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INFLUENCE OF HYDRATED LIME ON THE PROPERTIES
OF FILLER-BITUMEN COMPOSITE

Abstract

To guarantee the quality of warm mix asphalt, one of the prerequisites is to provide adequate adhesion between the
bituminous binder and the aggregates. To achieve this goal, filler-bitumen mixes were examined with a replacement of
mineral filler with hydrated lime in amounts of 0%, 10%, 20%, 30% and 40%. A 35/50 bitumen was used as a binder in
the filler-bitumen mix in amounts of 4.8%, 5.1%, 5.4% and 5.8%. The assessed properties of filler-bitumen composite
comprised: penetration, softening point and Fraass breaking point. The influence of the hydrated lime on the properties
of the filler-bitumen compound was found to be significant and beneficial.

Keywords: WMA, HWMA, filler-bitumen composite, hydrated lime

1. Introduction

The most widely used types of mineral-bitumen
mixes are produced in high temperatures, depending on
the type of bitumen used, reaching even up to 180°C. In
the recent years, new techniques of asphalt production
in line with the world trends for reducing emissions
and energy intensity of industrial processes have been
introduced. These new methods, which are often
labeled as warm mix asphalt (WMA) and half-warm
mix asphalt (HWMA), concentrate around decreasing
processing temperatures in asphalt production. Current
solutions permit the processing temperatures to be
lowered by 20°C to even 60°C [1-3], especially when
foamed bitumen is used [4-6].

An important aspect to achieving proper quality
of mineral-bitumen mixes, is obtaining sufficient
adhesion between bitumen and aggregates. This
problem is crucial in mixes produced in lowered
temperatures, where complete aggregate coating is
often not possible. Therefore, an adhesion promoter
has to be introduced to aid the aggregate-bitumen
bonding. Some commonly used fatty-amine based
adhesion promoters are unstable in high temperatures
and can in negative way impact the rheological

properties of the bitumen. Because of these problems,
our attention was turned towards the investigation of
hydrated lime as a natural, mineral adhesion agent.
The beneficial role of hydrated lime in improving
bitumen-aggregate affinity, resistance to water and
frost damage and mechanical properties has been
well documented [7-10]. However, the performance
of hydrated lime in WMA and HWMA with foamed
bitumen has been scarcely investigated.

2. Materials

A set of experiments was planned to assess the
influence of hydrated lime on the properties of filler-
bitumen composite. Mixtures of filler and bitumen
were designed, with filler with contributions of
hydrated lime ranging from 0% to 40% and 35/50
penetration bitumen contents corresponding to
bitumen contents in an asphalt concrete mix ranging
from 4.2% to 5.1%. The adopted experimental plan
is presented in Figure 1. To assess the influence of
the hydrated lime in the filler, each filler-bitumen
composition was tested for penetration (Pen),
softening point (ring and ball method, T,...) and
Fraass breaking point (T

Fraass) .
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Fig. 1. The experimental plan

Statistical analysis was conducted to assess the
influence of hydrated lime and amount of bitumen on
the properties of the tested composites. A second order
response surface models were calculated (as in eq. (1))
based on the tests results to quantify the effects of the
analyzed factors on the properties of the composites:

y=b+b X +b X, +byX X +h, X b xS (1)

where: y —response, X, — hydrated lime content in the
filler [%], X, — bitumen content in the final asphalt
concrete mix [%], b, + b, — model parameters.

3. Results and discussion

The obtained results of the conducted tests and
computed responses from the mathematical models
are presented in Figures 2, 3 and 4. Figure 2 depicts
the response surface and results of penetration tests
carried out on the analyzed composites and the
assessment of the significance of model parameters is
presented in Table 1.

Fig. 2. Penetration measured at 25°C response surface
for the mineral-bitumen composites

Table 1. Tests of significance of the model parameters for
the penetration response

Univariate Tests of Significance for Pen [0.1 mm]
Sigma-restricted parameterization
£t Effective hypothesis decomposition; Std. Error of Estimate:
ey 054770
Degr.
5 Of Freedom s F P

Intercept 15.166 1 15.166 | 13.632 0.000
A[%] 15.009 1 15.009 | 13.490 0.000
A[%]A2 5.600 1 5.600 5.033 0.026
HL [%] 0.376 1 0376 0338 0.045
HL[%]A2 0.206 1 0.206 0.185 0.037
A[%]*HL[%] | 18.515 1 18515 | 16.642 0.000
Error 149.080 134 1112

The analysis of the results shown in Table 1 leads to
a concusion that both analyzed variables, the bitumen
content and hydrated lime content had statistically
significant influence on the properties of the bitumen-
filler composite. The p-values calculated for all of
the model parameters were smaller than the adopted
significance level a = 0.05, leading to a rejection of
the null hypothesis.

The tests showed that an increase in hydrated
lime content in the mineral filler component of the
composition resulted in a decrease in penetration,
whereas the increase in bitumen content resulted in an
increase in penetration. The obtained relationships were
mostly linear, meaning that a change in the hydrated
lime and bitumen content produced proportional results.

The assessment of significance of the analyzed
factors on the penetration of the bitumen-filler
composite is presented in Table 2.

Table 2. Assessment of significance of the analyzed factors
on the penetration of the bitumen-filler composite

Univariate Tests of Significance for Pen [0.1 mm]
Sigma-restricted parameterization
Effect Effective hypothesis decomposition
& of FDrZSe](rilom s F P

Intercept 80256.46 1 80256.46 | 72025.03 | 0.000
A [%] 2155.37 3 718.46 644.77 |  0.000
HL[%] 2751.26 4 687.81 617.27 | 0.000
A [%]*HL [%] 27.20 12 2.27 2.03 | 0.026
Error 133.71 120 m

To sum up, it can be said that the use of hydrated
lime causes the bitumen-filler composite to stiffen
and the addition of bitumen counteracts this behavior.
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Softening point temperature was the second
analyzed property of the bitumen-filler composite,
which has a great impact on the rutting performance
of pavements subjected to increased temperatures.
The test results and the softening point response
surface is shown in Figure 3 and the assessment of
the significance of model parameters is presented in
Table 3.

Fig. 3. Softening point temperature response surface
for the mineral-bitumen composites

Table 3. Tests of significance of the model parameters for
the softening point temperature response

Univariate Tests of Significance for T, . [°C]
Sigma-restricted parameterization
Kt Effective hypothesis decomposition; Std. Error of Estimate:
et 104163633
Degr.
s 0f Freedom 5 F P

Intercept 0.008 1 0.008 0.050 0.008
A [%] 15.172 1 15.172 87.519 0.000
A[%]A2 22.533 1 22.533 129.981 0.000
HL [%] 0.814 1 0.814 4.695 0.032
HL [%]A2 6.857 1 6.857 39.554 0.000
A[%]*HL[%] | 2.900 1 2.900 16.733 0.000
Error 19.762 14 0.173

The analysis of the results shown in Table 3 leads
to a concusion that again, both analyzed variables,
the bitumen content and hydrated lime content had
statistically significant influence on the softening point
temperature of the composite. Also, the interaction
term was found to be significant. The calculated
p-values associated with the model parameters were

smaller than the adopted significance level o = 0.05,
allowing to reject the null hypothesis.

Based on the analysis of the results it can be said that
the hydrated lime content in the filler had a nearly linear
effect on the softening point of the composite, whereas
bitumen contents in the mix exceeding 4.5% resulted in
a not-proportional drop in the softening point.

The assessment of significance of the analyzed
factors on the softening point temeperature of the
bitumen-filler composite is presented in Table 4.

Table 4. Assessment of significance of the analyzed factors
on the penetration of the bitumen-filler composite

Univariate Tests of Significance for T [°C]
Sigma-restricted parameterization
Effect Effective hypothesis decomposition
S of F[i:ggom M5 F P

Intercept 532400.4 1 5324004 | 3086379 | 0.000
A [%] 748.9 3 249.6 1447 | 0.000
HL [%] 389.9 4 97.5 565 | 0.000
A [%]*HL [%] 45 12 0.4 2 | 0017
Error 17.2 100 0.2

The next investigated property of the bitumen-filler
composite, which has an important effect on the low-
temperature cracking properties of mineral-bitumen mix
and its frost resistance, was the Fraass breaking point.
The test results and the Fraass breaking point response
surface is shown in Figure 4 and the assessment of
model parameters is presented in Table 5.

Fig. 4. Fraass breaking point temperature response surface
for the mineral-bitumen composites
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Table 5. Tests of significance of the model parameters for
the Fraass breaking point temperature response

Univariate Tests of Significance for T [°C]
Sigma-restricted parameterization
Effect Effective hypothesis decomposition; Std. Error of Estimate:
e 01439221
Degr. Of
% Freedom s F P

Intercept 5.488 1 5.488 264.949 0.000
A [%] 7.881 1 7.881 380.507 0.000
A[%]A2 6.816 1 6.816 329.075 0.000
HL [%] 3.339 1 3.339 161.223 0.000
HL [%]A2 2.520 1 2.520 121.672 0.000
A%I*HL[%] | 2.717 1 2717 131.170 0.000
Error 2361 114 0.020

The results shown in Table 5 indicate that all of
the model parameters were statistically significant
for predicting the Fraass breaking point. Addtionally,
a significant interaction between the variables was
observed. The calculated p-values were smaller than
the adopted significance level a = 0.05, allowing for a
rejection of the null hypothesis.

The use of hydrated lime as a partial subsitute
of the filler resulted in a substantial increase in
Fraass breaking point. Increase in the amount of the
bitumen on the other hand, had a positive effect by
decreasing this property. The negative effects were
mostly visible at concentrations of hydrated lime
above 20% and smallest amounts of bitumen. At the
4.8% bitumen concentration in the mineral-bitumen
mix the negative effects of hyrated lime in respect
to the Frass breaking point were maintained at a
considerable level.

The assessment of significance of the analyzed
factors on the Fraass breaking point temperature of
the bitumen-filler composite is presented in Table 6.

Table 6. Assessment of significance of the analyzed factors
on the penetration of the bitumen-filler

Univariate Tests of Significance for T____
[°C]
Effect Sigma-restricted parameterization
Effective hypothesis decomposition
s of F[::g;om WS F P

Intercept 21627.68 1 21627.68 | 3134446 | 0.000
A [%] 92.98 3 30.99 4492 | 0.000
HL [%] 77.48 4 19.37 2807 | 0.000
A [%]*HL [%] 4.08 12 0.34 49 | 0.000
Error 0.69 100 0.01

4. Conclusions

Based on the acquired data it can be concluded that
the use of hydrated lime as an additive in the bitumen-
filler composite contributes to its stiffening, causing
simultaneously the increase in Fraass breaking point.
To great increase in the stiffness of the composite
can, however, cause a drop in the low-temperature
performance of the final mineral-bitumen mix by
decreasing the resistance to moisture and frost damage
and to low-temperature fracturing. On the other hand,
addition of bitumen to the bitumen-filler composite
had an inverse effect on its properties. The increased
relative bitumen content in the mix contributed to a
decrease of Fraass breaking point temperature and
softening point temperature, in turn decreasing the
stiffness of the bitumen-filler composite. The following
detailed observations were made during the research:

— hydrated lime contributes to the increased
stiffness of the bitumen-filler composite;
uncontrolled rise in the mix stiffness can impair
the pavement durability;

— the addition of bitumen plays a significant role
by decreasing the stiffness of the composite;

— in mixtures containing up to 20% of hydrated
lime in the filler, the relative amount of 4.5%
bitumen in the mix allowed to counteract the
stiffening effect;

— the synergy of hydrated lime and bitumen
allowed to shape the properties of the bitumen-
filler composite in a favorable way.
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Wptyw wapna hydratyzowanego na wlasciwosci
kompozytu mineralno-asfaltowego

1. Wstep

Powszechnie stosowane mieszanki mineralno-
-asfaltowe (beton asfaltowy, mieszanka SMA) wy-
twarzane s3 w wysokiej temperaturze dochodzacej
nawet do 180°C, zaleznie od zastosowanego asfaltu.
W ostatnich latach w zwiazku ze $wiatowymi ten-
dencjami dazacymi do redukcji gazéw cieplarnia-
nych powstajacych w procesach technologicznych
oraz ograniczeniem energochtonnosci materiatow
budowlanych w drogownictwie wdraza si¢ mieszan-
ki mineralno-asfaltowe wytwarzane i wbudowywane
w technologii na ciepto (WMA) oraz na poiciepto
(HWMA). Charakteryzuja si¢ one obnizeniem tem-
peratury wytwarzania w zakresie od 20 do nawet
60°C [1-3], zwlaszcza w przypadku zastosowania
jako lepiszcza asfaltu spienionego [4-6].

Istotnym problemem zwigzanym z uzyskaniem wy-
maganej jako$ci mieszanek mineralno-asfaltowych jest
zapewnieni prawidtowej adhezji asfaltu z kruszywem.
Jest to szczegodlnie wazne w przypadku mieszanek
mineralno-asfaltowych wytwarzanych w obnizonej
temperaturze, w ktorej moze wystapi¢ problem z oto-
czeniem ziaren kruszywa przez lepiszcze. W zwiazku
z tym w skfadzie mieszanki mineralno-asfaltowej na-
lezy zastosowa¢ srodek adhezyjny. Powszechnie sto-
sowane aminy tluszczowe dodawane do asfaltu moga

w pewnych przypadkach powodowaé rowniez nieko-
rzystne procesy, np. zwigzane z obnizeniem temperatu-
ry migknienia asfaltu. Dlatego tez w badaniach zasto-
sowano wapno hydratyzowane, ktore jest naturalnym
mineralnym $rodkiem adhezyjnym. Pozytywna jego
rola znana jest w przypadku tradycyjnych mieszanek
mineralno-asfaltowych. Wplywa ono nie tylko na po-
prawe powinowactwa asfaltu z kruszywem, ale row-
niez na wzrost ich charakterystyk mechanicznych oraz
odpornosci na oddziatywanie wody oraz wody 1 mrozu
[7-10]. Natomiast oddziatywanie wapna hydratyzo-
wanego na wlasciwosci mieszanek mineralno-asfalto-
wych typu WMA oraz HWMA w technologii asfaltu
spienianego jest mato rozpoznane. W zwigzku z tym
nieodzowne jest wykonanie badan w tym zakresie.

2. Badane materialy

Przedmiotem badan byt kompozyt mineralno asfal-
towy sktadajacy si¢ z asfaltu 35/50 oraz wypetniacza
mieszanego zawierajacego dodatek wapna hydraty-
zowanego. Zawartos¢ asfaltu w badanym kompozy-
cie odpowiadata zawarto$ci asfaltu w mieszance mi-
neralno asfaltowej od 4,2% do 5,2%. Udziat wapna
hydratyzowanego w wypeliaczu mieszanym miescit
si¢ w granicach od 0% do 40%. Badanymi parametra-
mi kompozytu byta penetracja, temperatura migknie-
nia oraz temperatura tamliwosci wg Fraassa.
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3. Wyniki badan i ich analiza

Uzyskane wyniki badan dotyczacych wptywu
wapna hydrayzowanego oraz asfaltu na wlasciwosci
kompozytu mineralno-asfaltowego poddane analizie
statystycznej przedstawiono na rysunkach 2-4.

Dokonujac analizy wynikow zestawionych w ta-
belach 1-6 mozna stwierdzi¢, ze badane zmienne,
tj. zawarto$¢ asfaltu w kompozycie mineralno-as-
faltowym oraz zawarto$¢ wapna hydratyzowanego
w wypelniaczu mieszanym, mialy istotny statystycz-
nie wptyw na wszystkie badane wtasciwosci kompo-
zytu (penetracje, temperaturg migknienia i tempera-
ture famliwos$ci wg Fraassa).

Zwigkszenie zawarto$ci wapna hydratyzowanego
w wypetiaczu mieszanym spowodowato spadek pe-
netracji kompozytu mineralno-asfaltowego, a zwiek-
szenie ilosci asfaltu przyczynito sie do wzrostu tego
parametru. Zastosowanie wapna hydratyzowanego
w kompozycie mineralno-asfaltowym wpltywa na
jego usztywnienie. Natomiast asfalt przeciwdziata
temu procesowi. Dopiero przy zawartosci powyzej
30% wapna hydratyzowanego mozna zaobserwo-
wac¢ jego intensywne oddziatywanie na analizowang
charakterystyke.

Kolejna badang wlasciwoscia kompozytu mineral-
no-asfaltowego byla temperatura migknienia, ktora od-
grywa istotng role w ocenie odpornosci na deformacje
trwale nawierzchni asfaltowych. Zwiekszenie ilo$ci
dodawanego wapna hydratyzowanego spowodowato
wzrost temperatury micknienia badanego kompozy-
tu, dodatek asfaltu mial natomiast ponownie odwrot-
ny efekt. Zastosowanie asfaltu w ilosci powyzej 4,5%
wptyneto w znaczacy sposob na obnizenie temperatury
mieknienia kompozytu mineralno-asfaltowego.

Kolejna analizowana wlasciwoscia kompozytu
mineralno-asfaltowego byta temperatura tamliwosci
wg Fraassa, ktora odgrywa istotng role w ocenie od-
pornosci na spekania niskotemperaturowe i odporno-
$ci na oddziatywanie wody oraz mrozu nawierzchni
asfaltowych. Wapno hydratyzowane w kompozycie
mineralno-asfaltowym wptyneto na wzrost tempe-
ratury famliwos$ci, szczegodlnie przy koncentracjach
przekraczajacych 20% w wypeliaczu mineralnym.
Natomiast zwiekszenie koncentracji asfaltu wptyneto
korzystnie na ten parametr. Przy zawartosci asfaltu
odpowiadajacej 4,8% w mieszance mineralno asfal-
towej, neutralizowany zostat negatywny wptyw wap-
na hydratyzowanego na t¢ charakterystyke kompozy-
tu mineralno-asfaltowego.

10

4. Podsumowanie

Reasumujac, nalezy stwierdzié, ze zastosowanie
wapna hydratyzowanego w kompozycie mineralno-
-asfaltowym wplyneto na jego usztywnienie. Zbyt
duzy wzrost sztywnosci kompozytu, chociaz pozy-
tywnie wptywa na odporno$¢ na deformacje trwate
nawierzchni, to moze przyczyni¢ si¢ do zmniejsze-
nia odpornosci nawierzchni asfaltowej na speka-
nia niskotemperaturowe, jak réwniez na obnizenie
jej odpornosci na oddzialywanie wody i mrozu.
Natomiast efekt oddziatywania asfaltu jest odwrotny.
Zwigkszenie koncentracji asfaltu wplywa korzystnie
na temperature Fraassa, powodujac jej obnizenie.

Na podstawie wykonanych badan wptywu wapna
hydratyzowanego i asfaltu na wtasciwosci kompozy-
tu mineralno-asfaltowego mozna sformutowac naste-
pujace wnioski:

— wapno hydratyzowane wplywa na wzrost sztyw-
nosci kompozytu mineralno-asfaltowego, przy
czym nadmierne jego przesztywnienie moze
odgrywaé niekorzystny wptyw na trwalo$¢ na-
wierzchni asfaltowe;;

— asfalt w kompozycie mineralno-asfaltowym od-
grywa istotng role, zmniejszajac jego sztywnos¢
spowodowang dodatkiem wapna hydratyzowa-
nego;

— do zawartosci 20% wapna hydratyzowanego
W maczce mineralnej zastosowanie asfaltu w ilo-
$ci powyzej 4,5% wptywa korzystnie na zmniej-
szenie efektu usztywnienia kompozytu mineral-
no-asfaltowego;

— w wyniku efektu synergii wapna hydratyzowa-
nego i asfaltu ksztaltowane sg korzystne charak-
terystyki kompozytu mineralno-asfaltowego.
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APPLICATION OF THE GENERALIZED STOCHASTIC
PERTURBATION METHOD IN CABLE STRUCTURES ANALYSIS

Abstract

The main focus of this paper is the presentation of the capabilities of the numerical analysis dedicated to cable structures
affected by random parameters. The main tool of the analysis carried out is the Generalized Stochastic Perturbation
Method. It allows to determine numerically the statistical data for horizontal reaction of a single cable with respect to
random parameters, such as the modulus of elasticity of rope or the magnitude of loading. Central probabilistic moments
of structure responses are calculated using the analytical approach to the determination of horizontal reactions of a single
cable supported with a stochastic perturbation technique. The moments were obtained for random Young modulus and
loading. In the analyses, computer algebra system MAPLE v.13 was applied. The computer application described in the
paper may be utilized in reliability analysis of much more complex cable structures such as masts, girders, roofs or cable

supported bridges.

Keywords: cable structures, Generalized Stochastic Perturbation Method, reliability index, probabilistic methods

1. Introduction

Cable structures (structures with tension
components) are becoming widely considered both
in engineering practice and scientific research. Their
main advantages are described in publications [1, 2],
among which undoubtedly lies the light weight of the
structure inferred from high material strength (weight/
strength ratio) and the fact that tensile stresses exists
uniquely in cable elements. However, there are also
several reasons why their application seems to be
limited. Those include implementation problems
at a construction site (mainly with the anchoring of
cables in foundations and the determination of the
appropriate geometry of the system) and, above all,
problems in computational analysis.

One of the problems in computational analysis of
cable elements is proper adoption of the modulus of
elasticity factor for structure cables. In case of mast
structures, it was discussed in work [3]. Considering
cable elements not subjected to preliminary pulling
(or if the process was not performed to the full
extent), the values of this parameter can have quite
large dispersion. Taking this fact into account, we
conclude that the carrying capacity of that stretched
element is random as well. Other cases of randomness
for structural steel tension elements were described

in publication [4]. This fact induces the adoption of
the module of elasticity as a random parameter in the
proceeding computational analysis.

In design process for cable structures, we frequently
have to consider two load cases, namely wind and ice
loading. Both these parameters can be recognized as
random ones. In engineering practice there are known
cases when a sudden increase in thickness (and,
consequently, in weight) of ice on cable elements
caused series of failures or even construction disasters.
The energy sector and its transmission lines are most
exposed to this kind of threat.

2. Recent research trends

Cable structures are one of most implemented
structural elements in modern engineering objects, such
as bridges, masts, wide span roofs, etc. Nowadays,
we observe a research trend which makes much more
information and results accessible concerning the cable
structures theory, the implementation and the execution.
Many of the research articles are fully devoted to the
probabilistic aspect of these modern constructions.

In [5] we can find considerations about steel
suspension cables that suffer from continuous
aggression of the environment. Such effects include
corrosion and the modification of the cable such as
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the change of geometrical and mechanical parameters
of the components or the reduction of its bearing
capacity. The described problem has been solved
through a probabilistic multi-scale time dependent
model. Obtained results can serve as a monitoring
tool in many of the structures with suspension cables.

Reliability aspects have been studied in [6]. The
strength and fatigue life of cables were presented in
the form based on experimental data from examples of
supported bridges. The reliability here is considered
as an effect of the proper design philosophy and
corrosion protection that influences resistance factors
of the stay cable resistance.

Stochastic seismic finite element analysis of a cable
stayed bridge with material properties treated as a
random fields is analyzed in [7]. The Jindo Bridge,
constructed in South Korea was chosen to present
numerically results of the Monte Carlo Simulation
and the perturbation based stochastic finite element
method. Random parameters here were mass density
and elastic modulus.

Wind aspects in the analysis of the vibrations of
the anchor cables are presented in [8]. The Authors
had measured in situ wind records and implemented
statistical characteristics and density functions
into the investigation. The wind stochastic velocity
fluctuation was modelled as a one-variate bi-
dimensional random fields. The study was focused
on time-dependent behavior of a synthetic cable
subjected to turbulent wind.

New design approaches are presented in [9]. A tool
for numerical determination of the cable — membrane
structures shapes is developed. The method helps
as well in the discretization of such a structures by
automatically generating finite element meshes of the
objects.

All the cited above articles show how significant
the probabilistic methods are nowadays with their
computer implementation which indicates the
importance of cable structures in engineering.

3. Generalized Stochastic Perturbation Method

Let us introduce a random variable b = b(w) with its
probability density function denoted as p(b). The central
probabilistic moment of the order of m is defined as:

o (b)= [ (b=E[b])"p(B)db (1)

—

The basic idea of the stochastic perturbation
approach described widely in book [10] is to
expand all input variables and state functions of a
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given problem via Taylor series about their spatial
expectations using a small parameter € > 0. In case of
a random quantity e = e(b), the following expression
is employed:
- o'e
e=e"+) L¢" e (Ab)" 2)

n=l1

where eéAb = g(b — b?) is the first variation of b about
b°, where the symbol (.)° represents the function value
(.) taken at the expectation b°. Let us analyze further
the expected values of any state function f(b) defined
according to Equation (1) by its expansion via Taylor
series with a given small parameter € as follows:

E[£():0]= [ £ (b)p(b)db =

o S o f 3)
= I(fo(b)+2#3”—nAb“)p(b)db
b = ob

Thisexpected value canbecalculated orsymbolically
computed only if it is given as an analytical function
of the random input parameter b. Computational
implementation of the symbolic calculus programs,
combined with a powerful visualization of
probabilistic output moments, assures the fastest
solution to such problems. If higher order terms are
necessary (because of great random dispersion of an
input random variable about its expected value), then
the following 8" order extension can be proposed:

E*[ f(b)ib]=/" (b){%%}g% (b)+

{%%}m(b){é%} £, (b) +

“4)
10°f(b)]| 4
4{5 P £ ,us(b)
Equation (4) is presented for symmetrical

probability density functions (Gaussian distribution
for instance), which can be noticed by taking into
account the even elements only.

From numerical point of view, the expansion
introduced by Equation (1) is carried out for the
summation over the finite number of components and
with finite limits during the integration process. As
can be recognized here, the first element corresponds
to the second order perturbation, the second completes
4" order approximation and the rest needs to be
included to achieve full 8" order expansion.
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Topresentthe complexity ofthe expansion forhigherordertermsandhigher probabilistic moments in Equation(5),

the variance of 16" order is described as follows:

Var'®

b):b]= {afa—(bb)}z e 1, (b)+

LN

)

af;b(3b)j]54ﬂ4(b)+

&g (b)+

Sy

576( ab* ] 360[ b’ )laf(;b(sb)}éo

2],

®)

: 86140[

J
i

14400( ab’

40320( b’

ab‘*b)J( afaﬁb(ﬁb)J "

15120 [af(;b(jb)](ﬁf;bgb)J ’

-5141800( o ] 3021400(afab(sb)][af;bgb)j+4831840(af;b(“b)J(8f;b(8b)J

&, (b)+

1 (afg(b)]z s (0)

1625702400\ ob°

This numerical approach lets us calculate higher
probabilistic moments as well. This way we are able
to obtain the third and fourth central probabilistic
moments. Statistical inference may be based on
probabilistic parameters such as: kurtosis «, coefficient
of variation a or skewness S. These characteristics are
symbolically described in Equation (6) below

(1 (0) = 4L O
o oL ) w(f(©)
(f(b))_ 63(f (b))’

RLA N S PA )

o' (1(b))

87 ()=

EL ()]

where: u,, wu, denote third and fourth central
probabilistic moments respectively and ¢ stands for
standard deviation.
4. Calculation experiments

Two independent experiments were performed.
They are entirely devoted to the observation of

N CAONEREE CHONESOMN
b
25401600[ o) “asisa0| @ | ao )|° He®)

influence of random modulus of elasticity and random
magnitude of uniform loading for horizontal force H
of a single cable element (both treated as a Gaussian
random variable). The static scheme of the analysed
structure is given in Figure 1.

Fig. 1. Static scheme of the analyzed single cable element

Main parameters incorporated into performed
calculations: the cable span length L = 70.0 m, the
initial length of the cable s; = 71.0 m, the cross
sectional area of the cable’s metallic part 4 = 3
cm?, the change of the temperature AT = 50°C, the
thermal expansion coefficient o7 = 0.000012 1/K,
the expected value of the random Young modulus
E[E] = 150 GPa, the expected value of the random
uniform loading £[q] = 4.0 kN/m.

13



structure

Jacek Szafran

The Equation for a single cable element under
uniform loading assumes the form given in [4, 5]:

H+H’ ~E(a))-A{1—SL(L—aT -AT-SO)}
’ (7

_E[E] 4-q(0) L
- 24s,

In practice, however, the solution of Equation (7)
is obtained via iterative calculations. Numerical
determination of the response functions (in respect to
the horizontal reaction H) is based on 11 computations
for different values of the random parameter —
modulus of elasticity of the cable and uniform
loading respectively. Response functions are plotted
using Least Square Method approximation built in
the MAPLE computer system.

For random modulus of elasticity £ function
f(b) given in Equation (4) and observed horizontal
reaction H can be approximated using the Least
Square Method for 9" degree polynomials for this
particular experiment given as follows

fIH(E)]=a,+aE+a,E* +..+a,E° (8)

It’s worth to underline that the degree of polynomial
depends on required order of perturbation. With given
set of data {(£; f(H))), (E,; f(H))), ... (£,; f(H )} the
best fitting curve f(H(E)) has the least square error, i.c.,

2

[T=min 3 /(5) 7 (#(£))] =
: 7 . 9)
- ming[f(Ei )_(ao +a,E +a,E’ +...+amEi”‘)]

Minimization procedures are implemented with
the use of the gradient method, where all partial
derivatives are calculated with respect to all the
coefficients a, separately. The entire computational
procedure has been implemented into the computer
algebra system MAPLE v.13, where all probabilistic
moments are derived and determined.
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Fig. 2. Response functions with respect to random
modulus of elasticity £ (up) and random loading g (down)

In Figure 2 the response function curves for
horizontal reaction H are presented with respect to
two random parameters — Young modulus (up) and
loading (down). As we can notice, both functions
accurately reflect the analyses that have been carried
out (marked on the graphs as a black solid diamond
signs — 11 sample points) and they pass through
all these points without any local oscillations,
irregularities or singularities (especially on the ends
of'a scale). The response function for random loading
is almost linear, which has decisive impact on the
particular probabilistic moments of all orders and
also for an overall convergence of the perturbation
method itself.
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Fig. 3. Expected values of the horizontal reaction with
respect to random modulus of elasticity £ (up) and
random loading ¢ (down)

In Figure 3 expectations of the horizontal reaction
H, for random £ and ¢, both decrease with increasing
coefficient of input random dispersion. As we can
observe, the eighth order expansion in perturbation
technique is needed only for random modulus of
elasticity where for o = 0.12, 6™ and 8" order curves
give the same results. For larger dispersion there is
a need to extend the order of polynomial response
function and expansion in perturbation technique.

Var(H)
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® {Zthorder ™  dth order

Fig. 4. Variances of the horizontal reaction with respect to
random modulus of elasticity £ (up) and random loading
g (down)

Probabilistic output of the structural response
(reaction H) is given in Figure 4 in the context of
variance. Expansion up to 16" order is needed again
only for random £ and is not necessary for random g.
We can observe as well that Var (H) assumes far greater
values for random loading which seems natural.

The output coefficient of variation a(H) presented in
Figure 5 as a function of input o for the first case with
the random Young modulus (up) does not reflect the
linear dependence between these two characteristics.
An increase of the input coefficient of variation up to

15



structure

Jacek Szafran

15% returns only a 2.5% increase in output o. Higher
values of a (H) obtained for random loading (Fig.
5, down) show that this particular random variable
has a meaningful influence in the horizontal reaction
observations.
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Fig. 5. Coefficients of variation of the horizontal reaction
with respect to random modulus of elasticity £ (up) and
random loading ¢ (down)
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Fig. 6. Third central moment of the horizontal reaction
with respect to random modulus of elasticity £ (up) and
random loading q (down)

In Figures 6 and 7, third and fourth central
probabilistic moments are presented. As mentioned
above, the response functions strongly affect final
statistical characteristics, especially in the context of
the perturbation method, which is visible in both plots
for random E. To obtain the numerical convergence
of the method, 20" order is necessary. However, only
for random modulus of elasticity.

In Figures 8 and 9 kurtosis and skewness for both
computational cases are presented. The observations
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of these two probabilistic parameters lead to
following conclusions: for random E both skewness
and kurtosis have large values, which corresponds
to the oblate and left obliquity distribution and
output probability density function is very similar to
Gaussian distribution for a random (.
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Fig. 7. Fourth central moment of the horizontal reaction
with respect to random modulus of elasticity £ (up)
and random loading q (down)
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Fig. 8. Kurtosis of the horizontal reaction with respect to
random modulus of elasticity £ (up) and random loading
g (down)
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Fig. 9. Skewness of the horizontal reaction with respect to
random modulus of elasticity £ (up) and random loading
g (down)

The reliability indices  are presented in Figure
10, obtained for First Order Reliability Method and
calculated for bearing capacity limit state. Analysis
has been performed for the nominal rope diameter 28
mm, minimum breaking force 458 kN and standard
deviation of this value equal to 2%. As we can find
in attached graphs, the reliability index B decreases
with the increase of the coefficient of variation.
Lower values for the same dispersion are depicted
for random uniform loading (down), however, in
both examples they take values higher than necessary
according to the Eurocode standard (recommended
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level of the reliability is given there as 3.3-4.3). We
can also confirm the dependency between the form of
the response function and the obtained convergence
of the perturbation method.
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Fig. 10. Reliability index P for bearing capacity with
respect to random modulus of elasticity £ (up) and
random loading q (down)

5. Conclusions

On the basis of the performed and discussed analyses,
it can be stated that:

— applying GSPM supported by a response
function method may be a very efficient tool for
cable structures reliability analyses;

— extending the presented computer application
for more complex cable structures like masts
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or bridges is possible. For that purpose we
should obtain the response of the structure of the
demanded parameter using traditional approach
of FEM and then gather statistics in the way
described in the article;

— similar considerations may be derived for other
types of randomness, e.g. supports susceptibility,
temperature action, mass density and etc.
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Zastosowanie uogolnionej metody perturbaciji
stochastycznej w analizie konstrukcji ciegnowych

1. Wprowadzenie

Konstrukcje ciegnowe (konstrukcje z elementami
rozcigganymi) zyskuja coraz szersze zastosowanie
zarowno w praktyce inzynierskiej, jak i w szeroko
rozumianej dziatalnosci naukowej. Ich gtowne zalety
zostaty opisane w [1, 2], a do nich nalezy bezwzgled-
nie zaliczy¢ niewielki cigzar w poréwnaniu do kon-
strukcji tradycyjnych, ktory wprost wynika z wyso-
kiej wytrzymato$ci samego materiatu, a takze z faktu,
ze jedynie napr¢zenia rozciggajace wystepuja w tego
typu elementach.

Jednym z probleméw w analizie elementéw cie-
gnowych jest prawidlowe przyjecie modutu spre-
zystosci podtuznej elementéow linowych. W przy-
padku masztow problem zostal omowiony w [3].
W przypadku elementéw ciggnowych niepoddanych
wstepnemu przecigganiu wartosci wyzej wymie-
nionego parametru charakteryzujg si¢ do$¢ duzym

rozrzutem. Inne typy parametrow losowych dla sta-
lowych elementow poddanych rozcigganiu mozna
znalez¢ w [4]. W procesie projektowania konstruk-
cji ciggnowych bardzo czesto bierze si¢ pod uwage
przypadki obcigzenia w postaci oddziatywania wia-
tru i oblodzenia. Dwa te przypadki z cata pewnoscia
mozemy uznaé jako losowe.

2. Najnowsze tendencje w badaniach naukowych

konstrukcji ciegnowych

Konstrukcje ciegnowe sg jednymi z najczgsciej sto-
sowanych w nowoczesnym budownictwie przemy-
stowym. Stad tez duze zainteresowanie wszelkiego
rodzaju badaniami naukowymi na ten temat szczegol-
nie, w kontekscie probabilistycznym. W [5] mozna
znalez¢ rozwazania na temat kabli podwieszajacych
narazonych na ciagte dziatanie agresywnego S$rodo-
wiska. Aspekty niezawodno$ci przedstawione zostaty
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w [6] — dla konstrukceji mostowych ukazano rozwaza-
nia na temat zmeczenia i wytrzymatosci ciegien pod-
wieszajacych. Niezawodno$¢ zostala zaprezentowa-
na jako efekt odpowiedniej filozofii projektowania,
a takze odpowiedniego zabezpieczenia antykorozyj-
nego konstrukcji. Sejsmiczna analiza stochastyczna
wykorzystujaca MES zostata zaprezentowana w [7].
Wiasciwos$ci materiatowe ciegien uzytych dla kon-
kretnej konstrukcji mostowej zostaly rozpatrzone
jako pola losowe. Elementy analizy oddzialywania
wiatru i jego wplywu na zakotwienie elementow ka-
blowych zostaly przedstawione w [8]. Nowe podej-
Scia projektowe i narzedzia pozwalajace na uzyskanie
pozadanych ksztaltéw konstrukcji ciggnowo-powto-
kowych zaprezentowano w [9].

3. Uogdlniona metoda perturbacji stochastycznej

Zmienna losowa b = b(w) przy gestosci prawdo-
podobienstwa oznaczonej p(b) moze zosta¢ uzyta
do okreslenia probabilistycznego momentu central-
nego rzedu m jako (1). Podstawowym zatozeniem
metody opisanej w [10] jest rozwiniecie wszystkich
wejsciowych zmiennych losowych i funkcji stanu da-
nego problemu poprzez szereg Taylora dookota ich
przestrzennych wartosci $srednich przy uzyciu para-
metru ¢ > 0 tak jak zaprezentowano w (2). Wartos$ci
oczekiwane danej funkcji f(b) zdefiniowane tak jak
w (1) moga zosta¢ przedstawione w sposob (3).
Rozwiniecie do d6smego rzedu metody perturba-
cji funkcji f(b) parametru losowego b zostalo za-
prezentowane w rownaniu (4). W celu prezentacji
ztozono$ci rozwiniecia wyzszych rzedow metody
1 wyzszych momentow probabilistycznych przedsta-
wiono rownanie (5) wariancji 16. rzedu. Takie pode;j-
Scie obliczeniowe pozwala na numeryczne okresle-
nie: trzeciego i czwartego momentu centralnego — u,
1 u,. Wykorzystujagc wyzej wymienione rownanie
mozna uzyskac takie parametry statystyczne jak: kur-
toza K, wspotczynnik rozproszenia o i sko§nosc S (6).

4. Przyktady obliczeniowe

Wykonano dwa niezalezne eksperymenty. W cato-
$ci poswiecone sg obserwacji wptywu losowego mo-
dutu Younga oraz losowej intensywnosci obcigzenia
rownomiernie roztozonego na reakcj¢ poziomg H
dla pojedynczego elementu ciggnowego. Schemat
statyczny konstrukcji przedstawiony jest na rysun-
ku 1. Rownanie dla pojedynczego elementu ciggno-
wego pod obcigzeniem rownomiernie roztozonym
przyjmuje forme (7). Numeryczne okreslenie funk-
cji odpowiedzi konstrukcji oparte jest na 11 kalku-
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lacjach dla réznych wartosci parametrow losowych.
Funkcje odpowiedzi okre§lono wykorzystujac me-
tode najmniejszych kwadratoéw zaimplementowang
w pakiecie obliczen symbolicznych MAPLE. Funk-
cja ta dla losowego modutu Younga ciegna i obser-
wowanej reakcji poziomej przyjmuje postac (8). Na
podstawie zestawu danych najmniejszy biad okre-
slony jest jako (9).

Na rysunku 2 przedstawiono wykresy funkcji
odpowiedzi dla reakcji poziomej H w zalezno$ci od
dwoch parametrow losowych — modutu sprezystosci
(dolny wykres) i obcigzenia (gorny wykres). Obie
funkcje doktadnie odzwierciedlajg przeprowadzone
analizy (oznaczone na rysunku 2 czarnymi punk-
tami). Rysunek 3 przedstawia wartosci oczekiwa-
ne reakcji poziomej H odpowiednio dla losowych:
E 1q. Mozna zauwazy¢, ze rozwini¢cie 6smego rzedu
jest niezbedne jedynie dla losowego modutu sprezy-
stosci. Wyniki probabilistyczne w postaci wariancji
reakcji poziomej H przedstawione zostaty na rysun-
ku 4, natomiast wspotczynnika rozproszenia na ry-
sunku 5. Oba parametry ukazane zostaly w funkc;ji
wejsciowego wspodtczynnika wariancji . Mozna za-
uwazy¢, ze dla losowego modutu Younga zaleznos¢
pomiedzy a(H) a a nie jest liniowa. Wzrost wejscio-
wego wspotczynnika rozproszenia do 15% powo-
duje wzrost o(H) jedynie od 2,5%. Na rysunkach
6 1 7 przedstawiono wykresy trzeciego i czwartego
momentu centralnego. Na rysunkach 8 i 9 uzyskano
wykresy kurtozy i skosnosci. Obserwacje tych dwoch
parametrow prowadza do nastgpujacych wnioskow:
dla losowego E skosno$¢ i kurtoza przyjmuja dos¢
duze warto$ci, ktore koresponduja z lewo skos$na,
sptaszczong funkcja gestosci prawdopodobienstwa
wyjsciowej. Dla losowego ( funkcja gestosci jest
zblizona dla rozktadu Gaussa.

Na rysunku 10 zaprezentowane zostaly wskaz-
niki niezawodnosci B podejscia FORM i obliczo-
ne dla stanu granicznego nos$nosci. Analiza zo-
stala przeprowadzona dla liny o $rednicy 28 mm
1 minimalnej sity zrywajacej rownej 458 kN. Od-
chylenie standardowe tej warto$ci wynosi 2%. Jak
mozna zauwazy¢ na podstawie zamieszczonych wy-
kresow wartos¢  maleje wraz ze zwigkszajacym si¢
a. Mniejsze wartosci dla tego samego poziomu roz-
rzutu uzyskano dla przypadku z losowa wielko$cia
obciazenia (dolny wykres). Trzeba podkresli¢ fakt,
ze pomimo tego dla kazdego z przypadkéw wartosci
wskaznika niezawodno$ci sg wigksze niz te rekomen-
dowane w Eurokodzie wartosci 8 (3,3-4,3).
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5. Wnioski

Na podstawie przeprowadzonych analiz mozna
stwierdzi¢:

— zastosowanie uogodlnionej metody perturbacji
stochastycznej wzbogacone o metode funkcji
odpowiedzi jest wydajnym narzedziem oblicze-
niowym w analizie niezawodno$ci konstrukcji
ciggnowych;

— rozszerzenie zaprezentowanej analizy kompute-
rowej dla bardziej ztozonych konstrukcji ciegno-
wych tj. masztéw lub mostow, wydaje si¢ by¢
mozliwe. W tym celu nalezy uzyska¢ odpowiedz
konstrukcji analizowanego parametru, uzywajac
tradycyjnego podejscia MES, a nastepnie uzy-
ska¢ statystyki w sposob opisany w niniejszym
artykule;

— podobne rozwazania mozna przeprowadzi¢ dla
innych typow losowosci, takich jak podatnosé
podpodr, oddziatywanie temperatury, ciezaru
wlasnego itp.
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APPLICATION OF BENTONITE SUSPENSION FOR
DIAPHRAGM WALL UNDER ‘INFILL CONDITIONS

Abstract

In highly urbanized agglomerations investors are forced to develop areas located among densely concentrated elements
of the on-ground and underground urban infrastructure. When an ‘infill’is constructed, the diaphragm wall technology is
frequently implemented, in which the excavation of the slurry trench filled with a bentonite suspension is a significant stage.
The article discusses the standard-specified requirements for the bentonite suspension used in the construction of the
diaphragm wall. It also summarizes the methodology of the laboratory investigation of bentonite-slurry-filled trenches,
performed in the conditions of the ‘infill’ construction. The studies covered the clogging of soil, specific gravity and
viscosity of the bentonite slurry and the effect of external load on the stability of the trench.

Keywords: diaphragm wall, bentonite suspension, in the conditions of the “infill’

1. Introduction

The development of cities often forces engineers
to realize investment projects in limited spaces of
cramped urban environment. Other significant reasons
for constructing structures in the close vicinity of
already existing buildings, often historical ones,
include the price of land, the limited area of a plot and
the land development conditions. Modern construction
techniques enable engineers to build increasingly
higher and deeper founded buildings in a densely
built-up environment. In the building practice there are
several methods of trench shoring, which allow such
a type of construction to be erected. One of them is
the use of the diaphragm wall technology, which is
widely used in the infill construction. However, the
implementation of the diaphragm wall is a specialized
geotechnical work requiring advanced knowledge and
extensive experience, which are particularly important
when performing the excavation of a slurry trench
filled with a bentonite suspension.

The advantage of using diaphragm walls in
the close proximity of existing buildings is that
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their construction is not very troublesome for the
surroundings. The use of heavy equipment while
excavating the trench does not cause the ground
shocks and the noise level is low. Providing the
proper stability of the wall decreases to a minimum
the displacement of the soil, which also facilitates
the possibility of conducting works in the immediate
neighbourhood of the existing buildings [2].

2. Bentonite suspension

The stability of the trench side is provided
by a liquid stabilizing the trench, usually a clay
suspension (called a bentonite slurry), whose main
ingredient is montmorillonite. Montmorillonites are
aluminosilicates formed from the three-layer packets.
Bentonite is a material formed by weathering in situ
of volcanic ash and dust (mainly Cretaceous and
Tertiary ones) deposited on the bottom of the sea in
an alkaline environment [5].

Bentonites used in the construction of diaphragm
walls are of the swelling type, including natural or
activated calcium or sodium bentonites.
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Bentonite slurry used for stabilizing the trench
during the excavation should meet a number of
requirements. The requirements set by the standard
[4] are presented in Table 1.

Table 1. Properties of bentonite suspensions [4]

Properties Suspension
fresh reusable before concreting

Density g/ml <1.10 <125 <115
Marsh viscosity in s from32t050 | from32t060 | from32to52
The filtrate volume in ml <30 <50 b.p.
The pH from7to 11 from7to 12 b.p.
Sand content in % b.p. b.p. <4
The filter cake in mm <3 <6 b.p.
b.p.: undefined

It is required by the standard [4] that bentonite
slurry has sufficient structural strength of the gel, thus
keeping the grains of sand in suspension and reducing
the penetration of the slurry into the ground.

While selecting a bentonite slurry for stabilizing the
excavation, one should pay attention to such properties
as the easy displacement by the concrete mix and the
chemical resistance to the matrix interaction. It is also
important to provide an adequate density so that the
slurry is pumpable. The suspension should also come
off the gripper easily and be resistant to the chemical
interaction with groundwater.

The composition of bentonite suspension shall be
defined by a laboratory for each investment project.
In designing the recipe the following factors should be
taken into account: the ground and water environment,
the design requirements and the backfill loads.

3. Laboratory tests of the bentonite-slurry-filled trench
in the infill conditions

3.1. Research Methodology

The aim of the study was to determine the optimum
percentage of bentonite in the slurry used for the
stabilization of the trenches in the infill conditions.
The studies covered clogging of soil, specific gravity
and viscosity of the bentonite slurry and the effect of
external load on the stability of the trench.

The study concept was based on the models of the
diaphragm wall and the foundation of a neighboring
building in the 1:40 scale. Loamy sand with a density
of 1.6 g/cm?®was used as a cohesive medium.

An experimental model box measuring 54.0 x 22.0
x 12.0 cm filled a ground medium was made in order
to perform laboratory tests. The box model consists
of a 2-cm-thick wooden base. The 2-cm-thick rear
and side walls are also made of wood, whereas a front

wall is made of organic glass with a thickness of 0.8
cm. The front wall is fixed to the other walls with
screws at the base, and reinforced with a wooden lath
with a cross section of 2.0 x 2.0 cm.

On the front wall was applied a graduated scale in
order to read the vertical displacement of the cohesive
medium. The scale has the form of horizontal lines
spaced every 2 cm starting from the bottom edge of
the wall.

The cohesive medium was placed in 2-cm-thick
layers and compacted by hand to about 1.6 g/cm?. After
the four layers were placed in the manner described
above, the layer of black dyed sand was spread on top,
which enabled the reading of the vertical displacements
of the ground subjected to the load. These steps were
repeated when each subsequent sand layer was placed
and compacted until the box was filled up.

Plywood plank with the dimensions of 1.8 x 12.0
x 15.0 cm was used as a model for the foundation of
an adjacent building. The tests were conducted using
three types of bentonite suspension with the percentage
of 12%, 22% and 32%, respectively. The percentage
of bentonite was determined taking into account the
recommendations of reference sources defining the
specific gravity of the bentonite suspension as 40 to
350 kg/m?. In addition, the suspension was prepared
24 hours prior to testing in order to properly hydrate
the bentonite particles.

When the box model and the bentonite suspension
were prepared, a groove with a width of 2 cm and a
depth of 14 cm, filled with a bentonite slurry during
driving, was made in the cohesive medium.

3.2. Laboratory tests

The laboratory tests consisted of nine measurements.
In the experiment three kinds of slurry containing
different bentonite percentage and three foundation
model positions with respect to the vertical edge surface
of the diaphragm wall model served as the variables.

In all nine measurements uniform loads of 30 kg were
assumed, corresponding to 100 kN/m of the strip footing.
The load was transmitted to the ground by the foundation
model, whichwasappliedatdistances 0f0.25cm,0.75cm
and 1.25 cm, respectively. The application of the load
was performed using the electronic press located in
the laboratory of the Chair of Material Strength at the
Kielce University of Technology.

The values of the vertical displacement of the soil
under the foundation model were read after each
preparation of the cohesive medium, the application of
the foundation model (and its load) at an appropriate
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distance and making a groove filled with different
types of bentonite suspension.

3.3. The acceptance of the criteria for the analysis

Given the number of factors to be taken into account
when performing the experiment, and the need to
estimate the impact of each of these factors on the
magnitude of vertical displacements in the ground,
it was decided to conduct a factor analysis using the
mathematical planning of the experiment method [3].

The factor analysis is a set of methods and
statistical procedures bringing down a large number
of the examined variables to a much smaller number
of mutually independent (uncorrelated) factors. The
distinguished factors are subject to different content-
wise interpretations while retaining a large part of the
information contained in the primary variables [2].

The following independent factors were adopted:

— the percentage of bentonite in the slurry — X (B),

— the distance between the vertical surface of the

diaphragm wall and the outer edge of the adjacent
building foundation — X, (D).

The selection of the main level and of the factor
variability range was based on the a priori information
analysis and on a preliminary analysis of the literature.

When analyzing the obtained results, the acceptable
foundation settlement in the infill conditions were
taken into account. According to the standard these
values are respectively: 20 mm for buildings in poor
condition (with cracked external walls) and 30 mm
for buildings in a good state.

3.4. Determining the optimum percentage of bentonite
in the slurry

The levels and the independent factor variability ranges,
which are presented in Table 2, were used to determine
the optimum percentage of bentonite in the slurry.

Table 2. Levels and ranges of independent factors’ variability

Independent factors
Level
X, (B) [%] X, (D) [em]
Variability range 10 20
Lower 12 10
Lero 22 30
Upper 32 50

An orthogonal fractional compositional plan of
the type 3** (2-0) (with k = 2), i.e. full factorial
experiment was adopted for the formulation of tests.
Three parallel experiments were adopted for each set
of factors. These experiments were performed taking
into account the randomization in time. This made it
possible to eliminate the influence of systematic errors

24

caused by external conditions. An array of random
numbers was used in this case [1]. Methodology
for planning the experiment and the results of the
experiments are shown in Table 3.

Table 3. Experiment schedule matrix with independent
factors’ levels and research results

Independent factors Results
Experiment | Conventional scale Natural scale Soil displacement
o \ ECEEL d
! 2 [%] [cm] [mm]
1 -1 -1 12 10 39
2 -1 0 12 30 27
3 1 1 12 50 18
4 0 -1 22 10 19
5 0 0 22 30 11
6 0 1 22 50 5
7 1 -1 32 10 7
8 1 0 32 30 3
9 1 1 32 50 0

The displacements d were adopted as the initial
data. The transformation of the experimental data
permitted the development of a mathematical model
of the described system condition according to the
assessed optimization parameter, i.e. the displacement
of land within the limits of the selected factor space.

The following regression equation was applied to
describe the movements of the ground:

d=A,+A(B)+AB)?+AD)+A D) (1)
Regression coefficients is shown in Table 4.

Table 4. Regression coefficients for the adopted model with
the examined vertical displacement for the loamy sand soil

The regression coefficient for
L The
Examined initial the adopted model ati
coefficient of the tested soil displacement corre a' ion
coefficient
A0 A1 A2 A3 A4
So"d'sfrf;?me"td 7024 | -299 | 004 | -05 00025 09789

Basing on the analysis of the regression equation
(1) it can be concluded that the negative displacement
values of the factors X and X, indicate the increased
soil displacement accompanied by areduced percentage
content of bentonite and a reduced distance from the
foundation. In contrast, the regression coefficient
indicates to what extend the ground displacement
alternates if the factor changes by one variability
interval. Thus, it can be concluded that when X factor
(B) changes by one variability interval (i.e. 10%), the
displacement d is changed by 2.99 mm, and when
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X, factor (D) changes by one interval (20 mm), the
displacement increases by 0.5 mm.

The obtained results provided the basis for the
determination of soil displacement curves depending
on the percentage content of bentonite and the
distance of a neighboring building, which are shown
in Figure 1.

Fig. 1. The bentonite percentage in the slurry

The values of the distance between the vertical surface
of the diaphragm wall and the outer edge of the adjacent
building foundation were placed on the ordinate axis,
whereas the values of the bentonite percentage content
in the slurry were placed on the abscissa.

The values of the factors in certain points (basing
on the experimental information) were selected from
Figure 1 and presented in Table 5.

Table 5. Examined factors values in selected points with
examined criterion and corresponding objective function

Coordinates of the selected points _
- - - Objective
(riterion Bentonite content | Distance function value
(B) [%] (D) [cm]

13.0 50
13.5 45

143 40 20
15.0 35
Assumed displacement 16.5 30
(20 mm, 30 mm) 6.0 50
6.5 45

13 40 30
8.0 35
9.8 30

The above data are presented in the graph form in
Figure 2 to facilitate the analysis.

Fig. 2. A plot of the percentage of bentonite in the slurry
versus the distance from the foundation edge of an
adjacent building

4. Conclusions

The analysis of the research leads to the conclusion
that the extend of the vertical soil displacements
decreases with the increasing distance between
the diaphragm wall surface and the outer edge
surface of the neighboring building foundation. The
reduction of vertical movements is also affected by
the percentage of bentonite in the slurry. The above
studies revealed that the largest value, i.e. 39 mm can
be observed at a distance of 10 cm and with 12% of
the bentonite content in the slurry. With the increase
in the percentage of bentonite in the suspension, the
extend of the vertical ground displacement decreases.
Thus, for a 32% content of bentonite in the slurry and
with the distance of 50 cm between the diaphragm
wall surface and the outer edge of the foundation, the
vertical displacement of the ground is equal to zero.

On the basis of the obtained test results it can also
be seen that with a distance of 10 cm between the
diaphragm wall surface and the foundation outer edge
and with the percentage content of 12% ofbentonite, the
vertical displacements is equal to 39 mm. In contrast,
with the same distance, but a higher percentage of the
bentonite content i.e. 32%, the value is reduced to
7 mm. With the bentonite percentage content of 12%,
and with the distance of 50 cm between the diaphragm
wall surface and the outer edge surface, the vertical
displacement is equal to 18 mm. It can therefore be
concluded that it is the percentage of bentonite in the
slurry that has the greatest impact on the extend of the
vertical soil displacement.
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Zastosowanie zawiesiny bentonitowej przy realizaciji
sciany szczelinowej w warunkach ,,plombowych”

1. Wprowadzenie

Postep urbanistyczny miast zmusza czgsto inzynierow
do realizacji inwestycji w zatloczonych i ograniczonych
przestrzeniach infrastruktury miejskiej. Dodatkowymi
czynnikami powodujacymi wymuszenie budowy w
scistym sasiedztwie juz istniejacych budynkow, czgsto
zabytkowych, sa m.in. ceny gruntow, ograniczona po-
wierzchnia dziatki oraz warunki zagospodarowania te-
renu. Nowoczesne techniki budowlane pozwalajg inzy-
nierom na budowe w gestej zabudowie coraz wyzszych
i glebiej posadowionych budowli. W budownictwie
stosuje si¢ wiele metod obudowy wykopow umozli-
wiajacych takg budowe. Jedng z nich jest zastosowa-
nie technologii $ciany szczelinowej, ktora cieszy si¢
duzym powodzeniem przy realizacjach w warunkach
,plombowych”. Jednak realizacja $ciany szczelinowej
to specjalistyczne roboty geotechniczne wymagajace
zawansowanej wiedzy i duzego doswiadczenia, ktore
szczegolnie istotne sg przy wykonywaniu etapu glebie-
nia szczeliny w ostonie zawiesiny bentonitowe;.

Zaleta wykorzystania $cian szczelinowych w bli-
skim sgsiedztwie istniejagcych budynkow jest rowniez
mala ucigzliwos¢ dla otoczenia budowy. Pomimo
stosowania ci¢zkiego sprzetu przy drazeniu szczeliny
poziom hatasu jest niewielki, a wstrzasy nie wyste-
puja. Zapewnienie odpowiedniej statecznosci $ciany
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zmniejsza do minimum przemieszczenia gruntu, co
dodatkowo wplywa na mozliwo$¢ prowadzenia prac
w sasiedztwie istniejacych budynkow [2].

2. Zawiesina bentonitowa

Stateczno$¢ $ciany szczeliny zapewnia ciecz stabi-
lizujaca wykop, ktora najczesciej jest zawiesina ito-
wa (zwana bentonitowa). Gtownym sktadnikiem za-
wiesiny jest montmorillonit. Montmorillonity to gli-
nokrzemiany zbudowane z troéjwarstwowych pakie-
tow. Bentonit jest materialem powstatym w wyniku
wietrzenia in Situ popiotow i pytéw wulkanicznych
(gtownie kredowych i trzeciorzedowych) osadzonych
na dnie mérz w Srodowisku alkalicznym [5].

Bentonitami wykorzystywanymi przy wykonywa-
niu $cian szczelinowych sg bentonity pgczniejace, do
ktorych zalicza sig¢: bentonit wapniowy lub sodowy
naturalny albo aktywowany.

Zawiesing bentonitowym wykorzystywanym do
stabilizacji wykopu podczas glebienia szczeliny po-
winno stawiac si¢ szereg wymagan. Wymagania nor-
mowe [4] zostaty podane w tabeli 1.

Wymagane jest zgodnie z normami [4], by zawiesina
bentonitowa miata wystarczajaca wytrzymatos¢ struk-
turalng zelu, co pozwoli na utrzymanie ziaren piasku
W zawieszaniu i zmniejszenie przenikania zawiesiny
w grunt.
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Przy doborze zawiesiny bentonitowej wykorzysty-
wanej do stabilizacji wykopu powinno zwroci¢ sig
uwage na takie wlasciwosci, jak tatwos$¢ wypierania
zawiesiny przez mieszanke betonowa oraz odpor-
nos$¢ na chemiczne oddzialywanie swiezej mieszanki
betonowej. Istotne jest réwniez zapewnienie odpo-
wiedniej gestosci pozwalajacej na pompowalnosc
zawiesiny. Zawiesina takze powinna tatwo sptywac
z urzadzenia glebigcego oraz by¢ odporna na che-
miczne oddzialywanie wod gruntowych.

Sktad zawiesiny bentonitowej okresla si¢ laborato-
ryjnie kazdorazowo dla danej inwestycji. Projektujac
jej recepture nalezy zwroci¢ uwage na takie czynniki,
jak: warunki wodno-gruntowe, wymagania konstruk-
cyjne oraz obcigzenia wystepujace na naziomie.

3. Badania laboratoryjne szczeliny wypetnionej
zawiesing bentonitowa w warunkach plombowych

3.1. Metodologia badan

Celem badan laboratoryjnych byto ustalenie opty-
malnej procentowej zawarto$ci bentonitu stosowa-
nego w zawiesinie bentonitowej wykorzystywanej
do stabilizacji szczelin wykonywanych w warunkach
»plombowych”. W badaniach uwzgledniono kolma-
tacje gruntu, ciezar wilasciwy i lepko$¢ zawiesiny
bentonitowej oraz wpltyw obcigzenia zewnetrznego
na stateczno$¢ szczeliny.

Koncepcja badan zostata oparta na modelach $cia-
ny szczelinowej i fundamentu sasiedniego budynku
w skali 1:40. Jako osrodek spoisty zostat zastosowa-
ny piasek gliniasty o gestosci 1,6 g/cm?.

Do przeprowadzenia badan laboratoryjnych zostat
wykonany doswiadczalny model skrzyni o wymia-
rach 54,0 x 22,0 x 12,0 cm wypehiony osrodkiem
gruntowym. Model skrzyni zostat wykonany z drew-
nianej podstawy o grubosci 2,0 cm, §cian bocznych
i tylnej rowniez wykonanych z drewna o grubosci
2,0 cm, oraz $ciany przedniej (frontowej) wykonanej
ze szkla organicznego o grubosci 0,8 cm. Sciana fron-
towa zostata przytwierdzona do pozostatych $cian za
pomoca wkretow oraz usztywniona u podstawy za
pomoca drewnianej listewki o przekroju 2,0 x 2,0 cm.
Na frontowej $cianie zostata naniesiona podziatka
w celu odczytania pionowych przemieszczen osrodka
spoistego. Podziatka zostata naniesiona w postaci po-
ziomych linii rozmieszczonych co 2 cm, zaczynajac
od dolnej krawedzi $ciany.

Osrodek spoisty do wypehienia skrzyni byt roz-
ktadany warstwami o grubosci 2 cm i zageszczany
w sposob reczny do ok. 1,6 g/cm’. Po wykonaniu
czterech warstw w sposob opisany powyzej, zosta-

a roztozona warstwa piasku barwionego na czarno,
ktora umozliwita pdzniejsze odczytanie powstatych
pionowych przemieszczen gruntu pod wptywem ob-
cigzenia. Czynnosci te byly powtarzane analogicznie
po usypaniu i zageszczeniu kazdej kolejnej warstwy
piasku az do wypetnienia skrzyni.

Jako model fundamentu sgsiedniego budynku zostata
wykorzystana sklejka o wymiarach 1,2 x 1,8 x 12,0 cm.

Badania zostaly przeprowadzone przy zastosowa-
niu trzech rodzajow zawiesiny bentonitowej o zawar-
tosci procentowej bentonitu wynoszacej odpowied-
nio: 12%, 22%, 32%. Procentowy udziat bentonitu
zostat ustalony z uwzglednieniem zalecen z literatury
fachowej okreslajacych, iz ciezar wlasciwy zawiesiny
bentonitowej powinien wynosi¢ od 40 do 350 kg/m?.
Ponadto zawiesina zostata przygotowana na 24 go-
dziny przed wykonaniem badan w celu prawidtowe-
go uwodnienia czastek bentonitu.

Po wykonaniu modelu skrzyni i przygotowaniu za-
wiesiny bentonitowej, w osrodku spoistym zostata
wykonana szczelina o szerokosci 2 cm i glebokosci
14 cm, ktora podczas drazenia byta wypelniana za-
wiesing bentonitowa.

3.2. Wykonanie badan laboratoryjnych

Badania laboratoryjne polegaty na wykonaniu dzie-
wigciu pomiarow. Zmiennymi w do§wiadczeniu byty
trzy rodzaje zawiesiny bentonitowej o réznej zawar-
tosci procentowej bentonitu oraz trzy odleglosci po-
lozenia modelu fundamentu od pionowej powierzch-
ni krawedzi modelu $ciany szczelinowe;j.

We wszystkich dziewigciu pomiarach zadano jed-
nakowe obcigzenie silg wielkosci 30 kg, co odpowia-
da w rzeczywistosci 100 kN/mb tawy fundamento-
wej. Obcigzenie to bylo przekazywane na grunt przez
model fundamentu, ktory byt przytozony w odlegto-
sciach wynoszacych: 0,25 cm; 0,75 cm; 1,25 cm. Do
zadania wyzej wymienionego obcigzenia zostata wy-
korzystana prasa elektroniczna znajdujaca si¢ w la-
boratorium Katedry Wytrzymatosci Materiatoéw Poli-
techniki Swigtokrzyskiej.

Warto$ci pionowego przemieszczenia gruntu pod
modelem fundamentu zostaty odczytane po kazdora-
zowym ponownym przygotowaniu osrodka spoiste-
go, przytozeniu w odpowiedniej odlegtosci modelu
fundamentu (wraz z jego obciazeniem) oraz wykona-
niu szczeliny wypekionej réznymi rodzajami zawie-
siny bentonitowe;j.

3.3. Przyjecie kryteriow do analizy

Majac na uwadze ilo$¢ czynnikdw potrzebnych
przy przeprowadzeniu doswiadczenia oraz koniecz-
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nos$¢ prognozowania wptywu kazdego z tych czynni-
koéw na wielko$¢ przemieszczen pionowych w grun-
cie zdecydowano si¢ na analiz¢ czynnikowa przy
wykorzystaniu metody matematycznego planowania
eksperymentu [3].

Analiza czynnikowa to zespdt metod i procedur
statystycznych pozwalajacych na sprowadzenie du-
zej liczby badanych zmiennych do znacznie mniej-
szej liczby wzajemnie niezaleznych (nieskorelowa-
nych) czynnikéw. Wyodrgbnione czynniki majg inng
interpretacje merytoryczng, jednoczes$nie zachowujac
znaczng cze$¢ informacji zawartych, w zmiennych
pierwotnych [3].

Jako czynniki niezalezne przyjeto:

— procentowg zawartos¢ bentonitu w zawiesinie —

X, (B),

— odleglos¢ pionowej powierzchni $ciany szczeli-
nowej od krawedzi zewnetrznej fundamentu sa-
siedniego budynku — X_ (D).

Wybor gtéwnego poziomu oraz przedziatow zmien-
nosci czynnikoéw zostat dobrany na podstawie analizy
informacji a priori i analizy wstepnej literaturowe;.

Przy analizie uzyskanych wynikéw zostaty
uwzglednione dopuszczalne osiadania fundamentow
w warunkach plombowych. Wedlug normy osiadania
te wynosza odpowiednio: dla budynkéw w ztym stanie
(z zarysowanymi $cianami zewnetrznymi) — 20 mm
oraz dla budynkéw w dobrym stanie — 30 mm.

3.4. Okreslenie optymalnej procentowej zawartosci
bentonitu w zawiesinie

Do okreslenia optymalnej procentowej zawartosci
bentonitu w zawiesinie uzyto pozioméw i przedzia-
tow zmiennos$ci czynnikow niezaleznych, ktore zo-
staty przedstawione w tabeli 2.

Dla sformutowania dos$wiadczen zostal przyjety
kompozycyjny ortogonalny frakcyjny plan typu 3**
(2-0) (przy k =2), tj. pelny czynnikowy eksperyment.
Do kazdego zestawu czynnikow zostaty przyjete po
trzy rownolegte do$wiadczenia. Doswiadczenia te
przeprowadzono z uwzglednieniem losowosci w cza-
sie. Pozwolito to na wyeliminowanie wptywu bte-
dow systematycznych wywotanych przez warunki
zewngtrzne. Wykorzystano w tym przypadku tablice
liczb losowych [1].

Metodyke planowania eksperymentu oraz wyni-
ki przeprowadzonych dos$wiadczen przedstawiono
w tabeli 3. Jako dane wyj$ciowe zostaly przyjete
przemieszczenia d. Przeksztalcenie danych ekspery-
mentalnych pozwolito zbudowa¢ matematyczny mo-
del opisywanego stanu systemu wedtug ocenionego
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parametru optymalizacji, tj. przemieszczenia gruntu
w granicach wybranej przestrzeni czynnikowe;.

Do opisu przemieszczen gruntu zastosowano row-
nanie regresji (1).

Wspoélczynniki regresji przedstawiono w tabeli 4.

Na podstawie analizy réwnania regresji (1) mozna
stwierdzi¢, iz znak minusowy przemieszczenia przy
czynnikach X 1 X, Swiadczy o zwigkszeniu prze-
mieszczenia gruntu przy réwnoczesnym zmniejsze-
niu procentowej zawartosci bentonitu oraz zmniej-
szeniu odleglosci od fundamentu. Natomiast wielko§¢
wspotczynnika regresji Swiadczy o tym, o ile zmieni
si¢ przemieszczenie gruntu, jezeli czynnik zmieni
si¢ o0 jeden przedziat zmienno$ci. Tak wigc mozna
stwierdzi¢, ze przy zmianie czynnika X, (B) o jeden
interwat zmiennosci (czyli 10%) przemieszczenie
d zmieni si¢ 0 2,99 mm, natomiast przy zmianie czyn-
nika X, (D) o jeden przedziat (20 mm) przemieszcze-
nie zwigkszy si¢ o wartos¢ 0,5 mm.

Na podstawie otrzymanych wynikow zostaty okre-
slone krzywe przemieszczen gruntu w zaleznosci od
procentowej zawartosci bentonitu i odlegtosci sasia-
dujacego budynku, ktére zostaly przedstawione na
rysunku 1.

Na osi rzednych wykresu (rys. 1) zostaly umiesz-
czone wartosci odlegtosci pionowej powierzchni
Sciany szczelinowej od powierzchni zewngtrznej fun-
damentu sgsiedniego budynku. Natomiast na osi od-
cietych zostaty umieszczone procentowe zawartosci
bentonitu w zawiesinie.

Z rysunku 1 zostaly dobrane (na podstawie informa-
cji doswiadczalnych) wielkosci badanych czynnikow
w wybranych punktach i przedstawione w tabeli 5.

Dane odczytane z wykresu w celu fatwiejszej anali-
zy zostaly przedstawione w formie wykresu umiesz-
czonego na rysunku 2.

4. Wnioski

Analiza przeprowadzonych badan pozwala stwier-
dzi¢, iz wielko$¢ pionowych przemieszczen grun-
tu zmniejsza si¢, przy zwigkszeniu odleglosci po-
wierzchni $ciany szczelinowej od powierzchni kra-
wedzi zewnetrznej fundamentu sgsiedniego obiektu.
Na zmniejszenie pionowych przemieszczen wplyw
ma réwniez procentowa zawarto$¢ bentonitu w za-
wiesinie. Na postawie przeprowadzonych badan
zauwazono, ze najwigksza warto$¢ czyli, 39 mm,
mozna zaobserwowac przy odlegtosci wynoszacej 10
cm i 12% zawarto$ci bentonitu w zawiesinie. Wraz
ze wzrostem procentowej zawartosci bentonitu w
zawiesinie zmniejsza si¢ wielko$¢ przemieszczen
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pniowych gruntu. I tak, dla 32% zawarto$ci bentonitu
w zawiesinie 1 odleglosci powierzchni $ciany szcze-
linowej od zewnetrznej krawedzi fundamentu réwnej
50 cm pionowe przemieszczenia gruntu rowne sa zeru.

Na podstawie otrzymanych wynikéw badan moz-
na zaobserwowaé rowniez, ze przy odleglosci po-
wierzchni $ciany szczelinowej od zewnetrznej kra-
wedzi fundamentu wynoszacej 10 cm, wielkos$¢ pio-
nowych przemieszczen przy procentowej zawartosci
bentonitu wynoszacej 12% wynosi 39 mm. Natomiast
przy tej samej odleglosci, lecz wigkszej procentowe;j
zawarto$ci bentonitu wynoszacej 32%, wielkos¢ ta
zmniejsza si¢ do 7 mm. W przypadku procentowej
zawarto$ci bentonitu wynoszacej 12%, a odleglosci
powierzchni §ciany szczelinowej od powierzchni kra-
wedzi zewnetrznej wynoszacej S0 cm przemieszcze-
nia pionowe wynosza 18 mm. Mozna zatem stwier-
dzi¢, iz na zwigkszenie pionowych przemieszczen
gruntu najwiekszy wplyw ma procentowa zawarto$¢
bentonitu w zawiesinie bentonitowe;.
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FORCES AND STRESSES AT TIRES AREA CONTACT
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Abstract

This paper describes methods and results of experimental investigations of forces and stresses at the tire contact area.
A dynamometric MADI platform with a plate of a specified roughness was used to determine the dynamic influence of a car
wheel at different speeds and loads. In the investigation it was determined how the forces generated at wheel contact with
the pavement are influenced by air pressure in tires, pavement roughness and vehicle velocity.

Keywords: ire, road surface, contact area, friction force, stress

1. Introduction

Road engineers always think about pavement
durability. It is very important criterion for road
pavements. But it does not tell about possible safety
cars speeds. The criterion for it is a pavement slippery
[1-9].

A pavement slippery is one of the main reasons of
road accidents. That is why a producers of car tires
make special tire protector. It needs for receiving of
high friction between tire and pavement. There are
many interesting investigations of tire — pavement
friction, which were made in different countries for
many years (from the beginning of 20 century). It
was determined that friction force in tire — pavement
contact area has two components — adherence and
deformation:

F=26 To' 23, 923/N3 + B+ 0'17.ar. NL3. g13/p13 (1)

where: T, — move resistance, I — radius of unity
of pavement roughness, 6 = (1 — M?)/E — index of
elasticity, M — Puasson coefficient, £ — modulus of
elasticity, N — wheel load, B — coefficient of molecular

interaction, a_— friction gisteresis losses.
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The first two items are adhesion component of
friction, the third is deformation component. One can
see that friction force cross minimum and decrease
when modules of elasticity grow up. Communicate
of friction coefficient and real contact pressure is
expressed by equation for united contact:

f=r/p +p+044-a:-p, 2)

For multitude contact friction force:

n h
sz(-) To+ B -po+ ke —Dr 2 AA,d, 3)
where: A4, — real contact area, p, — real pressure,
p, — contour pressure, h — inculcation depth
of roughness projection into protector rubber,
k — coefficient: kK = 0.19 a_— for elastic contact,
k = 0.55 — for unit projection and for plastic contact,
N — quantity of rough projection in contact area, T, —
unite adhesion (molecular) component of friction force.

For adhesion component of friction force it is
possible to write:
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T.=T,-4+p-N )

For deformation (mechanical) component:

n
h
szxj Nr\/;dn (%)
0

where: Nr — load for unite friction connection.

Thus for evaluate of friction force in contact area
it needs to know contact area sizes, area functional
contacts, contact pressure (middle for area and on
roughness projection) and contact time that is car
velocity.

Investigation intention: To determine of quantity
and probable regularities of wheel load change at
contact area during car movement.

Object of investigation: Asphalt pavement with
rough wear layer from crushed stone different rocks.

Factor for investigation: 1. Adhesion component
of friction force as function of rocks kind. 2. Pressure
in contact area and it depends from car velocity. 3.
Longitudinal component of pressure force at contact
area. 4. Specific pressure at contact area: middle on
area (contour and real) and at different pavement
roughness projection.

Investigation method. Method is complex: natural
investigation at real roads with different cars and
light trucks, velocity from 0 to 90 km/hour, natural
and model pavements, laboratory investigation with
different kinds of rocks. t was used different special
equipments for transient processes.

2. Methods for investigating car wheel dynamic influence
atroad pavement surface

It was used specific dynamic platform “Module A”,
which was made for measuring of contact force of
sportsmen-jumps. “Module A” had dynamometric
platform, plate with roughness at her surface, which
was made at three rock swing posts. In result it was
possible to register three component of force, it acting
on plate: P, Py, P.. Deformation of rock swing posts
was measured with help of tensometers and was
recorded on tape. The platform mass was 80 kg. Hard
and stability all system was guaranteed by place of
support frame in flexible pavement.

Outward external force calls deformation of plate
rock swing posts and electrical signal. It was six
tensometers — for P and Py. Owner frequency of
platform was more 400 Hz, what was more forced
frequency. Maximum vertical force was 9.8 kN, in
horizontal component (X,Y) — 4.9 kN.

Platform surface was in one level with road surface.
Platform dimension in plane — 750 x 750 mm.
That is why it was possible to have car velocity to
100 km/hour. Pavement irregularities were made by
label of different dimension pebbles at plate and near
road pavement (zone 1.5 m). It was investigated seven
texture types with different height roughness (Table 1).

Table 1. Pavement texture in investigation

Dimension of rock [mm] Height of pavement roughness [mm]
Without rock 0.10
5-10 2.40—2.45
10-15 4.69
15-20 5.69
20-25 5.55-6.96

Cars had wheel load: 2.2 kN; 2.85 kN; 4.90 kN; 5.40
kN. Velocity was from 0 to 90 km/h. It was calculated
minimum number of measuring: N =k > t*/A?,

K, — variation coefficient:

5/%, 8 = [2_(xi—7¢ )/m—1D|m (6)

i=1

k, =

T — Student coefficient, A — prescrible precision
accuracy for little amount of measuring. It were:
ApX = 3.5%; Apz = 4.5% for reliable 95%. Minimum
measuring for P, = 10, for P, =6. Real measuring

errors were 4.33% for P, and 3.42% for Py.

2.1. Method of measuring of contact pressure

For this work it was made special small platform
— platform MADI (S.K. Aktanov) — with dimension
400 x 400 mm. This platform was putted in pavement
in one level with it. The plate of platform has many
openings 12 mm in diameter with step 25 mm for
special tensometer (design by S.P. Zaharov from
Institute of Tire Industry, Russia). This tensometer
had head, which was placed in openings of plate.
Electrical signal was rouded. Minimum measuring
was 12% by 95% reliable. Real error was 3.02%.

Roughness was modeled by indentors with
sphere form head. Radius of sphere in plane and
height were 2.5 mm; 5.0 mm; 7.0 mm; 10 mm with
a distance between axles, accordingly, 25 mm;
50 mm; 75 mm and 100 mm. In result it was two
types of pavement roughness: rough (R = 7.5 mm,
| =25 mm; R =10 mm, | = 25...50 mm) and dowel
pin (R =25 mm, | = 25...100 mm; R = 5.0 mm,
| =25...100 mm; R = 10 mm, | = 75...100 mm)
(Fig. 1).
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Fig. 1. Scheme of contact of tires with pavement
roughness. a, b — rough surface, ¢, d — dowel pin surface,
L — contact area length

2.2. Method for estimating pavement roughness work
at real roads

It was used an observation method with measuring
of traffic volume and pavement roughness at the
several read roads. Then actual traffic volume was
counted to equivalent traffic volume for truck with
wheel load 6.5 t (13 tat axle). For pavement roughness
was used “sand spot” method.

3. Results of investigation

3.1. Dynamic influence of cars at pavement

Wheel cars load was from 1.94 kN to 6.92 kN.
Velocity: 0-90 km/h.

Fig. 2. Dynamic coefficient K of cars for travel with
different velocities. 1, 2, 3 —no drive wheel. 1.1, 2.1,
3.1 —drive wheel. Rough R: 1, 1.1 — 5.55 mm; 2, 2.1 —
2.45 mm; 3, 3.1 —0.10 mm
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Table 2. Dynamic coefficient K (P, ,/P,,_,)
e =
0 1 1
40 117 105
60 120 121
80 1.67 148
%0 170 150

Table 3. Pavement roughness and dynamic coefficient K

Pavement roughness, R [mm]

Velocity 0.10 2.45 5.55

[km/h] | Nodrive | Drive | Nodrive | Drive | Nodrive | Drive
Wheel | Wheel | Wheel | Wheel | Wheel | Wheel
The first | The back | The first | The back | The first | The back

40 1.04 1.02 1.14 1.07 1.22 1.07

60 1.08 1.04 1.17 1.16 1.29 1.26

80 1.09 1.09 1.24 1.25 1.82 1.62

90 1.14 1.13 132 1.25 1.95 1.71

Table 4. Growth of wheel load at every millimeter of height
pavement roughness G =3.06 — 3.15 kN

Velocity Increase of load for 1 mm of roughness ledge height
[km/h] No drive wheel Drive wheel
40 3.1 1.0
60 3.65 3.8
80 12.2 8.9
90 13 9

Dependence of vertical component of wheel load
from velocity it is possible to express by equation:

F’Z=F’Z":°+61'V=b-V2 (7)
Table 5. Coefficients and b. G =3.06 — 3.15 kN

Pavement roughness, R [mm]
0.10 2.45 5.55
Coefficients | Nodrive | Drive | Nodrive | Drive | Nodrive | Drive
Wheel. | Wheel. | Wheel. | Wheel. | Wheel. | Wheel.
The first | The back | The first | The back | The first | The back
a 0.382 0.280 0.827 0.279 | -0.5185 | -0.897
b 0 0 0.00237 | 0.008 | 0.0431 | 0.0386

Experiments with cars with another wheel load are
confirmed received dependence. Investigations (with
S.J. Tkachev) let us the information about blow force of
cars wheel with projections at the road surface (Fig. 3).
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Fig. 3. The blow force of cars wheel (tire) N with
projections at the road surface; h,—height
of projections, centimeters

3.2. Tangential component of wheel load

It was investigated four types of pavement
roughness: R =2.4 mm; 4.69 mm; 5.69 mm; 6.96 mm
(tables 6, 7).

Table 6. Longitudinal component of force ( Py, kN) in wheel
area. Drive wheel. G =3.15 kN

Velocity Pavement roughness, R, [mm]

llaw/h] 240 4.69 5.69 6.96
20 1.037 1.054 1.077 1.044
40 3.115 2.900 2777 2.780
60 6.254 5.576 5.120 5.252
80 10.454 9.062 8.120 8.458

Table 7. Longitudinal component of effort (kN/cm?) as
function of contact area. Drive wheel. G =3.15 kN

Velocity Pavement roughness, R [mm]

[ken/h] 2.40 4.69 5.69 6.96
2 0033 0.055 0.066 0.074
40 0.100 0.154 0.184 0.19
60 0.202 0.295 0339 0370
80 0338 0481 0538 0.595

R;a['c:f]a 3091 18.82 15.08 1420

It is possible to use different kinds of technology for
pavement repair. One of them, very often used, is a
construction of wearing layer, especially for repair of
ruts at pavements. The main constructive component
here the rock is. It must be fixed on a pavement surface
very strongly. In the first days after construction end

it is possible some rocks come off the pavement. In
order to it is not a tear off force must be smaller keep
force. Professor J. A. Mednikov suggested formula to
count the tear off force for rock:

4-R,

P =
G-m(A-§) |G+ 1+ +n)

@®)

where: N = a/a,, a —length of rock grain on pavement
surface, a, — depth of block of rock grain, = R, /R,
R, —a count resistance of asphalt concrete to tension,
R, — a count resistance of asphalt concrete in the time
of compression. For R,=0.3 kN/em* R, = 1.22 kN/
cm?. Maximum permited longitudinal forces:

for n=04, P=0.136 kN,
n=0.2, P=0.126 kN,
n=0.1, P=0.122 kN.

These Figures and table 7 data recommend the
velocity limit for the first days of wearing layer work.

Fig. 4. Contact pressure as function of pavement
roughness density and height of rock ledges.
Note: on the ordinate — contact pressure at road
pavement with sphere projections. H/unit
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3.3. Contact wheel area pressure and pavement
roughness
Comparison of q,, g, d, and q in tires shows large
difference of them sizes. Density of pavement roughness
ledges changes and increases contact pressure.

Table 8. Pressure at wheel area

. Contact area [cm?] Middle pressure [kN/cm?]
@r | Real I:";L fﬁ:‘::k Realgq,,, kﬁt‘ : : :o i O
1 23.50 0.904 0.357 1.264 1.142 3.54

2 31.63 0.904 0.51 1.916 1.732 375

3 27.72 0.730 0.402 1.520 1.109 3.78

4 34.03 0.791 0.504 1.650 1.305 3.27

5 26.23 0.656 0.540 1.843 1.275 3.60

6 51.03 1.001 0.516 1.391 1.500 2.69

7 83.21 1.280 0.710 1.419 1.816 233

8 74.47 1.201 0.470 1.466 1.863 3.12

Table 9. Pressure of air (q) in cars tyre. V=0

No. car 1 2 3 4 5 6 7 8
G, KNI | 297 | 606 | 421 | 56.1 | 51.0 | 71.0 | 118.1 | 1092
Q[kN/em?] | 0.17 | 0.033 | 0.017 | 0.022 | 0.020 | 0.031 | 0.048 | 0.044

Table 10. Pressure (kN/cm?) in contact area of the drive
wheel G = 56,1 kN, V =20 km/h

Distance between Pavement roughness, R [mm]
ledges [mm] 25 5.0 7.5 10.0
25 0.0436 0.0966 0.1530 0.1530
50 0.0620 0.1300 0.2480 0.3634
75 0.0500 0.1351 0.3000 0.3930
100 0.0433 0.1263 0.2780 0.4286

One can see that maximum pressure depends on
rock density — distance between rocks and rock height.

3.4. The work of pavement roughness wearing layer

The main purpose of this investigation was to receive
an additional information about duration of pavement
roughness preservation. Before in such observations
it was used hardness gauge of TRRL [4, 5, 6]. We
used hardness gauge another design structure, with
another form of work head. Our observations were
made at road with soft asphalt concrete pavement.
The results confirmed received before knowledge.

4. Conclusions

It was determined:
* The pressure at wheel contact area for cars and
light trucks is more air pressure in their tires.
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* Pavement roughness assists growth of contact
pressure in several times, especially for unit ledge
of rock.

» Cars velocity assists growth of forces (normal
and longitudinal components).

* Dynamic coefficient growths especially quickly
for large velocity — 80...90 km/h and more.
Prognosis for V more 100 km/h — K more 2.

* Contact pressure is a function of density and
height pavement roughness. It is important for
rock expenses to decide what pavement roughness
to build — rough or dowel pin.
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CALCULATING SOIL THERMAL PROPERTIES FOR
THE PURPOSE OF NUMERICAL SIMULATION OF HEAT
TRANSFER IN MULTI-LAYERED GROUND PROFILE

Abstract

An example of simulation made by use of a program based on a one-dimensional heat transfer model is presented. Some
detailed values and solutions related to soil thermal properties are given, among them, particularly, the freezing point Tf
and the unfrozen water content function u(T) are discussed. The results of computation done for multilayered ground profile
suggest the occurrence of the “real” depth of frost, as opposed to “conventional” depth of frost, identified with the depth of

the zero isotherm.

Keywords: Heat transfer, soil, phase changes, soil freezing point, unfrozen water content

Nomenclature
C —volumetric heat capacity (J m3K™)
¢, — specific heat of ice (J kg' K™')
¢, —specific heat of dry soil (J kg' K™')
¢, —specific heat of unfrozen water (J kg K™')
L - latent heat of fusion of ice (J kg™)
S —soil specific surface area (m? g)
t —time (s)
T - temperature (K)
T, —air temperature (°C)
T, —equilibrium freezing point (°C)
T , —average annual temperature (°C)

1. Introduction

In[1], afinite difference scheme, which can be easily
used for PC-programming to solve one-dimensional
problems associated with soil freezing and thawing,
was presented. The method takes into account the
real phase equilibria in the soil-water system, thereby
being better interpretable both physically and in terms
of soil mechanics. However, such thermal properties
of soils as thermal conductivity and heat capacity
strongly depend on the unfrozen water content and the

T, — limit temperature of phase changes (°C)
T,, —non-equilibrium freezing point (°C)
w — water content (% of dry mass)
w , —unfreezable water content (% of dry mass)
W, — soil plasticity limit (% of dry mass)
w, —unfrozen water content (% of dry mass)
Greek symbols
p, —soil dry density (kg m?)
p —soil bulk density (kg m)
/4, — thermal conductivity of unfrozen soil soil (W m'K™")
Z; = thermal conductivity of frozen soil (W m'K™")
freezing point depression, the latter being common
phenomena in soil-water systems.

For full applicability of the model it is necessary
to strictly definethese phenomena and give some
empirical procedures allowing their determination.

2. Thermal properties of soil

The full understanding of the soil parameters used
in the FDM scheme presented in [1] needs additional
explanation and some detailed values and solutions
should be given. This particularly relates to the
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freezing point T, and the unfrozen water content
function w (T).

The typical plot of the unfrozen water content curve
vs. temperature is shown in Figure 1. If T > T, ice is
absent in the system and the unfrozen water content
w, equals the total water content w. On freezing
in a laboratory, supercooling to the temperature
of spontaneous nucleation T_ is possible. At T
embryo nuclei form and grow to critical sizes, and
crystallization begins [2]. As a result of the release of
the latent heat L, the temperature of the system rises to
the value of equilibrium freezing T, often referred to as
the freezing point. Further extraction of heat leads to a
lowering of temperature and successive freezing of the
remaining unfrozen water according to the line AC in
Figure 1, being the plot of the function w = w (T).

Fig. 1. A schematic diagram for the unfrozen water
content in soil (see details in text)

Hence, the freezing point T, is an important
parameter, indicative of the state of the system (i.e.
unfrozen or frozen). Notice that in the case of the soil-
water system the term ‘frozen’ refers to the situation
when some non-zero quantity of ice is present in
the system. In fact, a quantity of water remains in
soil down to — 40°C [3]. This water, the quantity of
which is nearly temperature independent, is called
the unfreezable water w . It is often referred to as
the strongly bonded water. The value of T, primarily
depends on the total water content of the system, but
the exact form of such a function results from the
thermodynamic properties of the system, a practical
determination of which is very problematic [4].

However, it should be stressed that the function of
the unfrozen water content w (T) should be consistent
with the value of T, In other words, the following
condition should be satisfied:

if 7T, then w,—w @8

Therefore, either the functions T, = f(w) and
w, =W (T) have to be obtained experimentally (which
is time consuming and needs a special equipment) or
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a computational model for w, should be used, which
satisfies the condition (1) in relation to T, obtained
in another way (i.e. experimentally or empirically).
Such a model was described in [5]:

w T>T,

= ( - ) -3.35 !
W, W, +(W—W_.)ex .
u nf nf p T T

“m

]] T,<T<T, (2)

W T<T

nf m

where W is unfreezable water content and T_ is
a conventional limit of intensive phase changes
(corresponding with the point C in Fig. 1); it has
been established that for engineering purposes the
approximate value T = —12°C is sufficient [5].

If experimental data relating to the freezing point
are unavailable, one of the empirical Equations
must be used. Kozlowski [2] presented an empirical
equation based on precise results obtained on a DSC
warming run. The freezing point was calculated
together with the unfrozen water curves, as their
immanent parameter. The freezing point T, was
comprehended as the initial temperature of the last
non-zero thermal impulse in the plot of real thermal
impulses distribution q(T). A statistical analysis of
the obtained results yielded the following empirical
equation:

T, =-0.0729w,***w (3)

where W, is the soil plastic limit. The correlation
coefficient obtained for Equation (3) in relation to the
experimental data (137 samples of six model soils)
was unexpectedly high (R = 0.933). Verification of the
model done for 33 results reported by other investigators
showned that root mean square error of approximation
of T, by use of Equation (3) was 0.31K [2].

The unfreezable water content corresponds to the
water adsorbed on flat surfaces of clay minerals and
can be determined experimentally as the hygroscopic
water content, for example by sorption under 10%
solution of sulphur acid for 10 days (Stepkowska
[6]). It can be also determined by use of one of the
following empirical equations [5]:

wy =0.042-5+3 4)
W, =0.009811-w,"** (5)
The predictive ability of the model is expected to

depend on the quality of data regarding the freezing
point and the unfreezable water and the data from
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the laboratory experiments would be the best in every
individual case. However, the empirical relations given
by Equations (3) — (5) can be used instead, thereby
the set of Equations (2) — (5) enables us to describe
the variation of the unfrozen water content with a
reasonable accuracy (assuming that physical properties
such as the limits of consistency and the specific surface
area are known). Verification of these statements was
done by use of foreign empirical data in [5].

Generally, the thermal conductivity of soil depends
on its water content, dry density, mineral composition,
particle shape and other factors of less significance.
In every case, using a value for A without regard
for at least two factors from the above list leads
to considerable errors in thermal computations.
Empirical Kersten’s formulae presented by Farouki
[7] were obtained for 19 both frozen and unfrozen
natural soils and crushed rocks at various water
contents. The equations give the thermal conductivity
A in terms of its dry density p, and total water content
w, separately for unfrozen (+4°C) and frozen (—4°C)
conditions.

For unfrozen cohesive soils

A, =0.1442(0.9logw - 0.2)1 00624374 ©)

and for frozen cohesive soils
A; =0.001442(10)" 77 +

0.4994 (7)
0.01226(10)"**** w

For unfrozen sandy soils

A, =0.1442(0.7log W+ 0.4)1 0"+ (8)
and for frozen sandy soils

A¢ =0.01096(10)*" +0.00461(10)**'*** w (9)

Equations (6) — (9) give A in W/mK with p § in g/cm’.

The temperature dependency of thermal conductivity
for soils at temperatures above the freezing point can be
ignored without noticeable error in most engineering
applications. However, such dependence may be
significant below the freezing point [8], because phase
composition of a soil-water system is temperature
dependent. Unfortunately, it seems that no useful and
reliable solution is available at this time.

Finally, attention should be paid to the heat capacity
C. It is modelled as the weighted sum of the heat
capacities of soil constituents. As mentioned above,
the temperature dependency of the specific heats of
soil constituents, i.e. soil solids c_, liquid water ¢, and
ice Cc._, can be omitted. Subsequently, the value of

ice’

4100 J kg' K is usually assumed for ¢, and 2100
Jkg' K for ¢,_. However, some empirical equations
describe the specific heats of liquid water and ice
versus temperature T. For water, the formula of
Roberts can be used [9]

C, =4204.8—1.768T +0.02645T (10)

while for ice the formula of Dickinson and Osborne
[9] is as follows:
Cpo =2117.3+7.8T (11)

According to Equation (10), there is no need to take
into account the temperature dependency of ¢, For
example, one obtains 4197 J kg' K-'and 4214 J kg' K!
for +5°C and —5 C respectively. Therefore, the constant
value calculated for 0°C, i.e. ¢,= 4200 J kg"' K, seems
a realistic approach. Oppositely, the linear temperature
dependency of ¢, seems more considerable; ¢, equals
2117 T kg' K at 0°C and 2039 at —10°C. However, the
difference is still less than 4% of the total value of Cer
hence the constant value 2100 J kg K, referring to
about —2.2°C, can be accepted.

Following, the widely accepted value for c_ is
840 J/gK, but it refers to temperatures near +20°C.
Lately, Ochsner et al. [10] estimated c_for four different
soils at 20°C, obtaining values between 801 and
895 T kg! K''. However, according to Kozlowski [11],
who investigated the temperature dependency of c_ for
three monomineral soils between —40° and +25°C, the
specific heat of soil solids decreases with temperature
from 2 to 5 J kg! K! for Kelvin, depending on the
mineral composition. Therefore, ignoring the full
temperature dependency, it is rational to assume two
values for c: 790 J kg K" atT>T, and 750 J kg' K*!
at T < T, calculated for +5°C and —5°C respectively,
or the constant value 770 J kg! K instead of
840 J kg K'! reported in references.

3. Analysis and discussion

An example of the application of the model to the
analysis of a heat transfer problem in natural condition
will be presented using a multilayered ground profile.
The section included from the top: 0.3 m silty sand,
0.4 m clay, 0.3 clayey silt and 7.0 m fine sand. The
properties of the soil layers are shown in Table 1. The
day mean temperatures between 1% November 2002
and 25" January 2003 for the meteorological station
Kielce in Poland were used as a boundary condition
along the ground surface. The insulating effect of a
snow cover was neglected in the presented simulation,
however, in the program Daisy 2.0, any insulating
layers can be taken into consideration optionally.
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Table 1. Properties of soil layers in analyzed ground profile

Soil Siltysand | Clay | Clayeysilt | Finesand
Thickness, m 0.3 0.4 03 7.0
Water content w, % 9 12 15 14
Bulk density r, kg/m? 1650 2200 2100 1850
Dry density ., kg/m’ 1514 1964 1826 1623
Thermal conductivity/ ,W/mK | 1.3570 | 1.8727 | 1.7089 1.7869
Thermal conductivity/, W/mK | 1.1803 | 2.1258 | 1.9652 21729
Freezing point T, °C 0 -1.52 -0.39 0

In Figure 2, the temperature variations at the depths
of 0.5 m and 1.0 m are compared to the variation of
the air temperature. The temperature changes at 0.5
m are qualitatively in agreement with the changes
of the air temperature, although the amplitudes are
apparently reduced. However, at the depth as shallow
as 1.0 m, the effect of temperature variation at the
surface seems to disappear.

Fig. 2. Variation of the air temperature in the period
between 01-11-2002 and 25-01-2003 and related variation
of the ground temperature at the depths of 0.5 m and
1.0 m calculated by use of the presented model

Figure 3. Variation of the real freezing zone in the
analysed ground profile (in black)

In Figure 3, the progress of the zone with temperatures
below the freezing point is presented. It represents the
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“real” depth of frost, as opposed to the “conventional”
depth of frost, identified with the depth of the zero
isotherm. In other words, within the zone in Figure 3,
ice is present in soil. It can be seen that in the case
when a soil with a lower freezing point lies on top of
a soil with the freezing point closer to 0°C, the latter
begins to freeze earlier. Such a paradoxical state can
be maintained for a relatively long period. Similarly,
when positive temperatures occur at the surface after
a freezing period, soils with a lower freezing point can
thaw earlier even if they are situated deeper.

The distinction between the “real” and “conventional”
depth of frost is essential. The former seems much more
suitable in engineering problems. Consider, for example,
a problem relating to the thawing of soil. As the zone
of thawed soil progresses downward below the road
surface, the melt water produced cannot penetrate the
frozen soil. The trapped water induces a high moisture
content directly under the pavement, reducing the bearing
capacity. Until a drainage path is restored, loads should
be restricted to prevent disintegration of the road surface.
The real depth of thaw, analogically to the real depth of
frost, means the region in which the ice component,
increasing the strength of frozen ground, is absent. In
addition, the zone of the really frozen soil underneath
corresponds with the region in which the permeability
remains decreased. Knowledge about changes in the
thicknesses of both the frozen and thawed layers versus
time could enable one to reorganize traffic temporarily.
In this case, the conventional depths of frost or thaw
seem unreasonable parameters as they are not able to
give information about the actual distribution of ice.

4. Conclusions

1. An efficiency of a numerical model dealing with
one-dimensional problems has been verified by
comparing calculated frost-depths with those
measured in a laboratory test and obtained by use of
the Stefan formula. The agreement is satisfactory.
The model can be particularly useful in simulating
problems with stratified ground sections and the
air temperature varying in a complicated manner.

2. Results of a numerical simulation done for
multilayered ground profile suggest the occurrence
of the “real” depth of frost, as opposed to the
“conventional” depth of frost, identified with the
depth of the zero isotherm. just within the zone
of really frozen soil ice is definitely present. The
distinction between the “real” and “conventional”
depth of frost is essential and should be taken into
account when solving many engineering problems.
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Obliczanie termicznych wiasciwosci gruntu
na potrzeby numerycznej symulacji przeptywu ciepta
w wielowarstwowym profilu podtoza gruntowego

1. Wprowadzenie

W artykule [1] przedstawiono schemat rdznic
skonczonych, ktory moze by¢ tatwo wykorzystany
do programowania komputerowego w celu rozwia-
zywania jednowymiarowych problemow zwiaza-
nych z zamarzaniem i rozmarzaniem gruntu. Me-
toda ta uwzglednia rzeczywista rownowage fazowa
W systemie gruntowo-wodnym, co jest lepsze do in-
terpretacji zarowno fizycznie, jak i pod wzgledem
mechaniki gruntéw. Jednakze takie wtasciwosci ter-
miczne gruntow, jak przewodnos¢ cieplna i pojem-
nos¢ cieplna w duzym stopniu zaleza od zawarto-
$ci wody niezamarzniete] 1 obnizenia temperatury
krzepniecia, bedacego powszechnym zjawiskiem
w systemach gruntowo-wodnych. Dla pelnego
wdrozenia modelu niezbgdne jest $ciste zdefiniowa-
nie tych zjawisk i podanie empirycznych procedur
umozliwiajacych ich okreslenie.

2. Wiasciwosci termiczne gruntu

Pelne zrozumienie parametréw gruntu wykorzy-
stywanych w powyzszym schemacie MRS wymaga
dodatkowych wyjasnien, okreslenia niektorych war-
tosci i rozwigzan szczeg6lnych. Odnosi si¢ to zwlasz-
cza do temperatury zamarzania T, i funkcji zawartosci
wody niezamarznigtej W (T).

Typowy wykres krzywej zawartosci wody nieza-
marznigtej w zaleznosci od temperatury przedstawio-
no na rysunku 1. Jesli T > T, to 16d jest nieobecny
w systemie i zawartos¢ wody niezamarznigtej W,
jest rowna catkowitej zawartosci wody W. Podczas
zamarzania wody w gruncie w warunkach labora-
toryjnych mozliwe jest przechtodzenie do tempera-
tury spontanicznej nukleacji T_. W temperaturze T
zarodki krystalizacji formuja si¢ i rosng do krytycz-
nych rozmiaréw, rozpoczynajac krystalizacje [2].
W wyniku uwolnienia ciepta utajonego L, tempera-

41



environment

Tomasz Koztowski, Marta Kolankowska, tukasz Walaszczyk

tura uktadu wzrasta do warto$ci réwnej temperatury
zamarzania T. Dalsze pozyskiwanie ciepta prowadzi
do obnizenia temperatury i sukcesywnego zamarza-
nia pozostatej niezamarznigtej wody zgodnie z linig
AC przedstawiong na rysunku 2, bedaca wykresem
funkcji w, = w (T).

Zatem temperatura zamarzania T, jest waznym
parametrem, wskazujacym na stan uktadu (nieza-
marzni¢ty lub zamarzniety). Nalezy zauwazy¢, ze
w przypadku uktadu woda-grunt okreslenie ,,zamar-
znigty” odnosi si¢ do sytuacji, gdy pewna niezerowa
ilo$¢ lodu jest obecna w systemie. W rzeczywisto-
$ci w gruncie ponizej —40°C [3] pewna ilos¢ wody
pozostaje niezamarzni¢ta. Jej ilo$¢ jest praktycznie
niezalezna od temperatury i nazywa si¢ woda nieza-
marzajgcg W . Jest ona czgsto okreslana jako woda
silnie zwigzana. Wartos¢ T, zalezy przede wszystkim
od catkowitej zawartosci wody w uktadzie, a doktad-
na postac tej funkcji wynika z wiasciwosci termody-
namicznych systemu, ktorych praktyczne okreslenie
jest bardzo problematyczne [4].

Nalezy jednak podkresli¢, ze funkcja zawartoSci
wody niezamarznigtej W (T) powinna by¢ zgodna
z wartoscig T,. Innymi stowy, nastgpujace warunki
powinny by¢ spetnione (1).

W zwigzku z tym, zaréwno funkcje T, = f(w), jak
1w, = w(T) nalezy uzyska¢ do$wiadczalnie (jest to
czasochtonne i wymaga specjalnego sprzetu) lub wy-
korzysta¢ model obliczeniowy dla w , spetniajgcy wa-
runek (1) w stosunku do T, otrzymanego innym sposo-
bem (do$wiadczalnie lub empirycznie). Taki model zo-
stal opisany w [5] (2), gdzie W jest zawartoscig wody
niezamarzajacej, a T jest granicg intensywnych prze-
mian fazowych (odpowiadajacg punktowi C na rys. 1);
stwierdzono, ze dla potrzeb techniki wystarczajaca jest
przyblizona wartos¢ T _=-12°C [5].

W przypadku braku danych doswiadczalnych do-
tyczacych temperatury zamarzania, nalezy zasto-
sowa¢ jedno z réwnan empirycznych. Koztowski
[2] przedstawil rownanie empiryczne oparte na do-
ktadnych wynikach przebiegu ciepta uzyskanych
metodg DSC. Temperatur¢ zamarzania obliczono
w potaczeniu z krzywymi wody niezamarznigtej jako
wewnetrzne parametry. Temperatura krzepnigcia
T, bylta okreslana jako temperatura poczatkowa ostat-
niego niezerowego impulsu cieplnego na rozktadzie
rzeczywistych impulsow termicznych. Analiz¢ staty-
styczng otrzymanych wynikéw uzyskano na podsta-
wie nastepujacych réwnan empirycznych (3), gdzie
W, to granica plastycznoSci gruntu. Wspotczynnik
korelacji uzyskany dla réwnania 3, w odniesieniu do
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danych eksperymentalnych (137 probek wzorcowych
szeSciu modeli gruntow) byl niespodziewanie wyso-
ki (R = 0,933). Weryfikacja modelu wykonana dla 33
wynikow uzyskanych przez innych badaczy wyka-
zala, ze $redniokwadratowy biad przyblizenia T, za
pomoca réwnania (3) wynosit 0,31K [2].

Zawarto$¢ wody niezamarzajacej odpowiada wo-
dzie zaadsorbowanej na ptaskich powierzchniach mi-
neraléw ilastych 1 moze by¢ okreslona doswiadczal-
nie jako zawarto$¢ wody higroskopijnej, na przyktad
przez sorpcje nad 10% roztworem kwasu siarkowego
przez 10 dni [3]. Moze ona by¢ takze okre§lona przy
uzyciu jednego z nastepujacych réwnan empirycz-
nych [5] (4), (5).

Mozliwos$ci prognostyczne modelu zaleza od ja-
kosci danych dotyczacych temperatury zamarzania
oraz wody niezamarzajacej, jak rdwniez badan la-
boratoryjnych dla rozwazanego przypadku. Znajac
zaleznosci empiryczne opisane rownaniami (3)-(5)
1 stosujac zestaw rownan (2)-(5) mozna opisa¢ zmien-
nos¢ zawarto$¢ wody niezamarzajacej z dostateczng
doktadnoscig (przy zatozeniu, ze wlasciwosci fizycz-
ne, takie jak granice konsystencji i powierzchnia wia-
sciwa, sg znane). Weryfikacja tych zalozen zostata
oparta na danych empirycznych zawartych w [5].

Ogodlnie rzecz biorac, przewodnos¢ cieplna gruntu
zalezy od wilgotnosci, gestosci szkieletu gruntowe-
go, sktadu mineralnego, ksztattu czastek oraz innych
czynnikéw o mniejszym znaczeniu. W kazdym przy-
padku, wykorzystanie wartosci A bez uwzglednie-
nia co najmniej dwoch czynnikéw z wymienionych
czynnikéw prowadzi do znacznych btedéw oblicze-
niowych. Wzory empiryczne Kerstena przedstawione
przez Farouki [7] uzyskano dla 19 zar6wno zamarz-
nigtych, jak i niezamarznigtych naturalnych gruntow
1 pokruszonych skat o réznych wilgotnosciach. Row-
nania te opisujg przewodno$¢ cieplng A w zaleznosci
od gestosci szkieletu gruntowego p, 1 catkowitej wil-
gotnosci W, oddzielnie dla niezamarznigtych (+4°C)
1 zamarznigtych (—4°C) probek.

Dla niezamarzni¢tych gruntéw spoistych (6) i za-
marznietych gruntéw spoistych (7). Dla niezamar-
znigtych gruntoéw niespoistych (8) i zamarznietych
gruntéw niespoistych (9). W réwnaniach (6)-(9)
A jest wyrazona w W/mK, a p, w g/cm’.

Dla gruntéw w temperaturze powyzej temperatury
krzepnigcia mozna poming¢ zalezno$¢ przewodnosci
cieplnej od temperatury, bez istotnych konsekwen-
cji dla wigkszosci zastosowan technicznych. Jednak
ta zaleznos¢ moze by¢ znaczaca ponizej temperatu-
ry zamarzania [8], poniewaz sktad fazowy systemu
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wodno-gruntowego jest zalezny od temperatury. Nie-
stety, wydaje si¢, ze na chwile obecng nie istnieje nie-
zawodne rozwigzanie.

Wreszcie, nalezy zwrdci¢ uwage na pojemnosé
cieplng C. Jest ona modelowana jako $rednia wazona
pojemnosci cieplnych sktadnikéw gruntu. Jak wspo-
mniano wczesniej, temperaturowa zaleznos¢ ciepta
wiasciwego sktadnikéw gruntu, tj. szkieletu grunto-
wego C, wody C, i lodu ¢, moze zosta¢ pominigta.
Najczesciej warto$¢ ¢, przyjmuje si¢ 4100 J kg' K,
ac, 2100 Jkg"' K. Jednakze, istniejg rOwnania em-
piryczne opisujace ciepto wiasciwe wody 1 lodu jako
funkcje temperatury T. Dla wody mozna uzy¢ wzo-
ru Robertsa [9] (10), a dla lodu wzoru Dickinson i
Osborne’a [9] (11).

Zgodnie z rownaniem (10) nie ma koniecznosci
uwzgledniania zaleznos¢ ¢, od temperatury. Na przy-
ktad dla 5°C uzyskuje sie 4197 J kg! K!, a dla -5°C
4214 T kg!' K''. Akceptowalne jest zatem przyjecie
dla 0°C wartosci ¢ = 4200 J kg'' K''. Bardziej istot-
na jest liniowa zalezno$¢ ¢, od temperatury; C, , dla
0°C rowne 2117 T kg' K, a dla-10°C 2039 J kg! K.
Jednakze réznica jest mniejsza niz 4% catkowitej
wartosci C,,, co pozwala na przyjecie statej wartosci
2100 J kg K*!, odnoszace sie do okoto -2,2°C.

Nastepna, powszechnie akceptowana wartos¢
c, = 840 J/gK, odnosi si¢ do temperatury okoto
+20°C. Ochsner i inni [10] oszacowali ¢, dla czte-
rech réznych gruntow w 20°C, uzyskujac warto-
$ci pomiedzy 801 a 895 J kg! K'!. Jednak wedlug
Koztowskiego [11], ktéry badat temperaturowa
zalezno$¢ ¢, dla trzech monomineralnych gruntow
miedzy —40°C do +25°C, cieplo wilasciwe gruntu
maleje wraz z temperaturg od 2 to 5 J kg! K!' na
stopien Kelvina, w zaleznos$ci od sktadu mineralne-
go. Dlatego, rezygnujac z pelnej zaleznosci od tem-
peratury, racjonalne jest przyjecie dwoch wartosci
dlac:790 Jkg' K dlaT>T, oraz 750 kg K- dla
T < T, obliczonych odpowiednio dla +5°C i —5°C,
lub statej wartosci 770 J kg! K! zamiast warto$ci
840 J kg K! podawanej w literaturze.

3. Omowienie i analiza

Przyktad zastosowania modelu do analizy proble-
mu wymiany ciepta w warunkach naturalnym zosta-
nie przedstawiony za pomoca wielowarstwowego
profilu gruntu. Profil od gory: 0,3 m piasek pylasty,
0,4 m glina, 0,3 m it pylasty i 7,0 m piasek drobny.
Wiasciwos$ci gruntow pokazano w tabeli 1. Jako wa-
runek brzegowy wzdtuz powierzchni gruntu przyjeto
$rednie dobowe temperatury pomiedzy 1 listopada

2002 a 25 stycznia 2003 r. zarejestrowane w stacji
meteorologicznej w Kielcach. W przedstawionej sy-
mulacji pominigto efekt izolacyjny pokrywy $nieznej,
jednakze w programie Daisy 2.0, wszystkie warstwy
izolacyjne mogg by¢ brane pod uwage.

Na rysunku 2, wahania temperatury na gtgbokosci
0,5 mi 1,0 m sg pordwnane z temperaturg powie-
trza. Zmiany temperatury 0,5 m pod powierzchnig
s3 zgodne ze zmianami temperatury powietrza, choc¢
amplitudy sg widocznie mniejsze. Natomiast tem-
peratura na powierzchni praktycznie nie wptywa na
temperature na gltebokosci 1,0 m.

Na rysunku 3 przedstawiono przebieg strefy rze-
czywistego przemarzania. To oznacza rzeczywi-
sta gltebokos¢ mrozu, w przeciwienstwie do trady-
cyjnych glebokosci, okreslanych jako glebokos¢
zerowej izotermy. Innymi stowy, 16d jest obecny
w gruncie. Moznazauwazy¢, ze w przypadku gdy grunt
onizszej temperaturze zamarzanialezy powyzej gruntu
o temperaturze zamarzania blizszej do 0°C, ten ostat-
ni zaczyna zamarza¢ wczesniej. Taki paradoksalny
stan moze utrzymywac si¢ przez stosunkowo dhugi
okres. Podobnie gdy na powierzchni po okresie mro-
zu wystepuja dodatnie temperatury, grunty o nizszej
temperaturze zamarzania moga odmarznaé wcze-
$niej, nawet jesli zalegajg glebie;j.

Rozroznienie migdzy rzeczywista a tradycyjna
glebokos$cig przemarzania jest niezbedne. Ta pierw-
sza wydaje si¢ bardziej odpowiednia w problemach
inzynierskich. Rozwazmy przyktadowo problem do-
tyczacy rozmarzania gruntu. Poniewaz rozmarzanie
gruntu postepuje w glab ponizej powierzchni drogi,
woda roztopowa nie moze przenikng¢ zamarznigtego
gruntu. Uwieziona woda zwigksza wilgotnos$¢ gruntu
bezposrednio pod nawierzchnia, zmniejszajac jej no-
$nos¢. Do czasu przywrocenia $ciezki drenazu, obcia-
zenia powinny by¢ ograniczone, aby zapobiec znisz-
czeniu nawierzchni. Rzeczywista glebokos$¢ odwilzy,
analogicznie jak w przypadku rzeczywistej glebo-
kosci przemarzania, oznacza obszar, w ktérym 16d,
zwiekszajacy wytrzymatos¢ podtoza, jest nieobecny.
Ponadto strefa rzeczywistego przemarzania gruntu
odpowiada obszarowi, w ktorym przepuszczalno$¢
pozostaje zmniejszona. Wiedza na temat zmian gru-
bosci obu warstw zamarznigte] i niezamarznigtej
w funkcji czasu umozliwia tymczasowq reorganiza-
cje ruchu drogowego. W tym przypadku tradycyjne
glebokosci przemarzania i odwilzy wydaja sie by¢
nieuzasadnione, poniewaz nie podaja informacji na
temat faktycznego rozmieszczenia lodu.
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Whioski

Przedstawiony model radzi sobie z jednowymia-
rowymi problemami, a jego efektywnos¢ zostata
zweryfikowana poprzez poréwnanie obliczonej
glebokos$ci przemarzania z warto$ciami zmierzo-
nymi w warunkach laboratoryjnych oraz uzyska-
nymi przy zastosowaniu wzoru Stefana. Zgodnos¢
jest zadowalajaca. Model moze by¢ szczegolnie
przydatny w symulacji problemow z warstwowymi
przekrojami podtoza gruntowego i temperaturg po-
wietrza zmieniajaca si¢ w skomplikowany sposob.

. Wyniki symulacji numerycznej wykonanej dla

wielowarstwowego profilu podtoza gruntowego
wskazuja na wystepowanie rzeczywistej glteboko-
$ci przemarzania w przeciwienstwie do tradycyj-
nej, utozsamianej z gltebokoscig zerowej izotermy.
Lod jest obecny tylko w obrebie strefy rzeczywi-
Scie zamarznigtego gruntu. Rozrdznienie miedzy
rzeczywistg a tradycyjna glebokos$cia przemarzania
jest niezbedne i powinno by¢ brane pod uwage przy
rozwigzywaniu wielu probleméw inzynieryjnych.
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TREATMENT PLANT IN £ODZ

Abstract

The paper presents the results of research on the use of sewage sludge ash as a sorbent. Sewage sludge ash applied for
research was from the incineration plant of sewage sludge and screenings from the Group Wastewater Treatment Plant
Metropolitan Area £odz. The research on the sorption was being conducted with the methylene blue about concentration

of 1, 2, 3, 5 and 7 mg/dm?. The best sorption ability of dye equalled 70%, when dye concentration was 2 mg/dm’.

Keywords: sorption, sewage sludge ash

1. Introduction

Currently in Poland continuous increase in the amount
of sewage sludge generation is a serious problem in its
management. Entering with effect from 1 January 2016
a prohibition of landfilling sewage sludge as defined in
Regulation [1] caused that the management of sewage
sludge is a complex problem in terms of environmental,
technical and economic points of view.

Inview ofthe physicochemical properties, application
of sewage sludge in agriculture is limited. This is
mainly due to permissible concentrations of heavy
metals, which have been defined in the Regulation of
the Minister of the Environment on municipal sewage
sludge [2].

Due to the limitations of use and management of
sewage sludge thermal methods are increasingly used.
The very important argument for the use of thermal
methods is full understanding of the basics of the process
and techniques of post-processing of the resulting
products. In addition, the chemical composition and
the percentage of combustible components of sewage
sludge allow the use of thermal methods [3-5].

The popular disposal method of sewage sludge ash
is landfilling. An alternative to landfilling of sewage
sludge ash may be its use as a sorbent, for example, in
wastewater treatment.

Sorption is a process of simultaneous retention of
contaminants on the surface of a solid (adsorption) and
inside the pores of the particles dissolved in the solution
by the action of electrodynamic and electrostatic
interactions [6-7].

The aim of the study was to evaluate the sorption
properties of the sewage sludge ash.

2. Materials and Methods

In this research the sewage sludge ash (Fig. 1)
from thermal stations treatment of sewage sludge and
screenings, located in Group Wastewater Treatment
Plant Metropolitan Area £.6dz, was used.

Fig. 1. The researched sewage sludge ash
(photo by M. Anasiewicz)
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The morphology analysis of sewage sludge ash was
performed with using a scanning electron microscope
JELO JSM 5400.

The sorption study of sewage sludge ash was carried
out by static method. Weighed into Erlenmeyer flasks
of 100 ml of 1 g dry matter of sewage sludge ash.
Then, it was mixed with the prepared solution of the
dye (methylene blue), respectively at 1, 2, 3, 5 and
7 mg/dm3. The concentration of the dye was found
experimentally at an optimal level when it can be
measured by spectrophotometer method. Then, the
samples were shaken for 4 hours at a constant agitation
rate of 100 rpm on a laboratory shaker.

After a set time, the samples were filtered. The
concentrations of dye were determined by using
spectrophotometer AQUAMATE Thermo Scientific,
at a wavelength of 650 nm [8].

3. Results and Discussion

The majority of grains of sewage sludge ash were
of irregular shapes and size. Dominated forms similar
to the cuboid, spherical forms were very rare (Fig. 2).

Fig. 2. SEM of sewage sludge ash from wastewater
treatment plant in £6dz [9]

Fig. 3. Reduction of methylene blue by sewage sludge ash
from the Wastewater Treatment Plant in £.6dz [9]
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The largest 70% of the sorption capacity of the sewage
sludge ash was found when the dye concentration was
2 mg/dm’. For the dye concentration of 7 mg/dm? the
percentage reduction was the lowest — less than 50%
(Fig. 3).

The difference in the percentage of reduction in
the concentration of the dye between the largest and
the smallest percentage reduction amounted to more
than 21%. Percent reduction of the dye solution at a
concentration of 3 and 4 mg/dm?® was very similar to
each other. The difference between them was 1.66%.

For the results of research on the sorption of
methylene blue linear regression coefficient R? was
equal to 0.78. The line was well matched to the
results and the average percent reduction for each
concentration of dye was presented (Fig. 3).

The appropriate adsorption was calculated using
the formula [10]:

Ao (c,—c)-V )
m
where: ¢, and ¢ — concentration before and after
sorption [mg/dm’], V — volume of solution of
concentration €, [dm*], m — weight of sewage sludge
ash [g].

Table 1. The appropriate adsorption for sewage sludge ash
from the wastewater treatment plant in £.6dz [9]

Concentration of methylene blue [mg/dm’]
1 2 3 5 7
0.064 0.059 0.183 0.297 0.341

Appropriate adsorption

4. Conclusions

The study showed that the sewage sludge ash from
the Group Wastewater Treatment Plant Metropolitan
Area £.0dz had the best ability for sorption of the dye
2 mg/dm’, and the lowest for 7 mg/dm°.

Aftertheresearchitwas found thatsewage sludge ash
can be used as a sorbent. However, it is recommended
that the sewage sludge ash is chemically modified for
example using a solution of a strong alkali. The aim
it is to increase the porosity and sorption capacity of
sewage sludge ashes [11].
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Ocena wtasciwosci sorpcyjnych popiotu z osadow
sciekowych z oczyszczalni Sciekow w Lodzi

1. Wprowadzenie

Z powodu ograniczen w wykorzystaniu i zago-
spodarowaniu osadow Sciekowych coraz czesciej
stosuje si¢ metody termicznego ich przeksztalcania.
Bardzo waznym argumentem przemawiajacym za
stosowaniem metod termicznych jest pelne opano-
wanie podstaw procesu oraz technik oczyszczania
powstatych produktow poprocesowych. Ponadto
powstajace koncowe produkty w postaci popiotow
1 zuzli nie stanowia potencjalnego zagrozenia dla lu-
dzi i srodowiska [3—5].

Alternatywa dla zagospodarowania popiotow po
termicznej utylizacji osadow Sciekowych moze by¢
ich wykorzystywanie jako sorbentu w procesie sorp-
cji na przyktad w oczyszczaniu sciekow.

Celem badan bylo okreslenie wlasciwosci sorp-
cyjnych popiotu powstatego w procesie termicznego
unieszkodliwiania osadow s$ciekowych.

2. Materiaty i metody

W badaniach wykorzystano popiot ze spalania osa-
dow $ciekowych (rys. 1) ze stacji termicznego prze-
ksztatcania osadow $ciekowych i skratek znajdujacej

sic na terenie Grupowej Oczyszczalni Sciekow
Lodzkiej Aglomeracji Miejskie;j.

Za pomoca elektronowego mikroskopu skaningo-
wego JELO JSM 5400 wykonano analize morfolo-
gii popiotu z osadow $ciekowych.

Badanie sorpcji popiotu z osadow Sciekowych
prowadzono metoda statyczng. Odwazono do kolb
Erlenmayera o pojemnosci 100 ml po 1 g s.m. po-
piotu z osadow $ciekowych. Nastepnie wymieszano
go z przygotowanym roztworem barwnika (btekit
metylenowy) odpowiednio o stezeniu 1, 2, 3, 5
i 7 mg/dm’. Nastgpnie probki umieszczone zosta-
ly na wytrzasarce laboratoryjnej na 4 godziny przy
statej szybkosci wytrzasania 100 obrotéw na mi-
nute. Po uptywie zadanego czasu probki poddano
przesaczaniu. W przesgczonym roztworze metoda
spektrofotometryczng oznaczono stezenie barwni-
ka. Pomiar zostal wykonany na spektrofotometrze
AQUAMATE Thermo Scientific przy dtugosci fali
650 nm [8].

3. Dyskusja wynikow

W popiele z osadéw Sciekowych dominowaly
ziarna nieregularne o réznych ksztattach i wielko-
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Sci. Przewazaly formy zblizone do prostopadtoscia-
néw, formy kuliste byty bardzo rzadkie (rys. 2).

Najwigksza, 70-procentowg zdolno$¢ sorpcyjng
popiotu z osadow Sciekowych stwierdzono, gdy ste-
zenia barwnika miato warto$¢ 2 mg/dm?. Dla stezenia
barwnika 7 mg/dm? procent redukcji byt najmniejszy
—mniej niz 50% (rys. 3).

4. Wnioski

Przeprowadzone badania wykazaly, ze popiot
z osadow S$ciekowych z Grupowej Oczyszczalni
Sciekéw Lodzkiej Aglomeracji Miejskiej najlepsza
zdolnos$¢ sorpcyjna wykazywat dla stezenia barwnika
2 mg/dm’, a najmniejsza dla 7 mg/dm®.

Po przeprowadzonych badaniach stwierdzono,
ze popioly z osadow $ciekowych mozna stosowac
w charakterze sorbentu. Jednak zaleca sig¢, aby po-
pidt z osadow Sciekowych modyfikowa¢ chemicznie
na przyktad za pomocg roztworu mocnej zasady. Ma
to na celu zwigkszenie porowatosci oraz pojemnosci

sorpcyjnej popiotow [11].
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