both with resin liners [2]

Figures 8a, 9a and 10a show the sample made of
concrete DN 200 pipe with 6 mm-thick liner after the
test and Figures 8b, 9b and 10b show the sample made
of vitrified clay DN 200 pipe with 3 mm-thick liner
also after the test. Those pictures show previously
described good sticking effect between concrete pipes
and epoxy liners. Liners were not stuck to the vitrified
clay pipes so completely.

Figure 8 shows external surfaces of epoxy liners,
from which parts of the pipes were detached. Figure
9 shows a close-up of those samples. For the liner
installed in the concrete pipe, stuck pieces of concrete
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are easily visible. Glued epoxy resin is visible at the
part of detached concrete. Liner installed in vitrified
clay pipe is nearly cleanly separated from the pipe.
Between the liner and the pipe a small gap is visible.

a)

b)

Fig. 8. Samples after the test: a) concrete pipe with liner

28

and b) vitrified clay pipe with liner

Figure 10a shows concrete sample after the test.
Epoxy resin is well joined with the concrete pipe at
the boundary line. There is also a crack along the
inner pipe wall — concrete pipe was burst but the liner
did not separate from it. Figure 10b shows the gap
between epoxy liner and vitrified clay pipe — it proves
the weak bonding degree of these two elements.

a)

b)

Fig. 9. Close-up of samples after the test: a) concrete pipe
with liner and b) vitrified clay pipe with liner
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b)

Fig. 10. Samples after the test: a) concrete pipe with liner
and b) vitrified clay pipe with liner

All data collected during the tests were used to
make diagrams and tables showing the different
load capacity growth level of concrete and vitrified
clay pipes with liners compared to the pipes without
liners. Table 3 and the left side of Figure 11 show data
collected during the tests of eleven samples made of
concrete DN 200 pipes. Data collected during the
tests of thirteen samples made of vitrified clay DN
200 pipes is shown in Table 4 and on the right side of
Figure 11. Summary of data collected during the tests
of concrete pipes DN 300 and vitrified clay pipes DN
250 and DN 300 is presented in Table 5.

Table 3. Concrete DN 200 pipes research summary.

Load capacity | Average load
Liner | Destructive | Load growth capacity
Sample | thickness force capacity | compared to growth for
number control group the group
mm N kN/m % %
o vtheut T 0 | 663 - -
liner
2 37070 123.57 85.2%
3 3 36340 12277 84.0% 79.9%
4 33431 113.71 70.4%
5 33784 112.61 68.8%
6 4 38002 126.67 89.8% 87,5%
7 40421 136.10 103.9%
8 40229 134.10 100.9%
9 37329 124.43 86.5%
6 93,5%
10 38662 130.61 95.7%
n 37060 127.35 90.8%

Table 4. Vitrified clay DN 200 pipes research summary

Load capacity Average load
Liner | Destructive | Load growth a acitg o
Sample | thickness |  force | capacity | compared to fzrthg grou
number control group el
mm N kN/m % %
P YR ) 0 0
liner
13 21320 71.07 2.5%
14 25633 85.44 23.3%
3 10.2%
15 22559 76.21 9.9%
16 21944 72.90 5.2%
17 23322 77.74 12.2%
18 27713 9238 33.3%
4 22.0%
19 25411 84.42 21.8%
20 25237 83.84 21.0%
21 31204 104.01 50.1%
22 30707 102.36 47.7%
6 38.7%
23 27840 95.02 37.1%
24 27660 83.06 19.8%

Fig. 11. Load capacities of concrete and vitrified clay DN
200 pipes with and without liners

Table 5. Average load capacity growth for the samples with
liners compared to the samples without liners

Pipe DN/ Average load capacity growth of:
liner thickness concrete pipes vitrified clay pipes
mm % %
250/4 - 193
300/4 103.6 94

29



environment

Andrzej Kuliczkowski, Kamil Mogielski

5. Ring stiffness tests results of PVC pipes and epoxy
liners

Figure 12 shows the ring stiffness tests results of
liners, PVC pipes and PVC pipes with liners. PVC
pipes are marked in blue color and other colors
represent different thicknesses of epoxy liners.
Hatched bars show ring stiffness of PVC pipes with
liners. It is clear that the ring stiffness of PVC pipes
with liners is greater than total ring stiffness of PVC
pipes and liners separately. The increased stiffness is
from about 81% to over 128%.

Fig. 12. Ring stiffness of liners, PVC pipes and PVC
pipes with liners

Liner detachment from the pipe phenomenon was
observed during the tests of PVC pipes with liners. It
occurred with characteristic crack, during which the
force applied to the tube sharply decreased. Figure
13 shows the graph obtained during this test. This
phenomenon proves that adhesion level have big
influence on ring stiffness growth.

Fig. 13. Force applied to the PVC DN 200 pipe with 4
mm thick liner as a function of time. After about
26 seconds sharply decreased applied force is visible. It is
caused by separation of liner from the PVC pipe
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6. Conclusions

After installing CIPP liners there was a greater
destructive force increase of concrete pipes than clay
pipes although there was similar destructive force
(load capacity) in both kinds of pipes without liners
(see Figure 11). These observations partially support
conclusions that liners reduce the strain of concrete
pipes, thus loading capacity increases. Vitrified clay
pipe and liner work separately or common work of
those two elements is limited due to the glazing of the
pipe. Because of that the strain of vitrified clay pipes is
not reduced or it is reduced less than in concrete pipes.

Ringstiftness of PVC pipe with liner was greater than
total ring stiffness of PVC pipe and liner separately.
Additionally, the separation of the liner from the
inner wall of the pipe causes a sharp decrease of the
ring stiffness (see Figure 13). It proves that the liner
stuck with PVC pipe has greater ring stiffness than
total ring stiffness of PVC pipe and liner separately.

The analysis and its results confirm the hypothesis
presented in the introduction that the pipe material
and wall roughness should be considered during CIPP
liner designing. In most popular CIPP liner design
methods, the material of renewed pipe is not taken
into consideration [3, 4]. This research can contribute
to the correction of current design methods of CIPP
liners. The tests performed (because of limited funds)
are only an introduction to a full analysis, which
should be done to further refine these correlations and
to correct design methods. To broaden the analysis
and strengthen conclusions, more tests should be
done. Additional research should take into account
many variations of CIPP technology, including
different resin compositions, types and materials of
tube and liner curing methods.
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Wyniki badan laboratoryjnych przewodow
kanalizacyjnych betonowych, kamionkowych
iz PVC z powtokami CIPP

1. Wstep

Jedna z najpopularniejszych technologii rehabili-
tacji rurociaggow jest pokrywanie ich wewnetrznych
powierzchni réznego rodzaju powlokami. Stosowa-
na najczesciej w tym celu technologia CIPP, polega
na wprowadzeniu do rury powtoki nasgczonej zywi-
cg poprzez jej wceiaganie lub inwersje. Potem naste-
puje jej docisnigcie do Sciany rury i utwardzenie za
pomoca goracej wody, pary wodnej lub promieni UV
[1]. Grubos¢ powtoki, rodzaj tkaniny oraz rodzaj sto-
sowanej zywicy stanowig o sztywnosci utwardzonej
powtoki.

W celu wyznaczenia minimalnej grubosci powloki
zywicznej korzysta si¢ najczesciej z nastepujacych
trzech wytycznych do projektowania:

— amerykanskiej: ASTM F 1216, Standard
practice for rehabilitation of existing pipelines
and conduits by the inversion and curing of
a resin-impregnated tube, ASTM International
Standard,

— dunskiej: Static calculations and dimensioning
of the gravity sewer pipe renovation. Collective
work developed by the Research Centre for
Pipes Danish Technological Institute for
trenchless Team No-Dig;

— niemieckiej: ATV-DVWK — MI127P part
2, Static strength calculations for technical
rehabilitation of sewer lines by introducing
liners or using installation methods.

W celu doboru optymalnej grubosci $cianki powto-

ki nalezy ustali¢ stopien uszkodzenia rury oraz ob-
cigzenia na nig oddzialujace. Zadna z wymienionych

metod nie uwzglednia jednak czynnikow zwigzanych
z chropowatoS$cia $cianki rury i stopniem przylega-
nia do niej powtoki. Czynniki te majg istotny wplyw
na wzrost nosnosci rur betonowych i kamionkowych
oraz wzrost sztywnosci obwodowej rur z PVC, co zo-
stato dowiedzione w dalszej czgsci artykutu.

2. Przygotowanie probek do badania

Lacznie zbadano nos$nos$¢ lub sztywnos$¢ obwo-
dowa 76 probek rur betonowych, kamionkowych
1z PVC z powlokami o r6znej grubosci i bez powtok,
a takze wycinkéw powlok zywicznych o roéznych
grubosciach i $rednicach. Probki powtok zywicznych
badane byly trzykrotnie. Badania te zostalty wykona-
ne w Kielcach, w Katedrze Sieci i Instalacji Sanitar-
nych Politechniki Swietokrzyskiej.

Wszystkie badane probki mialy ksztalt kotowy bez
stopki 1 — zgodnie z wytycznymi zawartymi normach
PN-EN 1916 ,,Rury i ksztaltki z betonu niezbrojonego,
betonu zbrojnego widknem stalowym i zelbetowe” oraz
PN-EN 295-3 ,Rury i ksztaltki kamionkowe i ich po-
laczenia w sieci drenazowej i kanalizacyjnej - Metody
badan” — dlugos¢ okoto 30 cm. W tabeli 1 zestawiono
zakres badan, czyli parametry zbadanych probek (Sred-
nice wewnetrzng rury, material z jakiego wykonana jest
probka i grubos¢ utwardzonej powtoki zywicznej).

Powtloki poliestrowe o $rednicach zewnetrznych
rownych srednicom wewnetrznym rur i o odpowied-
nich grubosciach (patrz tab. 1) zostaty nasaczone ter-
moutwardzalna zywica epoksydowa w miejscu wy-
konywania probek.

Nastepnie tkaniny nasaczone zywicg zostaty wpro-
wadzone do utozonych w szeregu rur betonowych,
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kamionkowych i z PVC za pomocg bebna inwersyj-
nego, przy uzyciu sprezonego powietrza. W nastep-
nej kolejnosci powtoki zywiczne zostalty utwardzone
za pomoca gorgcej wody. Po odlgczeniu urzadzen
1 ostudzeniu rur, zostaty one pocigte na probki o dlugo-
Sci okoto 30 cm a nadmierna ilo$¢ utwardzonej powto-
ki zywicznej zostata usunigta. Na rysunku 1 pokazano
stanowisko do przygotowania prébek badawczych.

3. Przebieg badan

Fragmenty rur betonowych zostaly zbadane zgod-
nie z normg PN-EN 1916. Badanie zostato wykona-
ne na maszynach wytrzymatosciowych firmy MTS
i Zwick/Roell (rys. 2), bedacych w posiadaniu Poli-
techniki Swietokrzyskiej w Kielcach.

W celu przeprowadzenia badan zgodnie z norma
PN-EN 1916 probki uktadane byly w maszynie wy-
trzymatos$ciowej na wykonanym z duraluminium dol-
nym elemencie nosSnym w ksztalcie litery V o kacie
rozwarcia rownym 150°. Dolny element no$ny miat
dhugos¢ rowna dlugosci probek (300 mm), szerokosé
120 mm i wysoko$¢ maksymalng 40 mm. Obcigzenie
bylo przyktadane od géry i rownomiernie rozktada-
ne za pomocg wykonanego ze stali gornego elemen-
tu podpierajacego o dlugosci 300 mm, wysokosci
50 mm i szerokosci 45 mm. Pomiedzy rurg a elemen-
ty gorny i dolny wstawiono pasy wykonane z mate-
riatu elastomerowego o twardosci 50 IRHD.

Z uwagi na czgsto wystepujace rozbieznosci miedzy
danymi producenta a danymi rzeczywistymi, zbadano
rowniez probki bez zainstalowanej powtoki. Probki te,
nazwane grupg kontrolng, badane byly w celu ustalenia
nosnosci bazowej, ktora zostala uzyta do pordwnania
z nos$noscig probek wzmocnionych powlokami. Jedna
z tych probek — betonowa o $rednicy 300 mm — zostata
pokazana na rysunku 3a (przed zniszczeniem) i 3b (po
zniszczeniu). W przypadku probek z zainstalowanymi
powtokami badanie zostalo wykonane czterokrotnie
dla kazdego rodzaju probki. Fragment rury betonowej
o $rednicy 300 mm z zainstalowang powtoka o grubo-
$ci 4 mm zostat zaprezentowany na rysunku 3c (przed
zniszczeniem) i 3d (po zniszczeniu).

Probki rur wykonane z kamionki zostaly zbadane
zgodnie z wytycznymi znajdujagcymi si¢ w normie
PN-EN 295-3. Przed badaniem nie wykonano mo-
czenia elementow.

W celu przeprowadzenia badan zgodnie z ww.
normg badane probki uktadane byly w maszynach
wytrzymalosciowych firmy MTS 1 Zwick/Roell
na wykonanym ze stali dolnym elemencie no$nym
w ksztalcie litery V o kacie rozwarcia rownym 170°.
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Dhugos$¢ dolnego elementu nosnego miata dtugosé
probek (300 mm), szerokos¢ 140 mm i wysokosc
maksymalng 38 mm. Obcigzenie bylo przyktadane
od gory i rownomiernie rozktadane za pomocag wy-
konanego ze stali gornego elementu podpierajacego
o dhugosci 250 mm, wysokosci 37 mm i szerokosci
65 mm. Pomigdzy rure a elementy goérny i dolny
wstawiono pasy wykonane z materiatu elastomero-
wego o twardosci 50 w skali IRHD.

Probki bez zainstalowanej powtoki badane byty jed-
no- lub dwukrotnie a prébki z zainstalowanymi po-
wlokami cztero- lub szesciokrotnie. Fragmenty rury
kamionkowej DN 200 bez powtoki zywicznej i z po-
wloka o grubosci 6 mm na poczatku badania i po jego
zakonczeniu zostaty pokazane na rysunkach 4a — 4d.

Po rozpoczeciu badania maszyna wytrzymatoscio-
wa rejestrowala wartosci odksztatcenia i przytozonej
sity co 0,01 sekundy. Dane byty zbierane i zapisywa-
ne w formie tréjkolumnowe;j tabeli w formacie DAT
na komputerze podlaczonym do zgniatarki. Wykres
przedstawiajacy jednostajny i powolny wzrost sity
przyktadanej do prébki betonowej i kamionkowej
DN 200 z zainstalowanymi powtokami o grubosci
3 mm zostal przedstawiony na rysunku 5. Podczas
badan rur sztywnych odnotowano odksztalcenia rze-
du 6-13 mm. Ugiecia te byly efektem odksztatcania
si¢ paséw wykonanych z elastomeru umieszczanego
miedzy probka a elementami podpierajagcymi.

Probki rur z PVC z zainstalowanymi powtokami
1 bez powtok zostaty zbadane zgodnie z normg PN-
-EN ISO 9969 ,,Rury z tworzyw termoplastycznych.
Oznaczanie sztywno$ci obwodowej”’, natomiast same
linery zywiczne zbadano zgodnie z wytycznymi za-
mieszczonymi w normie PN-EN 1228 , Rury z termo-
utwardzalnych tworzyw sztucznych wzmocnionych
wioknem szklanym (GRP)”.

Tak jak w przypadku rur sztywnych probki uktadane
byly w maszynach wytrzymatosciowych firmy MTS
1 Zwick/Roell. Probki uktadane byly bezposrednio na
dolnej ptycie Sciskajacej i z zachowaniem symetrii.
Obcigzenie bylo przyktadane od gory i rownomiernie
rozkladane za pomocg gornej ptyty sciskajacej. Obie
plyty $ciskajgce mialy wymiary 100 x 100 cm.

Badania wykonywane na probkach rur z PVC
1 probkach rur z PVC z zainstalowanymi w nich li-
nerami zywicznymi polegaly na uginaniu probek
w trzech punktach o 3% ich $rednicy a nastepnie
zwolnieniu obcigzenia badawczego. Sita odczyty-
wana byla w momencie maksymalnego obcigzenia
1 odksztalcenia probki. Na tej podstawie obliczono
sztywno$¢ obwodowa kazdego z badanych odcinkéw
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rur. Dane dotyczace badan zostaty przedstawione
w tabeli 3. Sg one zgodne z norma PN-EN ISO 9969.

Badania wykonywane na samych linerach wyko-
nywane byly zgodnie z normg PN-EN 1228. Pole-
galy one na przytozeniu obcigzenia powodujacego
odksztatcenie wzgledne (3% w ciagu 60 sekund)
1 utrzymaniu go przez 120 sekund. Sita odksztatca-
jaca probke odczytywana byta w 180 sekundzie od
rozpoczecia badania, po wystapieniu zjawiska relak-
sacji. Przyktadowy wykres przedstawiajacy przebieg
badania pokazano na rysunku 6.

4. Wyniki badan rur betonowych i kamionkowych

Po zakonczeniu badania zaobserwowano, ze
w przypadku rur betonowych, mimo calkowitego
zniszczenia probek, powloki zywiczne nadal dobrze
przylegaty do ich wewnetrznych powierzchni, co zo-
stato pokazane na rysunku 7a (czerwone strzatki). Po-
wloka nie odrywata si¢ takze w przypadku peknigcia
probki wzdluz powierzchni stycznej do $cianki we-
wnetrznej probki, co zostato rOwniez zaprezentowane
na rysunku 7a (zotta strzatka).

W przypadku rur kamionkowych, po catkowitym
zniszczeniu probki zarejestrowano zjawisko odspaja-
nia si¢ zewnetrznej powierzchni powtoki zywicznej
od wewnetrznej powierzchni rury na znacznej czesci
obwodu. Zostato to pokazane na rysunku 7b (czerwo-
ne strzatki).

Na rysunkach 8a, 9a i 10a pokazano probke be-
tonowa o srednicy 200 mm z powtoka o grubosci
6 mm a na rysunkach 8b, 9b i 10b probke kamionko-
wa o Srednicy 200 mm z powtoka o grubosci 3 mm.
Widoczne jest wczesniej opisane zjawisko dobrego
przyklejania si¢ zywicy epoksydowej do powierzch-
ni betonu. Powtoki przyklejaty si¢ do rur kamionko-
wych w mniejszym stopniu.

Na rysunku 8 widoczne sa zewngtrzne powierzch-
nie powlok epoksydowych, od ktorych czegsciowo zo-
staty oderwane fragmenty rur. Na rysunku 9 znajduja
si¢ zblizenia tych probek. Na powtoce zainstalowanej
w probce betonowej widoczne sa przyklejone resztki
betonu. Na rysunku 9a widoczna jest rowniez zywica
epoksydowa, ktora ciagle przylega do wewngtrznej
powierzchni rury betonowej. W przypadku probek
kamionkowych powierzchnia powtloki jest prawie
czysta, a miedzy powloka a rurg widoczna jest nie-
wielka szczelina.

Na rysunku 10a pokazano probke betonowa po
zniszczeniu. Na styku rury z powloka epoksydo-
wa widoczny jest dobrze przylegajacy do zywicy
beton. Zauwazalne jest rowniez pekniecie wzdhuz

powierzchni stycznej do $cianki rury — rura betono-
wa pekta, ale powtoka nie oderwata si¢ od niej. Na
rysunku 10b dostrzec mozna szczeling miedzy rurg
kamionkowa a powltoka zywiczng — $wiadczy ona
o stabym sklejeniu si¢ tych dwoch elementow.

Na podstawie danych zebranych podczas badan
opracowano tabelaryczne zestawienia i wykresy
obrazujace w jak réznym stopniu wzrasta no$no$é
probek betonowych i kamionkowych po monta-
zu w nich powlok epoksydowych. Tabela 3 i lewa
strona rysunku 11 zawieraja dane dotyczace jede-
nastu probek betonowych o $rednicy nominalnej
200 mm, natomiast tabela 4 i prawa strona rysun-
ku 11 dotycza trzynastu probek rur kamionkowych
o tej samej Srednicy. Zestawienie danych uzyska-
nych podczas badania rur betonowych DN 300
1 kamionkowych DN 250 i DN 300 zostaty zaprezen-
towane w tabeli 5.

5. Wyniki badai rur z PVC

Na rysunku 12 podano wyniki badan sztywnosci
obwodowej rur z PVC. Kolorem niebieskim ozna-
czono rury z PVC, inne kolory reprezentuja powtoki
zywiczne o r6znych grubosciach. Stupki kreskowane
pokazuja wartos$ci sztywnosci obwodowych rur z po-
wiokami zywicznymi. Widoczne jest, ze no$nos¢ rury
PVC z zainstalowana powloka przewyzsza no$nosc¢
rury PVC i powtoki oddzielnie. Wzrost ten wynosi
w przypadku badanych probek od okoto 81% do
ponad 128%.

Podczas badania czesci probek obserwowano zja-
wisko odrywania si¢ powloki od §cianki wewnetrznej
rury. Objawiato si¢ ono charakterystycznym trza-
$nieciem, podczas ktorego sita przylozona do rury
z powtoka gwaltownie spadata. Wykres uzyskany
podczas jednego z takich badan zostal przedstawiony
na rysunku 13. Zjawisko to potwierdza wplyw stop-
nia przylegania powtoki do rury na wzrost sztywno-
$ci obwodowe;j.

6. Wnioski

Badania wytrzymatosci na zgniatanie rur betono-
wych i kamionkowych z wewnetrznymi linerami zy-
wicznymi wykazaty, ze rury betonowe majg wicksza
wytrzymalos¢ na zgniatanie mimo, ze sily niszcza-
ce obu rodzajow rur bez powtok byty zblizone (rys.
11). Na podstawie tych obserwacji mozna czegscio-
wo zatozy¢, ze liner ogranicza odksztatcenia betonu
w wierzchotku i dnie rury, przez co jej no$nos¢ wzra-
sta. W przypadku szkliwionych rur kamionkowych
oba te elementy pracuja oddzielnie lub ich wspotpra-
ca jest ograniczona, przez co nie dochodzi do ograni-
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czenia odksztatcen lub wystepuje ono w mniejszym
zakresie niz w rurach betonowych.

W przypadku rur z PVC zaobserwowano, ze sztyw-
nos$¢ obwodowa rury i powtoki jest wicksza od sumy
sztywnosci obwodowych rury i1 powtoki badanych
oddzielnie. Dodatkowo oderwanie si¢ powtoki od
Scianki wewnetrznej rury powoduje nagly spadek
warto$ci sztywnosci obwodowej (rys. 13). Jest to
dowod na to, ze uklad rura — powtoka ma wieksza
sztywnos$¢ obwodowa od tych dwéch powlok pracu-
jacych oddzielnie.

Przedstawiona analiza i jej wyniki dajg podstawe do
przedstawionego we wstepie twierdzenia, iz materiat
rurociggu macierzystego powinien by¢ uwzglednia-
ny podczas dobierania grubosci powtoki zywiczne;.
Czynnik ten nie jest brany pod uwage w najczesciej
stosowanych metodach projektowania powlok typu
CIPP [3, 4]. Prowadzone badania moga przyczyni¢
si¢ do ich korekty. Ze wzgledu na ograniczone $rod-
ki finansowe zrealizowano badania bedace jedynie
wstepem do analizy, ktorg nalezy wykona¢ celem
doktadnego opisania tych zjawisk i korekty stosowa-
nych metod obliczeniowych. W celu wyciagnigcia
dalej idgcych wnioskéw nalezy przeprowadzi¢ wiecej
badan, podczas ktorych uwzgledni¢ powinno si¢ fakt,
ze technologia CIPP stosowana jest w bardzo wielu
wariantach, r6znigcych si¢ m.in. sktadem zywicy, ro-
dzajem tkaniny czy sposobem utwardzenia linera.
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STRATEGIC NOISE MAPS

Abstract

The paper presents the issue of noise maps preparation. Noise indicators and requirements for strategic noise maps are
given. The overall process of noise mapping (including acoustic model stage, gathering data on the noise sources and
noise map calculation) is also presented in the article together with examples of a noise map.

Keywords: noise mapping, noise pollution.

1. Introduction

Achieving a high level of health and environmental
protection is a one of the basic elements of the policy
in the European Union. Noise is one of significant
factors, which pollutes the natural environment.
Therefore, protection against noise has been a
fundamental objective in many European countries
for many years, as well as in Poland. In order to
harmonize the rules to prevent and reduce the adverse
effects of noise pollution, the so-called Environmental
Noise Directive 2002/49/EC [1] was adopted in 2002
by European Parliament and the Council. General
requirements, applied noise indicators and assessment
methods related to the protection against noise are
presented in [2].

One of the primary regulations of the Directive [1]
is the obligation to draw up strategic noise maps which
enable a noise exposure assessment and predictions
in an area due to different noise sources. In the paper
the overall requirements and determinations methods
used for noise mapping are presented.

2. Strategic noise maps

Accordingto the definition giveninthe Environmental
Noise Directive, a strategic noise map means a map
designed for the global assessment of noise exposure
in a given area due to different noise sources or for
overall predictions for such an area [1]. Physically,
strategic noise map is a map of the area, which is in
color or contours, depending on the noise level.

2.1. Noise indicators

Noise mapping is based on several noise indicators,
meaning a physical scale for the description of
environmental noise, which affects harmfully. Two
basic noise indicators are defined in [1] for noise
mapping:

— day-evening-night noise indicator L, for overall

annoyance,

— night-time noise

disturbance.

Noise indicator L, for the time of day-evening-
night noise is expressed in decibels (dB) as follows [1]:

indicator L

wgn TOT sleep
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where: Lday — the A-weighted long-term average
sound level as defined in ISO 1996-2:1987 [3],
determinedover all the day periods (12 hours from
7.00 to 19.00) of a year, Levening — the A-weighted long-
term average sound level as defined in ISO 1996-
2:1987 [3], determined over all the evening periods
(4 hours from 19.00 to 23.00) of a year, Lnight — the
A-weighted long-term average sound level as defined
in ISO 1996-2:1987 [3], determined over all the night
periods (8 hours from 23.00 to 7.00) of a year.
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Noise indicator L, should be assessed for point
depending on the application. The assessment points
must be 4,0 £ 0,2 m above the ground and at the
most exposed facade for calculations of the strategic
noise maps in relation to noise exposure in and near
buildings. For other purposes, the height of assessment
point may be different, but never less than 1.5 m
above the ground, and the results must be corrected in
accordance with an equivalent height of 4 m.

The night-time noise indicator L is determined
in the same way as L indicator, but for all the night
periods of a year.

2.2. Requirements for strategic noise maps

For noise mapping, the reference methods specified
in the Directive [1] are recommended, which were
described in detail in [2].

The strategic noise maps must satisfy also the
minimum requirements given in the Directive [1],
which are summarized in Table 1.

Additionally, every five years, strategic noise
maps must be made and approved (if necessary) for
agglomerations, roads and railways showing the
situation during the preceding year. If necessary, every
five years noise maps must be also reviewed and revised.

3. Strategic noise mapping

As mentioned before, noise maps describe a
distribution of noise from various sources, such as

road and rail traffic, aircraft and industry, being a
major source of information about the state of the
acoustic environment in the area. Noise mapping is
a complicated process and a large number of input
variables is required to produce a noise map which
enables real description of noise in the analysed
area. Thus, a certain assumptions and averages are
introduced during the modelling process, which
have an effect on resultant noise map. Mainly they
are connected to unknown data, such as number of
heavy vehicles in the flow, average speed of vehicles,
road surface type for particular roads or unavailable
topographical information describing the analysed
area. Averages connected to these unknown data have
a significant impact on the final noise map, especially
in a large scale projects, due to a large number of
necessary information.

Below the overall process of noise mapping is
presented.

Generally,noisemappingisbasedonthecalculation
of the parameters of the noise source basing on a
digital model of terrain and infrastructure, and
other quantities affecting the propagation of sound.
There are several elements and stages during noise
mapping, including acoustic model preparation,
obtaining data on the noise sources, production and
calibration of final noise map, which is described
below.

Table 1. Requirements for strategic noise maps according to [1]

Characteristics of strategic noise maps

Requirements

Aspects of data presentation in noise maps: — anexisting, a previous or a predicted noise situation in terms of a noise indicator

— the exceeding of a limit value

— the estimated number of dwellings, schools and hospitals in a certain area that are
exposed to specific values of a noise indicator

— the estimated number of people located in an area exposed to noise

Type of presentation of noise maps to the public: — graphical plots
— numerical data in tables
— numerical data in electronic form

Types of separate noise maps necessary for agglomerations, taking into — road traffic
consideration noise sources: — rail traffic
— airports

— industrial activity sites, including ports

Purposes of using of strategic noise mapping: — the provision of the data
— asource of information for citizens
— abasis for action plans

Additional and more detailed information necessary for the purposes of — agraphical presentation
informing the citizen: — maps disclosing the exceeding of a limit value
— difference maps, in which the existing situation is compared with various possible future
situations

— maps showing the value of a noise indicator at a height other than 4 m where appropriate

Assessment conditions for [, and [ — height of reference point equal to 4 m
— 5dBranges
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3.1. Acoustic model

In the fist stage of noise mapping the acoustic,
computational model is built. It consists the data
covering different groups of information necessary
to comply with the maps. The following numerical
models are used in preparation of the acoustic model:

— terrain (ground) model

— building model

— infrastructure model

— green areas model.

These models combined into one, are a base for the
estimation of a number of people which are exposed
to noise from different sources. Thus, in order to
build the acoustic model it is necessary to input
the information on the estimated number of people
living in a given area into the model consisting of
all the buildings. The buildings data is available in
a geo-referenced files or they are collected during
the field visions, in which a detailed inventory and
photographic documentation is done (Fig. 1).

a)

b)

Fig. 1. Aerial view (a) [4] and acoustic model of Bologna (b) [5]

Estimated number of living people is taken from
statistical data or gathered during the field visions.
Finally, the computational model contains information
on the buildings layer, where cataloged objects are
assigned to a person living in them.

In addition, the infrastructure data consisting the
information on engineering structures such as bridges,
viaducts and the acoustic barriers is input.

The fundamental part of the acoustic model are the
noise source models separated for sources such as
road and rail traffic, aircraft and industry. Taking into
their specifics, special methods should be taken into
account. For example, the road noise source model
requires the division of the whole road network — the
streets into acoustically homogeneous segments and
then assign the parameters affecting the emission of
noise to individual sections.

3.2. Gathering of data on the noise sources
3.2.1. Road traffic

For city traffic the information on noise is often
assessed basing on the number of vehicles. This
parameter may be taken from city traffic model.
Motion parameters are assembled using different data
sources, such as data set submitted on the intensity
and structure communication traffic measurements
performed on selected roads and data adopted on the
basis of approximate data according to [6] and the
analysis of the environment and roads function. Noise
exposure around a road is shown in Figure 2.

Fig. 2. Noise exposure around a road [7]

3.2.2. Railways

In the case of rail-traffic noise, the data on rail
infrastructure, flow and structure of the traffic
is necessary to assess this noise source. The rail
infrastructure information includes data on the type
of structure and status of technical tracks as well
as information relating to rolling stock. They may
be assumed basing on information taken from the
national railway infrastructure companies. The data
on the traffic flow and its structure may be taken from
rail carriers. Example of noise exposure around a
railway line is shown in Figure 3.
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Fig. 3. Noise exposure around a railway line [8]

3.2.3. Airports

For aircraft, and especially airports, in order to
assess the noise effect, large amount of information
is necessary. It covers the details about flight routes,
types of aircrafts and engines and information on
start and landing procedures. This information may
be gathered basing on computer software using the
recommended methods, such as [9], which enables
aircraft noise impact assessment (Fig. 4). The noise
effect is often combined with the town noise maps
including other noise sources.

Fig. 4. Noise exposure around an heavily used airport [10]

3.2.4. Industry

The methodology to develop computational models
for industrial noise effect is dependent on the type
of production. It may be based on the guidelines, for
example [6, 11]. These EU publications are primarily
used to estimate the sound power per 1 m? of surface
noise sources for specified industrial plants, giving
the values for the sound power level depending on
the type of a plant. Example of noise sources of an
industrial plant is shown in Figure 5.
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Fig. 5. Noise sources of an industrial plant [12]

3.3. Strategic noise map calculation

During noise mapping, some effects should be
taken into consideration. Especially this means a
short-term variations of the noise level, which takes
place all the time. This causes that it is impossible to
assess the exact noise level at a particular point at a
particular time in short-term. For well-defined noise
sources only the long-term provision of noise level is
possible.

The best solution to achieve accurate results is the
measurement method. Unfortunately, in some cases
it is very difficult to perform or even impossible.
Thus, the noise mapping is done by calculations made
basing on the computational noise models of an area.

Noise maps are calculated using a computer
software, and the data set described above (such as
geometry and motion parameters) separately for
indicators L, and L _ . Calculations are made on the
required raster grid at a height h = 4 m, according
to the methods and requirements presented in [1, 2].
During calculations the certain effects are taken into
consideration, e.g. for road-traffic noise mapping the
reflections are taken into consideration according to
computational method NMBP-Routes-96, and the
weather conditions describes in the guidance [6].

Final noise maps are subjected to the calibration in
order to verify and correct the data.

Examples of strategic noise maps for Warsaw are
presented in Figures 6-9 for road-traffic, rail-traffic,
aircraft and industrial noise, respectively.
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STRATEGIC NOISE MAPS
a) a)
b) b)
Fig. 6. Part of road-traffic noise map of Warsaw: Fig. SLPaITt Zf aircrat;[) nEise milip of Warsaw:
(a) L., indicator, (b) Lnight indicator [13] (a) L, indicator, (b) nign indicator [13]
a) a)
b) b)

Fig. 7. Part of rail-traffic noise map of Warsaw:

(a) L

den

indicator, (b) L

night

indicator [13]

Fig. 9. Part of industrial noise map of Warsaw:
(a) L, indicator, (b) Lnight indicator [13]
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4, Summary

Strategic noise maps are one of the components of noise
protection system which is successfully implemented in
countries around the world and Europe. Such maps have
been developed also in Poland, as shown in the article as
an example of Warsaw. It is hoped that the information
included in strategic noise maps will be much accurate
to enable effective reduction and reasonable protection
against noise and its effects.
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Strategiczne mapy hatasu

1. Wstep

Jednym z podstawowych elementéw polityki w Unii
Europejskiej jest osiggniecie wysokiego poziomu ochro-
ny zdrowia i srodowiska. Halas jest jednym z istotnych
czynnikéw, ktore zanieczyszczajg Srodowisko naturalne.
Dlatego od wielu lat ochrona przed hatasem jest podsta-
wowym celem dla wielu krajow europejskich, w tym
takze Polski. W celu ujednolicenia zasad zapobiegania
1 ograniczania negatywnych skutkow hatasu, w 2002
roku zostala przyjeta przez Parlament Europejski i Rade
tzw. Dyrektywa Hatasowa 2002/49/WE [1]. Ogolne
wymagania, stosowane wskazniki hatasu i metody oce-
ny dotyczace ochrony przed hatasem zostaty przedsta-
wione w [2].

Jednym z podstawowych zapisow Dyrektywy [1]
jest obowiazek sporzadzania strategicznych map ha-
fasu, ktore umozliwiaja ocene ekspozycji na halas
1 prognozy w tym zakresie na skutek oddziatywania
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roznych zrodet hatasu. W artykule przedstawiono
ogo6lne wymagania oraz metody wykorzystywane do
opracowywania map hatasu.

2. Strategiczne mapy hatasu

Zgodnie z definicja podana w Dyrektywie Hataso-
wej, strategiczna mapa halasu oznacza mape, opraco-
wang do celow catosciowej oceny narazenia na hatas
na danym obszarze ze wzgledu na rézne zrodta hata-
su lub do ogodlnych prognoz dla danego obszaru [1].
Fizycznie, strategiczna mapa hatasu jest mapa obszaru,
na ktorej wydzielono kolorami lub konturami poszcze-
golne jego fragmenty w zaleznosci od poziomu hatasu.

2.1. Wskazniki hatasu

Mapa hatasu wykonywana jest podstawie kilku
wskaznikow, oznaczajacych fizyczng skale stoso-
wang do okreslenia szkodliwego wptywu hatasu
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w $rodowisku. Dwa podstawowe wskazniki hatasu sa
zdefiniowane w [1]:
- wskaznik hatasu dla pory dziennej, wieczornej
inocnej L, , stuzacy do okreslenia ogélnej dokucz-
. . en
liwosci,
- wskaznik halasu w porze nocnej L .. stuzacy do
- A e
okreslenia zakltdcenia snu.

Wskaznik hatasu L, = dla pory dziennej, wieczornej
1 nocnej jest wyrazony w decybelach (dB) wg [1]
zgodnie ze wzorem (1).

Wskaznik hafasu L,  nalezy ocenia¢ w punkcie, kto-
rego potozenie jest uzaleznione od zakresu i celu sporza-
dzania strategicznych map hatasu. Punkty oceny musza
znajdowac¢ si¢ 4,0 = 0,2 m nad ziemig i na najbardziej
narazonej elewacji w przypadku narazenia na halas
w budynkach i w ich poblizu. Do innych celow, wyso-
ko$¢ punktu oceny moze by¢ rdzna, ale nigdy nie moze
by¢ mniejsza niz 1,5 m nad ziemia, a wyniki nalezy sko-
rygowac w odniesieniu do wysokosci referencyjnej 4 m.

Wskaznik hatasu w porze nocnej Lnight jest okre-
slany w ten sam sposob, jak wskaznik L, ale dla
wszystkich okreséw nocnych w roku.

2.2. Wymagania dla strategicznych map hatasu

W celu sporzadzania map hatasu, w Dyrektywie [1]
zawarto wytyczne w zakresie zalecanych metod, kto-
re zostaty szczegdtowo opisane w [2].

Tabela 1. Wymagania dla strategicznych map hatasu [1]

Strategiczne mapy hatasu musza rowniez spetniac
minimalne wymagania, ktére podano w Dyrektywie
[1] 1 zestawiono w tabeli 1.

Dodatkowo, co piec lat, strategiczne mapy hata-
su muszg by¢ wykonane i zatwierdzone (jesli jest to
konieczne) dla aglomeracji, drog kotowych i szyno-
wych, przedstawiajac sytuacje w poprzednim roku.
W zaleznosci od koniecznosci, co pig¢ lat mapy hata-
su muszg by¢ takze analizowane i korygowane.

3. Sporzadzanie strategicznych map hatatsu

Jak wspomniano wczes$niej, mapy hatasu opisuja
rozktad hatasu pochodzacy z réznych zrédet, takich
jak ruch drogowy i szynowy, samoloty i przemyst,
bedac gtownym zrédlem informacji o stanie aku-
stycznym Srodowiska w danej okolicy. Sporzadzenie
map hatasu jest skomplikowanym procesem, a duza
liczba danych wejsciowych jest wymagana, aby opi-
sa¢ rzeczywisty halas na analizowanym obszarze.
Dlatego tez podczas modelowania wprowadza si¢
pewne upraszczajace zatozenia i usrednienia, ktére
majg wplyw na finalny obraz map hatasu. Gléwnie sa
one zwigzane z nieznanymi danymi, takimi jak liczba
pojazdow cigzkich, srednia predkos¢ pojazdow, ro-
dzaj nawierzchni dla poszczego6lnych drog lub brak
informacji topograficznych opisujacych analizowa-
ny obszar. Usrednienia zwigzane z tymi nieznanymi

Elementy strategicznych map hatasu

Wymagania

Zakres map hatasu: — prezentacja obecnej, poprzedniej oraz prognozowanej sytuagji hatasu w odniesieniu
do wskaznika hatasu

— przekroczenie wartosci dopuszczalnej

— szacowana liczba lokali mieszkalnych, szkét
i szpitali, poddanych oddziatywaniu hatasu w kategorii wskaznikéw hatasu na danym
obszarze

— szacowana liczba os6b poddanych oddziatywaniu hatasu na danym obszarze

Sposdb publicznej prezentacji: — wykresy graficzne
— dane liczbowe w postaci tabelarycznej
— dane liczbowe w formie elektronicznej.

Irédta hatasu wyszczegéIniane dla aglomeradji: — ruch drogowy

— ruch szynowy

— lotniska

— zakfady przemystowe oraz porty

Cele sporzadzania map hatasu: — pozyskiwanie danych
— Zrodto informagji dla obywateli
— podstawa dla planu dziatan

Dodatkowe i bardziej szczegétowe informacje niezbedne dla informacji — prezentacja graficzna

dla obywateli: — mapy przedstawiajace przekroczenie wartosci dopuszczalnych

— mapy ukazujace rdznice pomiedzy sytuacja aktualng a wariantami przewidywanymi

— mapy przedstawiajace warto$¢ wskaznika hatasu na wysokosci innej niz 4 m, tam gdzie
jest to wasciwe

night”

Warunki szacowania wskaznikow [, il — wysokos¢ punktu oceny 4 m
— zakres5dB
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danymi majg znaczacy wpltyw na koncowg mape ha-
fasu, zwlaszcza w projektach wielkoskalowych, ze
wzgledu na duza liczbe niezbednych informacji.

Ponizej opisano podstawowe procedury stosowane
w trakcie sporzadzania map hatasu.

Ogolnie, mapy hatasu sg opracowywane na pod-
stawie obliczen parametrow zrodet halasu w oparciu
o cyfrowy model terenu i infrastruktury, jak rowniez
innych wielkosci majacych wplyw na propagacje
dzwigku. Sporzadzanie map hatasu dzieli si¢ na kilka
etapow, takich jak przygotowanie modelu akustycz-
nego, uzyskanie danych na temat zrodet hatasu, wy-
konanie i kalibracja koncowej mapy hatasu. Etapy te
s3 opisano ponize;j.

3.1. Model akustyczny

W pierwszej fazie opracowywania mapy hatasowej
budowany jest akustyczny, cyfrowy model oblicze-
niowy. Zawiera on informacje obejmujace rézne dane
niezbedne do wykonania map. Nastepujace modele
numeryczne sg uzywane w celu przygotowania mo-
delu akustycznego:

— model terenu

— model zabudowy

— model infrastruktury

— model terenow zielonych.

Modele te taczone w jeden, sg podstawa do oszaco-
wania liczby osob narazonych na hatas pochodzacy
z roznych zrodet. Tym samym w celu zbudowania
modelu akustycznego konieczne jest, aby wprowa-
dzi¢ do modelu informacje na temat przewidywanej
liczby 0s6b mieszkajacych na danym obszarze obej-
mujac wszystkie budynki. Dane dotyczace zabudowy
(budynkoéw) dostepne sg w plikach georeferencyjnych
lub zbierane podczas wizji terenowych, w trakcie
ktorych wykonywana jest szczegdtowa inwentary-
zacja 1 dokumentacja fotograficzna (rys. 1). Szacun-
kowa liczba 0s0b zyjacych jest pobierana z danych
statystycznych lub zbierana podczas inwentaryzacji.
Finalnie, model obliczeniowy zawiera informacje na
temat zyjacych os6b w budynkach na danym terenie,
ktore to dane sg fizycznie wprowadzane cyfrowo do
warstwy obiektow budowlanych.

Ponadto, wprowadzane sa dane dotyczace infra-
struktury, zawierajace informacje na temat obiektow
inzynierskich takich jak wiadukty, mosty i bariery
akustyczne.

Zasadnicza cze$¢ modelu akustycznego obejmuje
zrodta hatasu rozseparowane na zrodta, takie jak ruch
drogowy i szynowy, samoloty i przemyst. Biorac pod
uwagg ich specyfike, specjalne metody powinny by¢
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brane pod uwagg. Dla przyktadu, model zrédta hatasu
drogowego wymaga podziatu catej sieci drog — ulic
na segmenty akustycznie jednorodne, by nast¢pnie
przypisa¢ do poszczegdlnych sekcji parametry wpty-
wajace na emisj¢ halasu.

3.2. Gromadzenie danych o Zrédtach hatasu

3.2.1. Ruch drogowy

Dla ruchu miejskiego informacje na temat hatasu
3 czesto oceniane w oparciu o liczbe pojazdow. Ten
parametr moze by¢ brany z modelu ruchu drogowe-
go danego miasta. Parametry ruchu sg gromadzo-
ne na podstawie réznych zrédet danych, takich jak
dane o intensywnosci i strukturze ruchu uzyskiwane
z pomiarow wykonywanych na wybranych drogach
i dane przyblizone przyjete na podstawie [6] oraz
analizy otoczenia i funkcji drog. Przyktadowa ekspo-
zycja hatasu wokot drogi jest pokazana na rysunku 2.

3.2.2. Ruch szynowy

W przypadku ruchu szynowego niezbedne do oce-
ny tego zrodta dane dotycza infrastruktury kolejowej
oraz natgzenia i struktury ruchu. Informacje o infra-
strukturze kolejowej obejmuja dane dotyczace rodza-
ju struktury i stanu technicznego toréw, jak rowniez
informacje odnoszace si¢ do taboru. Moga one by¢
przyjmowane na podstawie informacji pochodzacych
z krajowych spotek infrastruktury kolejowej. Dane
o natgzeniu ruchu i jego strukturze moga by¢ uzyski-
wane od przewoznikow kolejowych. Obraz hatasu
wokot linii kolejowej pokazano przyktadowo na ry-
sunku 3.

3.2.3. Lotniska

W celu oceny hatasu spowodowanego przez samo-
loty, a w szczegodlnosci lotniska, niezbedna jest zna-
jomosc¢ duzej liczby informacji. Obejmuja one szcze-
goty dotyczace tras lotniczych, typow samolotow
1 silnikéw oraz informacje na temat procedur startu
1 ladowania. Dane te mogg by¢ zbierane w oparciu
0 oprogramowanie komputerowe przy uzyciu zaleca-
nych metod, podanych np. w [9], co umozliwia oceng
wptywu hatasu lotniczego (rys. 4). Efekt hatasu lot-
niczego jest czgsto uwzgledniany w mapach hatasu
sporzadzanych dla miast, w potgczeniu z pozostatymi
zrodtami hatasu.

3.2.4. Przemyst

Metodologia opracowania modelu obliczeniowego
hatasu przemystowego zalezy od rodzaju produkcji.
Moze ona by¢ oparta na istniejacych wytycznych
w tym zakresie, podanych na przyklad w [6, 11].
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Te publikacje Unii Europejskiej sa wykorzystywane
przede wszystkim do oceny mocy dzwieku na 1 m?
powierzchniowych zrédet hatasu dla uwzglednio-
nych zakladow przemystowych. W szczegdlnosci
podawane sa warto$ci mocy akustycznej w zalezno-
$ci od typu zaktadu. Przyklad zrédet hatasu zaktadu
przemystowego jest pokazany na rysunku 5.

3.3. Obliczenia map hatasu

Podczas sporzadzania map hatasu, powinny by¢
brane pod uwage niektore efekty z nim zwiazane,
szczegolnie w przypadku krotkoterminowych wahan
poziomu hatasu, ktore odbywaja si¢ przez caly czas.
Zjawisko to powoduje, ze okreslenie doktadnego po-
ziom hatasu w danym miejscu w okreslonym czasie
w okresie krotkoterminowym jest niemozliwe. Dla
dobrze zdefiniowanych zrodel hatasu mozliwa jest
jedynie dtugoterminowa ocena poziomu hatasu.

W celu osiagniecia doktadnych wynikéw najlep-
szym rozwigzaniem jest wykonanie pomiaréw. Nie-
stety, w niektorych przypadkach jest to bardzo trudne
do wykonania, a nawet niemozliwe. Dlatego tez mapy
hatasu sa wykonywane w oparciu o obliczenia na ba-
zie modeli obliczeniowych hatasu na danym obszarze.

Mapy hatasu sa obliczane za pomoca programow
komputerowych, a okreslone dane (np. geometria

i parametry ruchu) sa uwzgledniane oddzielnie dla
wskaznikow L i Lnigm. Obliczenia dokonywane sa
W oparciu 0 wymagang siatke rastrowg na wysokosci
h = 4 m, wedlug metod i wymagan przedstawionych
w [1, 2]. Podczas obliczen pewne efekty sa brane pod
uwage, np. dla hatasu z ruchu kotowego uwzlednia si¢
zjawisko odbicia, zgodnie z metoda NMBP-Routes-96,
a takze warunki meteorologiczne wg wytycznych [6].

Koncowa wersja mapy hatasu jest poddawana ka-
libracji w celu weryfikacji i skorygowaania danych.

Przyktad strategicznej mapy hatasu dla miasta War-
szawy pokazano na rysunkach 6-9 odpowiednio dla
ruchu drogowego, kolejowego, ruchu lotniczego oraz
przemystu.

4. Podsumowanie

Mapy hatasowe sg jednym z elementow systemu
ochrony przed hatasem jaki sukcesywnie jest wpro-
wadzany w zycie w wielu krajach §wiata i Europy.
Mapy takie od jakiego$ czasu sg opracowywane tak-
ze w Polsce, co pokazano w artykule na przyktadzie
miasta Warszawy. Nalezy mie¢ nadzieje, ze infor-
macje zawierane w mapach hatasowych beda coraz
doktadniejsze, co umozliwi skuteczniejsza redukcje
i racjonalng ochrong przed hatasem i jego skutkami.
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