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Abstract

In this study, a mathematical model has been developed in order to avoid possible
chart and reading errors of the abacas used to determine the thickness of the airport
concrete pavement slab layer. The least squares method was used for the established
model. R? was calculated as 0.91 in the model developed with 1450 abaca reading data
obtained by the literature. Because of the study, it was observed that the model
established to determine the thickness of airport concrete pavement slab layer has a
high regression coefficient. With the developed model the thicknesses of the layer
were modelled with an average error of 3.5% using the strength in psi unit of the
concrete used for the pavement, the subgrade reaction modulus coefficient, the
number of takeoffs per year and the design plane weight parameters.

Keywords: Airport pavement design, Least squares method, Concrete layer thickness.
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Eriskin, E., Terzi, S., & Kiigiikcapraz, B., 2019

Havaalan1 Ustyap1 Tabaka Kalinliklarinin Matematiksel
Olarak Modellenmesi

Oz

Bu calismada, havaalami tistyapr beton plak tabaka kalinliklarmin belirlenmesi
amactyla kullanilan abaklarin olasi abak ve okuma hatalarinin éniine gegmek amagh
olarak matematiksel bir model gelistirilmistir. Kurulan model i¢gin en kiigiik kareler
yonteminden faydalanilmustir. Literatiir tarafindan elde edilen 1450 abak okuma
verileri ile birlikte kurulan modelde R? 0.91 olarak hesaplanmistir. Yapilan ¢alisma
sonucunda havaalani iistyapi beton plak tabaka kalinliklarini belirlemek i¢in kurulan
modelin yiiksek bir regresyon katsayisina sahip oldugu goriilmiistiir. Elde edilen
model ile birlikte; havaalaru tistyapisi i¢in kullanilan betonun psi biriminden
dayanimi, dogal zemin yatak katsayisi, yillik kalkis sayisi ve tasarim ugak agirligi
parametrelerine bagl olarak beton plak tabaka kalinliklar: ortalama %3.5 hata ile
modellenebilmistir.

Anahtar kelimeler: Havaalani iistyap: tasarimi, En kiiciik kareler yontemi, Beton plak tabaka
kalinlig.
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Mathematical modelling of airport pavement layer thickness

1. Introduction

Airport pavement are very important
buildings since very expensive air
vehicles use them. Any deflection on the
pavement can cause a very serious crash.
Therefore, the pavement’s parameter
should be calculated correctly and the
pavement should build without any
mistake. The vehicles using the
pavement are very heavy objects and
therefore rigid pavements are preferred.

During the 1 World War, the
importance of the airport pavement
design method has been increased. To
take off and land the planes, paved
ground is needed. So, the highway
pavements are used after the needed
tests. When the planes weight increased,
the pavement type changed to rigid
pavement. To design the thickness of the
pavement, airport pavement design
graphs are obtained based on plane
weights, gear geometries, environmental
factors and grounds specifications
(Okur, 2008; Yoder & Witczak, 1975).

Airport pavement design methods are
divided into two methods: (i) empirical
(if) The
methods are based on experience and
experimental test results. Based on these,
tables, charts and graphs are prepared to
determine the thickness of the pavement
slab layer. Analytical methods instead,
take especially the
mechanical properties of the materials
used for the construction, in addition the
estimated trafficload and environmental
conditions, and based these
parameters, the slab layer thickness is

and analytical. empirical

into account

on
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obtained with the help of a computer
program (Okur, 2008).

The oldest known design method is the
CBR method. The design method
changed in time like Portland Cement
(PCA),
Department of Transportation (CDOT),
Federal Aviation Administration (FAA)
methods (Okur, 2008; Kok, 2008).
Nowadays, the development of the

Association Canadian

design method more shifted to artificial
intelligence. For example, Kiigiikcapraz
(2019) in his thesis, used fuzzy logic to
determine the airport pavement slab
layer thickness.

Any abaca to determine the layer
thickness is very useful. However, while
using the abaca, there can occur some
possible mistakes because of the abaca
plotting mistakes or while reading the
abaca. In addition, it is very time
consuming and needs a lot of attention.
Therefore, Kiigiikgapraz’s (2019) study is
very useful because the probability of
occurrence of the mistakes are reduced.
Nevertheless, it still takes time to train
and use it. Moreover, it needs many
data.

This study focusses on the development
of a mathematical formula for
calculating the layer thickness of the
airport pavement slab. Therefore, the
data set of the Kiigiikgapraz's (2019)
thesis are used. As a result, a global
useable formula is obtained.
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2. Data Set and Method
2.1. Data set

The data used for this study is obtained
from Kiiciikcapraz (2019) thesis. The
data set consists of five parameters. Four
of them were used as input parameter
and the last one, the output
parameter, was the slab layer thickness.
The input and output parameters are

as

obtained using the single wheel gear
abaca (Figure 1) reading. The abaca seen
in Figure 1 start with determining the

SINGLE WHEEL GEAR

concrete’s flexural strength (1 psi is
equal to 6.89 kPa). After determining the
strength, the subgrade reaction modulus
coefficient (1 pci is equal to 271.45
kN/m3) is obtained by drawing a straight
line to right. When the coefficient is
obtained, a straight line to up or down
based on the plane weight (1 lbs is equal
to 0.45 kg) is drawn. Last of all, a straight
line to right is drawn till the annual
departure line is crossed. Moreover, the
reading obtained at last is the slab layer
thickness (1 in is equal to 2.54 cm).

Annual Departures
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Figure 1. Slab thickness determining abaca for single wheel gear (FAA, 1995)

To create the data set, the concrete
strength value is random selected
between 500 and 900. The ground
coefficient is random selected between
50 and 500. 10 different design plane
weights are determined and used as
13620, 15890, 18160, 20430, 22700, 24970,
27240, 29510, 31780 and 34050 kg. Last of
all five different annual departure
counts are used as readable from the
abaca as 1200, 3000, 6000, 15000 and
25000. All the created data is random
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combined and 1450 random selected
data set is obtained by Kiiciikcapraz
(2019). 80% of the obtained data set were
used as training data and the rest 20%
were used for testing data. In this study,
the model is also
developed based on the Kiigiik¢apraz’s
(2019) training data and tested using the
test data To develop of the
mathematical model, least squares
method is used.

mathematical

set.



Mathematical modelling of airport pavement layer thickness

2.2. Least squares method

Estimation methods are generally based
on mathematical and statistical methods.
Tendency analysis is the expression of
the trend defined as the long-term trend
of a time series with a line or a curve
(Yalginoz et al., 2000). Here the trend of
a data set is obtained based on least
squares method. Least squares method
aims to find the best solution by
minimising the sum of the squares of the
errors (Equation 1).
S=3L(—9)? 1)
Where, S is the sum of the errors square,
y; is the real data and J; is the obtained
data (Chapra & Canale, 2003; Akdeniz,
2002). In this study, the linear approach
given below is used. The linear approach
based on that the relation between the
variables and can be formulated using
Equation 2 (Chapra & Canale, 2003;
Akdeniz, 2002; Hengirmen, 1999).
y=ax+b (2)
When the least squares method is used
to zero the error than the Equation 3 and
4 is obtained. In addition, by solving the
equations, the a and b coefficients can be
obtained.

an+bYi x; =X, Y 3)

a¥i x +b Y, % = N, Xy 4)

3. Mathematical Model

The slab layer thickness can be obtained
based on (i) design plane characteristics,
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(i) annual departures, (iij) concrete
flexural strength and (iv) subgrade
reaction modulus coefficient (Bayram,
2006).

When the abaca in Figure 1 examined,

concrete  flexural strength, plane
weights, annual departures and layer
thickness However, the

subgrade modulus  is

are linear.

reaction
polynomial. So, the main form of the
excepted formula is shown in Equation
5.

ap + a;x; + ax;

Y= {+a32x2 +a,3x, + asx; + a6x4} )
Where, y is the layer thickness in cm, x;
is the concrete flexural strength in psi, x,
is the subgrade reaction modulus in pci,
x3 is the plane weights in kg and x, is the
annual departure counts. a; {i = 0 ...6} is
the coefficients. As mentioned above,
because subgrade reaction modulus is
polynomial, the coefficient is third order
polynomial predicted. With the help of
EXCEL software’s solver tool, the least
squares method was able to be applied.
As a result, Equation 6 is obtained for
calculating the layer thickness.

24.747 — 0.019x; — 0.03x,

y =< +0.0719%x, + 0.23053x, (6)
+0.0005x3 + 0.0001x,
As seen from Equation 6, annual

departure counts have the less impact on
the layer thickness. The comparison of
the calculated thickness values using
Equation 6 and obtained thickness
values from abaca are shown in Figure 2
and 3.
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Mathematical Modelling of Airport Pavement Layer Thickness

As seen in Figure 2 and 3, the thickness
values are close to values obtained by
abaca reading. In addition, for both,
training and test data set, the regression
between the data are very high, ~91%.
Last of all, the error obtained from
calculation has an average of 3.5% which
is very low.

4. Conclusion

In this study, it is focused on developing
a novel equation to
calculate the layer thickness based on
concrete  flexural strength, plane
weights, departures  and
subgrade reaction modulus. There is
some abaca to determine the layer
thicknesses but it is both time consuming
easy So,
suggesting a mathematical model can

mathematical

annual

and to make mistakes.

handle these handicaps.

For developing the equation, data set of
Kiigiikcapraz (2019) has been used. As a
result of the development, thickness
values got close to the abaca read
thickness values with a regression
coefficient of 91.85%. After developing
the equation using the training data set,
the equation attempted for the test data
set. Also using the equation for these
data set gave a high regression value of
91.15%. The average mistake was 3.5%
which is very low. So, the developed
mathematical model could be used to
determine the slab layer thickness for
airport pavements.
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Oz

Geleneksel bittimlii karigimlar yalitkan bir 6zellik gostermektedir bununla birlikte bu
tip bittimlii sicak karisimlarin iletkenligi karisim igerisine iletken malzemeler ilave
edilerek gelistirilebilir. Bu malzemeler bitiimlii baglayicinin igerigine toz orak
eklenen iletken maddeler olabilecegi gibi agregaya eklenen iletken lif ve ciiruf gibi
maddeler de olabilir. Yalnizca agrega, karbon lifi ve karbon siyahi gibi katkilarla
iletken bitiimlii karisimlar olusturulabilir. Fakat asfalt karisimlardaki bitiim miktar1
arttikca iletkenlik 6zelliginde azalma meydana gelir. Bu durum 6zellikle igerigindeki
bitiim miktar1 yiiksek olan tas mastik asfalt (TMA) gibi bitiimlii karisgtmlarda problem
olusturur. Genellikle tas mastik asfalt karisimlar karayollarinin koprii ve tiinel gibi
kesimlerinde siklikla tercih edilmektedir. Bu ¢alisma kapsaminda laboratuvarda 3
farkli seri olarak hazirlanmis TMA numunelerinde elektriksel iletkenlik 6zellikleri,
ozdireng ve sabit elektrik gerilimi (20 Volt) ile Isitma deneyleri sonucunda bulunan
degerler karsilastirilmis ve TMA karisimlarda karbon lifinin elektriksel 6zelliklerin
gelistirilmesinde oldukga etkili oldugu goriilmiistiir.

Anahtar kelimeler: Elektriksel iletkenlik, Tas mastik asfalt (TMA), Karbon siyahi, Karbon
lifi, Buzlanma 6nleme.
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Giirer, C., & Elmaci, A., 2019

Investigation the Effect of Carbon Black Additive
Bitumen on Electrically Conductivity Properties of Stone
Mastic Asphalt Mixtures

Abstract

Conventional bituminous mixtures have insulating properties, although the
conductivity of such bituminous hot mixtures can be improved by adding conductive
materials into the mixture. These materials may be conductive materials added to the
contents of the bituminous binder, such as dust, sickles, conductive fibers and slag
added to the aggregate. Conductive bituminous mixtures can only be formed with
additives such as aggregate, carbon fiber and carbon black. However, as the amount
of bitumen in the asphalt mixes increases, the conductivity decreases. This situation
creates problems especially in bituminous mixtures such as stone mastic asphalt
(SMA) with high bitumen content. Stone mastic asphalt pavements are frequently
applied in sections such as bridges and tunnels where icing occurs most rapidly. In
this thesis, electrical conductivity properties, resistivity and heating via constant
electric voltage (20 Volt) tests results were compared with the samples prepared in 3
different series and it was concluded that the carbon fiber was found to be highly
effective in the development of electrical properties in the SMA mixtures.

Keywords: Electrical conductivity, Stone mastic asphalt (SMA), Carbon powder, Carbon
fiber, Anti-icing.

66



Karbon siyahi katkili bitiimlerin tas mastik asfalt karisimlarda elektriksel iletkenlik Ozelliklerine olan etkisinin

aragtirilmast

1. Giris sicakligimin  ¢ok  diisiik  olmadig:
sartlarda fayda saglamaktadir (Agar &

Kis aylarindaki kar, buz firtinas;,  Kutluhan, 2005). Kopriiler,

buzlanma  vb. etkiler = karayolu karayollarinin yatay ve diisey kurp

ulasiminda 6nemli problemlere neden
olmakta ozellikle koprtii, tiinel ve diisey
kurp gibi yol trafik
sikisikligina ve havalimanlarinda ugus

kesimlerinde

iptallerine neden olabilmekte bu da
biiyiik maddi ve manevi kayiplara yol
agmaktadir (Liu, Wu, Ye, Qiu, & Li, 2008;
Wu, Mo, Shui, & Chen, 2005). Bundan
dolay1r yol ylizeyindeki kar
buzlanmanin zamaninda kaldirilmasi ve
yolun giivenli bir sekilde trafige agilmas:
gecmisten bu yana en ¢ok ilgi duyulan
konularin basinda gelmektedir (Garcia,
Schlangen, van de Ven, & Liu, 2009;
Minsk, 1968). Ozellikle karli
buzlanmanin oldugu havalarda, yiiksek

ve

ve

tasit hizlarinda yol yiizeyi ile tekerlek
bandaji arasinda olusan siirtiinme
direnci ¢ok kiictik degerlere
inebilmektedir. Ingiltere’de yapilan bir
calisma kaplamanin kayma direnci
degerinde %10'luk bir iyilestirmenin,
yagish havalarda meydana gelen trafik
kazalarinda ~ %13’lik  bir
sagladigini ortaya koymustur (Giirer,
Diismez, Boga, & Akbulut, 2019; Giirer,
Diismez, & Demirci, 2015). Buzlanma ile
zamaninda miidahale sonucu trafik
kazalarin engellenmesi ve azaltilmasi,
ileriye doniik biiyiik bir maddi -manevi
Karayollarinda
buzlanma ile miicadelede acil eylem
plan1 yetersiz olan yerel yonetimler ve
yol idareleri bu tip olaganiistii hava
kosullarina yeterince hizli miidahale

azalma

kazanim  olacaktir.

edememektedirler. Kimyasal madde ve
kullanimi,  goriiniiste  diisiik
maliyetli bir ¢oziim olarak goriilmekte
bununla  birlikte hava

tuz

yalnizca
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kesimleri, yonca kavsaklar, tiineller ve
hastane acil servis ulagim yollar,
vb. yol kar
birikmesi ve buzlanma acisindan en
kritik olusturmaktadir.
Ozellikle koprii ve tiinel gibi yol
kesimlerinde, yiiksek yiik
kapasitesi, daha uzun omiirlii olusu ve
daha az bakim gerektirmelerinden
dolayr tas mastik asfalt (TMA)
karigimlar tercih edilmektedirler. Asma
koprii ve tiinel gibi karayolu gegcisleri
buzlanmanin diger yol kisimlarina gore
daha gerceklestigi kesimlerdir. Ozellikle
kopriiler her yonden hava sartlarina agik
yapilar  oldugu igin  kopriilerde
buzlanma, normal yol kesimlerine gore
daha hizli meydana gelir (Sekil 1).

kaldirimlar kesimleri
kesimleri

tasima

Sekil 1. Képriilerder ‘buzlanma
(Shepherd, 2017).

Geleneksel olarak kullanilan, kimyasal
soliisyon ve tuz wuygulama gibi
buzlanma ile miicadele yontemleri
koprii gibi yapilarin metal ve betonarme
tasiyic vererek,
telafisi gii¢ durumlara neden olabilirler.
Bundan dolayr bu gibi kesimlerde son

sistemlerine zarar
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yillarda iletken kablo ile kaplama 1sitma
sistemleri, asfalt ve soliisyon piiskiirtme
gibi sistemler giderek artan oranlarda
uygulanmaya baglamistir (Glirer et al,,
2015). Koprii kaplamalarn TMA
karisimlardan olustugu igin yiiksek
elektriksel iletkenlik
ozelligi tizerinde azalticl etki
yapmaktadir. Dolayisiyla TMA gibi
bitiimlii karigimlart elektriksel iletken
hale getirmede bitiim fazinin da iletken

bitiim  ytizdesi

olmasi veya iletken materyaller icermesi
bu agdan bakildiginda oldukga
onemlidir. Bu sayede iletkenlik 6zelligi
bitiim film kalinliginin artisiyla birlikte
azalmamis olacaktir Bu c¢alismanin
literatiirdeki en onemli farki ilk kez
baglayic1 fazinin da iletkenlige katkida
bulunan TMA

olusmasidir (Giirer & Glirgoze, 2017).

karisimlardan

Bu calismada TMA karisimlarda bitiim
ylizdesi artisiyla iletkenligin azalmasin
onlemek icin karbon siyahi katkili bitiim
numunesi hazirlanarak bu baglayic ile
TMA karisimlar iiretilmis ve elektriksel
iletkenlik etkileri
belirlenmistir.

tizerinde  olan

2. Materyal ve Yontem
2.1. Materyal

Calismada mineral filler ve ince agrega
olarak  Afyonkarahisar'da
gosteren KOLSAN ASden temin
edilmis kiregtast ve iri agrega olarak
Kiitahya Bolgesinden temin edilmis

faaliyet

bazalt kokenli agrega kullanilmistir.
Kullanilan agregalarin 6zellikleri Tablo
1’de verilmistir. Baglayict malzeme
olarak Afyonkarahisar Asfalt {iretim
edilmis B50/70
penetrasyon bitiimii kullanilmis olup

tesislerinden temin
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bitiim Ozellikleri Tablo 2’de verilmistir.
Ve bu bitiim ayrica agirlikca %14 karbon
siyahi ile 2 saat siire ile 185 °C’'de, tam
kesmeli bir karistirictyla 1800 dev/dk
hizda karistirmak suretiyle modifiye
edilmis ve baglayici olarak kullanilarak
TMA  karigim
uretilmistir. %14 karbon tozu miktar:
halen devam eden 17.KARTYER.206 nolu
AKU BAPK projesinin 2.ara rapor
sonuglarindaki bulgular esas almarak
belirlenmistir (Giirer, Akbulut & Boga,
2018). Bittimlerin modifiye edilmesinde
kullanilan ~ karbon  siyahlar1  ise
OZERBAND Konveyor Sanayi AS'den
temin edilmistir. Calismada kullanilan

iletken numuneleri

¢ farkl iletken TMA numune serilerine
ait Ozellikler Tablo 3'te ve gradasyon
araliklari ise Tablo 4’de verilmistir.

2.2. Yontem
Calismanin yontem akis semas: Sekil

2'de Deneysel c¢alisma
kapsaminda TMA numuneler iizerinde

verilmistir.

iki elektrot yontemi ile 6zdireng 6lgtimii
ve 20 Volt DC gerilim altinda 1sinma
deneyleri yapilmustir. Isinma deneyleri
tekli ve aymi seriden ikili numunelerin
birlestirilmesi ile tekrarlanmistir.
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Tablo 1. TMA karisimlarda kullanilan agrega 6zellikleri

Agrega Deneyleri

Iri Agrega Hacim Ozgiil Agirlik (>No:4) (gr/cm3)
Iri Agrega Zahiri Ozgiil Agirlik (>No:4) (gr/cm?)

Kirectas1 Bazalt
(ince (Kaba
Fraksiyon) Fraksiyon)
2,721 2,673
2,730 2,772

Ince Agrega Hacim Ozgiil Agirlik (No0:4-200) (gr/cm?) 2,186 -

Ince Agrega Zahiri Ozgiil Agirlik (No:4-200) (gr/cm?) 2,592 -

Mineral Filler Zahiri Ozgiil Agirlik (<N0:200) 2 560

(gr/em) /

Su Emme Deneyi (%) (>No:4) 04 4,0

Su Emme Deneyi (%) (No:4 — No:200) 4,0 8,7

Los Angeles Asinma Kaybi (%) 23,1 15,8

Darbelenme Kaybi (%) 5,03 3,50

NaSO, Donma Kaybi (%) 0,69 7,53

Karbon Siyahi BET Yiizey Alani (m’/gr) 87,1492
Tablo 2. Saf bitiim 6zellikleri

Ozellikler Degerler Standartlar

Temin Edilen Rafineri Aliaga -

Penetrasyon Sinifi 50/70 -

Penetrasyon (25 °C’de) 55,1 ASTM D5-06el

Ozgiil Agirlik 1,035 ASTM D70-09¢e1

Yumusama Noktasi (°C) 49,1 ASTMD36/D36M-09

Isitma Kayb1 (%) 2,2 ASTM D6-95

Parlama Noktasi (°C) 289 ASTM D5-06el

Diiktilite (5cm/dk) >100 cm ASTM D113-07

Viskozite (135 °C) (cP) 250.0

Viskozite (165 °C) (cP) 67,8 ASTM D4402-06

Tablo 3. TMA Numune serilerine ait ozellikler

. . %14 Karbon Siyahi
Seri Karbon Lifi Katlals Bitﬁr);
1 v
2 v v
3 v
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Tablo 4. TMA Serilerinin gradasyon 6zellikleri

__ Elek Boyutu %EG % Kalan
1mnc mm

1 25 100 0
% 19 100 0
n 12,5 100 0
3/8 9,5 85 15
No:4 475 35 65
No:10 2 25 75
No:40 0,425 17 83
No:80 0,180 13 87
No0:200 0,075 10 90

Karbon Siyahi Katkili Bitiimlerin Tag Mastik Asfalt Karigimlarda Elektriksel
iletkenlik Ozelliklerine Olan Etkisinin Arastirilmas

1. %14 KS Katkili Bitim Numunelerinin Uretilmesi ve Uretilen Bitiim
Numunelerinde Ozdireng Deneylerinin Yapilmasi ve iletken Materyal iceren
Bitim Numunesinin Belirlenmesi

2. TMA Marshall Numuneleri Uzerinde Ozdireng, Sabit Gerilim Altinda Tekl;,
ikili Numunelerde Sicaklik Degisimlerinin Belirlenmesi,

— =

3. SONUCAR

Sekil 2. Yontem akis semast

3. Bulgular

3.1 Ozdiren¢ Ol¢iim Sonuglart

Uretilen TMA Marshall numunelerinde

%14 karbon siyahi katkii bitiimiin
iletkenlik {izerindeki etkisini belirlemek
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icin tim numunelerde iki elektrot ile
distan yontemiyle 0Ozdireng
Ol¢timleri yapilmustir.

temas

Sekil 3 ve 4'de goriildiigii gibi %14
karbon siyahi katkili bitiimle {iiretilen

numunelerde %8,0 bitim oraninda
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Ozdiren¢ degerinin 1,7 Q.m degerine
diistiigii, oldukga iyi iletken malzeme
geldikleri goriilmektedir.
Yalnizca karbon lifi 1
numunelerine gore iki kat daha iyi
iletken haline gelmislerdir (Sekil 3). Seri

haline
iceren Seri

3 numunelerinde, iletken bilesen olarak,
yalmizca %14 KS katkil1 bitiim kullanimi
TMA hale
gelmesini  saglayamamistir. Bundan
dolay1 Seri 3’e ait grafik verilememistir.

numunelerinin  iletken

Seri 1
6.0
__ 50 m65
5 10 3.9 "7.0
= 3.2 34 3.3 3.2
g m/5
g 30 8.0
. .
1.0 mo0
0.0
6,5 7,0 75 8,0 85 9,0
Bitiim (%)
Sekil 3. Seri 1 TMA numunelerinin 6zdireng degisimleri
Seri 2
25 24 23
15 W65
— 20
. 1,7
E 16 17 m70
- 15 m75
§ 1.0 8.0
E‘ 85
0.5 =90
0.0
6,5 7,0 7,5 8,0 8,5 9,0

Bitiim (%)

Sekil 4. Seri 2 TMA numunelerinin 6zdireng degisimleri.

3.2 Sabit Gerilim Altinda Tekli
Numunelerin Sicaklik Artiglarinin
Belirlenmesi

71

Bu deney kapsaminda tekli numunelere
20 Volt gerilim verilerek sicakliklarda
meydana gelen degisimler kizilotesi



Giirer, C., & Elmaci, A., 2019

termometre ile numune ortasindaki {i¢
noktadan Olciilerek 10 dk’lik elektrik
gerilimine tabi tutulan asfalt briketi

numunelerindeki sicaklik degisimleri,
bitiim yiizdelerine gore, belirlenmistir
(Sekil 5).

Tekli Numuneler

W 250

2 200 19.2 .

g 15.0 13.2 14. 12 : W Seri 1

=0 ) 11.9

= 100 8.9 W Seri 2

= 5803 6.2 6.0

Z 50 32

P

w00 !

6.5 7.0 75 8.0 8.5 9.0
Bitiim %

Sekil 5. Tekli TMA numunelerin sabit gerilim altinda sicaklik degisimleri
En yiiksek sicaklik artislari, Seri 1 ‘de numune Ol¢limlerine gore azalma
%8,0 bitiim oraninda 5,4 °C olarak, Seri 2 gorilmiistiir. Bununla birlikte %14

numunelerinde, %7,0 bitim oraninda

7,2 °C olarak belirlenmigtir. Her iki
seriye ait numunelerde 8,0'in {izerine
¢ikmasiyla  numunelerde ortalama
sicaklik artislarinda azalma

goriilmektedir. Karbon siyahi katkili
bitiimle {iretilen numunelerde goriilen
sicaklik artiglar1 genel olarak Seri 1
numunelerine gore daha yiiksektir.

3.3. Sabit Gerilim Altnda Ikili
Numunelerin Sicaklik Artislarinin
Belirlenmesi

Ikili numunelerde sabit gerilim altinda
sicaklik artiglarini belirlemek i¢in 30 Volt
sabit DC gerilim 10 dk boyunca birbirine
temas ettirilmis numunelere uygulanmis
ve numunelerdeki sicaklik degisimleri
belirlenmigtir. Numunelerin uzunluklari
arttigl icin diren¢ degeri artmis ve
sicaklik degerlerindeki artislarda, tekli
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karbon siyahi katkili bitiimlerle iiretilen
TMA numunelerindeki (Seri 2) sicaklik
artislarinin ~ Seri-1 numunelere gore
oldukga yiiksek oldugu goriilmektedir.
Yalnizca %6,5 bitiim oraninda Seri 2
numunesindeki sicaklik artis1 diistiktiir.
Karbon siyahi katkili bitiimiin Seri 2
numunelerinin  sicaklik

yiiksek  olusunda  etkili
diistiniilmektedir (Sekil 6).

artiglarinin
oldugu
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ikili Numuneler

14,0
12,0

10,0

Sicakliklarindaki Artis ( °C)

12,2
8,6
W Seril
5.4
4.5 4.1 i
4,0 34t m Seri 2
h .
7.5 8,0 8,5 9.0

Bitiim %

Sekil 6. Ikili TMA numunelerin sabit gerilim altinda sicaklik degisimleri

4. Sonuglar
4. Sonuclar ve Tartisma

Yapilan deneysel ¢alismalar neticesinde,
su sonuglara ulagilmisgtir:

e Karbon siyahir katkili bitiim
kullanimi ayni gradasyon ve
iletken madde igerigine sahip
TMA numunelerini iki kat daha
iletken hale getirmistir.

e Tim numunelerde  bitiim
ylizdesinin artmasiyla birlikte
iletkenlik degerlerinin de, bitiim
tirine bakilmaksizin  arttig,
fakat artis degerinin karbon
siyahi katkili bitlim kullanilan
Seri 2 numunelerinde daha fazla
oldugu goériilmigtiir.  Bitiim
ylizdesinin artmasiyla birlikte
islenebilirligin artmast ve bu
sayede karisim igerisindeki
karbon liflerinin daha homojen
dagilmas1  iletkenligin  de
artmasina neden olmustur.
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Malzemeleri iletken hale
cevirmede karbon lifi en ¢ok
kullanilan ve arastirilan
malzemelerin basinda
gelmektedir. Bununla birlikte
karbon lifi oldukca pahali bir
malzemedir. Karbon siyah
katkih  bitiim  kullanilarak,
karisim igerisindeki karbon lifi
iletken bileseni azaltilabilir. Bu
sayede iletken TMA birim
maliyeti de azalmis olur.

Ozellikle koprii gibi
karayollarinda  buzlanmanin
¢ok daha ¢abuk ve hizli oldugu
kesimlerde TMA karisimlar
kaplama olarak tercih
edilmektedir. Bu tip yol
kesimlerinde iletken TMA
kullaniminda karbon siyahi
katkili  bitiimlerle uygulama
yapilmas1 tercih edildiginde
buzlanma  tehlikesiyle  hig
karsilasilmaya bilinir.

Bundan sonraki c¢alismalarda
yalmizca  bitlim  fazi  ile
karigimlarin iletken hale
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dontistiiriilmesi  {izerine daha
detayl
yapilmalidir.

arastirmalar
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Ongerilmeli Halath Cat1 Sistemleri
Besiktas Stad1 Tasarim Kriterleri

Oz

Bu calismada halatli cat1 sistemi ile insa edilmis Besiktas Inonii Stadi tasarim
kriterlerine yer verilmistir. Bu tiir yapilarda tasiyic1 sistem se¢imi, yapiya etkiyen
yliklerin belirlenmesi ile yapisal elemanlarin analiz ve tasarim prosediirleri
acgiklanmistir. Stadyum yapisinin geometrisi Yapmin statik ve depremli durum
analizi icin olusturulan sonlu elemanlar modelinde yapilan kabuller ve analiz modeli
ile ilgili detaylarda bu makale kapsaminda sunulmustur. Cati geometrisinde
uyulmas: gerekli kriterler halatli cat1 sistemi yapilmasi gerekliligi matematik
modellerin 6zetinden olusmaktadir. Bisiklet tekerlegi mekanik ¢alisma prensibini
Ornek alan stadin ¢at1 sistemi tasariminda ongerilmeli halath ¢atilarin ¢at1 ring kirisi
ve listten ankastre asagidan mafsalli kolon elemanlar1 kullanilarak olas: bir depremde
catidan aktarilacak yatay yiiklerin minimizasyonu ve davramis modellemesi
Ozetlenmistir. Ayrica ¢ati ve {izerine oturdugu betonarme stad yapisi arasmdaki
dinamik karekteristikleri yansitan ¢alisma riizgar tiinel testi sonuglar1 6zet halinde
verilmistir.

Anahtar kelimeler: Kablo, éngerilmeli celik, Halka kirisi, Membran cati.
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1. Introduction

The Besiktas Vodafone Arena is
Turkey. The
general view and typical section of the

located in Istanbul,
stadium are shown in Figures 1 and 2.
The building is oriented along two
main axes and rotated by 36.4° to the
The
building structure of the project

cardinal directions. primary
consists of concrete grandstands to
provide the support for a lightweight
roof which covers the full perimeter of
the stadium, as well as a part of the
inner area. The footprint of the roof
structure is approximately 216 m long
and 161 m wide. The roof is divided to
42 transversal bays, whereas concrete
work is divided into 86 axes, including

4 twin axes at the movement joints.
The roof is a cabled structure which is
completed with 1 central Lower
Tension Ring, 3 central Upper Rings
and 1 compression ring. Radially, the
roof is sloped approx. 4° upwards.
The roof will be covered primarily by
a lightweight textile membrane made
of Silicon coated glass fiber. TS500,
TS5498, Earthquake Regulation in the
design of the stadium structure.
Eurocode, AISC, ACI 318-02, NEHRP
2003, etc. have been used from many
international regulations other than

local regulations.

Figure 1. Stadium general view.
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Figure 2. Stadium typical section
2. Geometry of Structural System

Structurally, the inner part of the Roof
includes a T-structure made for the
Lower Tension Ring, a Flying Column,
and the last two elements of the Upper
Radials, which holds the three Upper
Rings, as well as an Inclined Strut. The T-

Compression Ring

. « Membran

[

Structure is pre-assembled before the Big
Lift. The Compression Ring rests on 86
steel Columns, which are pinned
radially to the concrete structure and
bolted to the Compression Ring (Figure
3).

Upper Radial Beam
Arch

s

02090
v

Lover Radial Cable Flying Columns Deviator

Figure 3. Besiktas stadium typical structure system.
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The Compression Ring is approx. 630 m
long and consists of three main parts,
due to the oval shape of the roof. The
central Rings (Upper and Lower) are tied
to the Compression Ring by Radial
elements, approx. 9 m long. As the
columns are double than the number of
bays, the Radial elements are split at the
end. The inner Upper Ring is connected
to the rest of the roof with cantilevering
Upper Radials
Columns. Due to the span of the
cantilevers (approx. 9 m) intermediate
supports are required between the flying
columns and the tips (Inclined Struts).
The Lower Tension Ring is connected to

and to the Flying

the Compression Ring with Lower
Radial Cables, while the Upper Rings are
connected with Upper Radial bending
stiff elements. Upper and Lower radials

re connected together via Flying Struts

(length variable from 4 to 8 m) and
Flying Columns, approx. 9 m long.
Upper Radials support the membrane
Arches, which are connected to the roof
planes. The membrane has a typical span
of ~10 m between arches and 10~15 m
along arch span. At each axis, Lower
Radial Cables have different curvatures,
depending on the global in plane
stiffness of the structure and in
particular of the Compression Ring:
where the Compression Ring has a small
curvature because the system needs to
become softer. The Lower Radial Cables
have a bigger curvature, while the
Compression Ring has a small curvature
to ensure that the Lower Radials to
become straight.
model of the stadium is shown in Figure

The mathematical

Figure 4. Besiktas Stadium mathematical model.

3. Principle of a Spoked Wheel System

It is known from engravings and old
paintings that the roof covering similar
to the first bicycle wheel technology
known in history was used in Rome-
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Collosseum in ancient times (Figure 5).
This system is thought to be the radial
ropes that stretch the sail rope that
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cannot form the core and the sail cloth
covering it (Masubuchi, 2012).

In the system consisting of pressure and
pull ring and radial ropes connecting
them, the pull ring and the pressure ring
forces are fixed to the pressure ring by
radial ropes. This system can be briefly
described as follows. The outer pressure
ring or rings are fixed to the roof or the
ground. With the radial ropes, the
towing ring is tensioned and connected
to the outer pressure ring.

The tensile force (V) in this radial cable is
given in the following figure. (S) is the
sum of the tensile force formed in the
pull ring. If the vertical (dead + live) load
(P) is applied to this structure, it is
carried by the prestressing force in the
cable. The load from the prestressing
force must always be higher than the
load (Bergermann & Chlaich, 1992).

In the world, one or two pressure rings
are generally used in the applications of
this system. A single pressure ring was
used in Besiktas stadium.
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Compression Ring

Tension Ring

Figure 6. Typical load flow of besiktas
stadium structural system.
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One Compression Ring

Standard
form

Open the 4 ‘; 2
centre g T

Besiktas
Stadium

Fromcircle .~ ..oy

to oval — NS B

Figure 7. Typical bicycle wheel carrier system applications.

4.Methodology of Structural
Modelling

4.1. Analysis Software

The study was carried out with non-
linear analysis (GSRelax non-linear) of a
model developed with software GSA8.7.
It simulates a process of damped
vibration in small time cycles. (Oasys
Software, web source)

Usually the tension ring is single.
However, it can be widely used in
systems with double tension ring.
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4.2. Numerical Model
4.2.1. Geometry

The geometry for the global model has
been created parametrically, optimizing
the Compression Ring curvature, Lower
Radial variable curvature and bay
divisions. All elements are located at the
neutral axis of sections, eccentricity
between cables work point and inner
compression ring, are modeled. No
global imperfection is introduced.
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Figure 6. Mathematical model.
4.2.3. Sections and Properties

The listing below shows the section
properties used for the global structure
model (Table 1).

4.2.3.1. Materials

Table 1. Mechanical properties of the material

Young's Poisson’s Shear Density aT
No Name Type Modulus Ratio Modulus [t/m?] [1/°C]
[N/mm?] [N/mm?]
Fully
M1 Locked Elastic 155000 0.3 E/2(1+v) 8 1.2e-5
Cable
M2 Steel S355 Elastic 210000 0.3 E/2(1+v) 8 1.2e-5
M5 Steel$355  Liastieoi0000 0.3 E/2(1+v) 8 12e-5
Plastic
Mo CONTTE® pichic 14000 0.2 E/2(1+v) 2.4 1.0e-5
Long Term

COMPression RING

Tension Ring s

Figure 7. Tension and compression rings.
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4.2.3.2. Sections

The following

sections

have been

modeled, including sub-sections used to

optimize steel weight:

Table 2. Section properties.

N°  Nomenclature Name Material Section [mm]
1 CR.1 Compression Ring 1 Steel EC ~ RHS 600x1400x35x35
2 CR.2 Compression Ring 2 Steel EC ~ RHS 600x1400x35x35
11 FS.1 Flying Struts 1 Steel EC CHS 139.7 x 10
12 FS.2 Flying Struts 2 Steel EC CHS 168.3 x 10
13 FS.3 Flying Struts 3 Steel EC CHS 168.3 x 10
14 D Diagonals Steel EC C18 (%
21 F.C. Flying Columns Steel EC CHS 355.6 x 12.5
31 In. S. Inclined Struts Steel EC CHS 219.5x 12
41 UR Upper Radials Steel EC HE300A
42 UR. Upper Radials Steel EC HE300B
51 LR.1 Lower Radials 1 Cable LC STD C 103 (*)
52 LR.2 Lower Radials 2 Cable LC STD C75 (%)
53 LR.3 Lower Radials 3 Cable LC STD C 61 (¥)
61 UR Upper Radials Steel EC HE300B
62 UR. Upper Radials Steel EC HE300B
63 UR Upper Radials Steel EC HE300A
71 UR. 6 Upper Ring 6 Steel EC CHS 168.3 x 10
72 UR. 4 Upper Ring 4 Steel EC CHS 355.6 x 22
73 UR. 4 Upper Ring 4 and 3 Steel EC CHS 355.6 x 12.5
73 UR.3 Upper Ring 3 Steel EC CHS 3239 x 12.5
81 AT1 Arch Ties 1 Steel EC CHS 168.3 x 8
82 AT2 Arch Ties 2 Steel EC CHS 168.3 x 8
83 M. Br. Membrane Bracing Cable LC C5(*)
91 U.R.-S. Upper Split Steel EC CHS 3239 x12.5
95 LR.-S.1 Lower Split 1 Cable LC STD C 75 (*)
96 L.R.-S.2 Lower Split 2 Cable LC STD C 62 (%)
97 L.R.-S.3 Lower Split 3 Cable LC STD C 42 (*)
101 LTR.1 Lower Tension Ring 1 Cable LC STD C 208 (*)
112 H.B. Horizontal Bracing Steel EC CHS 3239 x12.5
121 V.B.1 Flying Bracing 1 Cable LC STD C 62 (*)
122 V.B.2 Flying Bracing 2 Cable LC STD C 62 (%)
151 C.1 Cuter Columns Lower Part  Steel EC RHS 280x250x20x50
152 C.2 Cuter Columns Steel (***) CHS 355 x 19
153 C.3 Columns Upper Part 1 Steel (***) CHS 355 x 35 (*)
154 C.4 Columns Upper Part 2 Steel EC CHS 355 x 35 (*)
201 Mech. Low. 1 Lower Connection 1 Steel EC C50
202 Mech. Low. 2 Lower Connection 2 Steel EC RHS 280x250x20x50
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« UR UpperRings PT1. FT2.PT3.PT4

« FS g SrasPILPIZ P
o URE  Uspee Radials P41, P42 PO1, FE2 PB3 * URS  UpperSpits P91

——

Figure 8. Steel frame elements.

o LTR  Lower Tension Ring P101

Figure 9. Cable elements.
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5. Loads Hypotheses
5.1. Permanent Loads

Density values are in accordance with BS
EN1991-1-1: Actions on structures -
Densities, self-weight and imposed
loads. Steel density is assumed 78.5
kN/m3. Roof cladding weights are
described in 5.1.2. Gravity loads are self-
weight loads and applied to all elements.
Self-weight loads follow the global Z-

axis vertically downwards.
5.1.1. Primary Steel Structure

All primary steel structure has been
modeled in the structural calculation
model, the gravity loads factor was
enlarged to 1.1 to cover 10% additional
weight from accessories and painting.

5.1.2. Roof Cladding

The stadium roof will be clad with a
lightweight pre-stressed membrane; its
weight including compression arches
and necessary stiffening structure is
assumed as 0.10 kN/m2

Membrane = 0.013 kN/m; Steel Arches,
CHS 193.7x12.5 mm = 0.06 kN/m?;

Steel Arch Ties, CHS 168 x 8 mm = 0.02
kN/m?; Edge Cables and fixings = +10 %
No other surface loads (e.g. weight of
acoustic

or decorative panels) are

applied.
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5.1.3. Catwalk and Platform

A ring-catwalk along the lower central
ring is considered with a permanent
uniform load of 2.0 kKN/m.

Two radial access bridges are considered
with a permanent uniform load of 1.5
kN/m.

5.2. Imposed Loads
5.2.1. Service Loads

The roof structure allows at specific
points and along specific axes to receive

suspended (or externally applied)
service loads. These include:
e Lighting total weight 230 kN,

uniformly distributed along the lower
central ring (total length 385m ~ 0,6 kN
/m).

* Audio service, total weight 275 kN,
uniformly distributed along the lower
central ring (total length 385m ~ 0,6
kN/m).

* Further equipment and cable weight
along catwalk and access walkway 1.5
kN/m

e Video screens, scoreboards 2 x 100 kN,
one on each short side, connected to axes
101 201 301 and 401 of the lower central
ring.

5.2.2. Additional Equipment Loads

The building user can apply additional
technical or decorative equipment to the
roof structure (lower central ring TR),
e.g. rigging for concerts and shows, via
point loads of maximal 5 kN at any of the
42 nodes, respectively as 0.04 kN/m2. In
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conclusion, 3 different set of dead loads
are used:

® Dead Load Min = Primary Steel
Structure + Cladding + Catwalks

e Dead Load Max
+ Service Loads

= Dead Load Min

® Dead Load Erection = Primary Steel
Structure

Figure 10. Prestress loads.

5.4. Rainwater Loads

For load and ponding studies, the
intensity for 25years of return period is
accounted for the design. A minimum
slope of 1% at all points and under all
circumstances is taken as criteria of
acceptance for sufficient rainwater
evacuation. Considered peak rain fall
values are taken as 4.0 L/sec for 100m?2.
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5.3. Prestress Load

Prestress is a set of forces applied to the
main elements (Compression Ring,
Lower Tension Ring, Lower Radial
Cables, Lower and Upper Splits, Upper
Radials), which does not produce any
deflection and small bending moment in
the Compression Ring. This set of forces

is the result of an iterative process:

Soale 1721347
Fx 12500.000 kA
£243.038 ki
W 044 893 kv

1846.747 kN

-351 308 ki

2549.543 ki

-4747 608 kN

5.5. Snow Loads

Design ground snow load for Zone II
(Istanbul, h<200m) PkO =0.75 kPa (TSE
498)

Slope roof coefficient (angle a=5°)
m = 1.00

Design roof snow load
Pk =0.75 kPa

An additional factor of ice build-up of
1.33 is considered, bringing the uniform
roof snow load to 1.33 x 0.75 = 1.0kN/m?
Drifted snow shall be considered in the
sizing of membrane and supporting
elements (arches). Coefficient shall be
taken as per Eurocode BS EN 1991-1-3.
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For the membrane geometry an angle of ~ width of membrane arch 12m) — u2
max 15° is considered (height 1,5m  ((al+a2)/2)=1.2.

T peld) @ = (ot )2

Fall (i)

pirfas) piliz)

Figure 11. Snow loads on the roof.

The maximum local value of 5 different scenarios are taken into
accumulated snow load is 1.2 x 1.33 x account for the structural calculation:

0.75=1.2 kN/m?. e Snow uniform and snow uniform
exceptional

Figure 12. Unbalanced curve side-unbalanced long side-unbalanced unsymmetrical.

Pattern studies have been made to
understand the critical unbalanced

SNOW cases.

Unbalanced Snow Loads - Curve Sides - 100 50 Snow Loads - 100 50

/II

o ]

Figure 13. Snow unbalanced loads.
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5.5. Thermal Actions

Maximal shaded
temperature, Tmax =41 °C
Maximal outside temperature, taking
into account of solar radiation effect,
Tout=41+30=71°C

Minimal shaded
temperature, Tmin = -7 °C
Temperature gradient, AT =13 °C
The total range is 71-(-7) = 78°C.
Therefore, in order to be approx. in the
middle of this temperature range, the
Reference Temperature is TO = 30 °C.
Steel and Cable Suppliers shall take into
account workshop temperature during

outside air

outside air

the cutting process of the elements.

4 scenarios of thermal loads are applied:
1. Uniform raise of 41°C on all structure
elements.

2. Uniform fall of -37°C on all structure
elements.

3. Temperature of all the parts not
covered by the membrane (Flying

Settlement 1

Settlement 4

Settlement 7

Figure 14. Support Movements.

Settlement 2

Settlement 5
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columns) is 13°C higher than exposed
steel structure.

4. Temperature of all the parts not
covered by the membrane (Flying
columns) is 13°C lower than exposed
steel structure.

5.6. Supports Movements

The
adjacent primary concrete blocks due to
settlement and expansion joint are
considered as:

differential movement between

+

. 30mm in radial direction and
tangential direction (60mm in total)
No differential movement in vertical

direction is considered

7 different critical patterns of settlements
respecting  the
movement joints of the supporting
concrete structure:

are considered,

Settlement 3

Settlement 6
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5.7. Wind Loads

National and related international
regulations were used to determine the
wind loads affecting the structure.
FLUENT fluid finite element analysis
program was used for numerical wind
tunnel test for the three-dimensional
model of the structure since the wind
effect is critical for the steel wire rope

roof system and these loads are difficult

to determine by theoretical methods. In
addition, the wind tunnel test was
carried out on a small-scale model in
Wacker (2013) and the most unfavorable
values of realistic wind effects were used
in the calculations by checking the
Model and Numerical analysis values. It
was found.

Figure 15. Three-dimensional model of the BJK Stadium and stadium model :1/350
scale.

5.7.1 Computational Fluid Dynamics

Computational Fluid Dynamics or CFD
is a numerical algorithm used to solve
the partial differential equation known
as Navier-Stokes equation:

p= —Vp+V.T+f. (1)
which is a differential form of Newton’s
2nd law, incorporating also the law of
continuity, i.e. the concept that mass is
conserved throughout the volume as the
fluid moves, is pressurized, and/or
changes density. Here, v is the velocity
vector, p is the pressure field, T is the
stress tensor and f is the body-force field
(such as gravity or electro-magnetic
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forces). For the simulation of stadium
aerodynamics, the following
considerations are included in the
analysis. ANSYS CFX 15.0 is used to
estimate the aerodynamic pressures and
wall shear stresses resulting from wind
loading at 160 km/h impinging the
stadium in the longitudinal (x) and
transverse (y) direction.

Air Properties:

Air at 25 C @ Sea Level

Isothermal (no heat transfer)
Turbulence model: scalable k-epsilon
Reference pressure 1 atm:



Iz, S., 2019

* ANSYS CFX 15.0 is used to estimate
the aerodynamic pressures and wall
shear stresses resulting from wind
loading at 160 km/h impinging the
stadium in the longitudinal direction.

Figure 16.

¢ The geometry is simplified to include a
smooth roof for preliminary results, with
the structural block near its perimeter
significant

which experience
pressure from the wind.

can

Roof Mesh for finite element methods.

15 20 25
Accumulated Tme Step.

[ mmrres — msumn — weveen — weven

0 s 0 30 35

Figure 17. Solution residuals indictaing the error in different variables.

Because of the high-quality mesh, the

solution occurs in fewer than 40

iterations. Inflation layers help resolve

velocity gradients correctly so the

The pressure on this
side of the roof is
negative because the
air hitsitata
positive angle, as.
shown below,
generating suction.
This is due to the
presence of the wall.
It is likely that the
presence of the
stands and
topography can have
similar effects.

Prossuro

Conone 1
100
10
120

>
—

-

I

Figure 18. Stress contours on the roof.

1R
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residuals (errors) are reduced quickly
and efficiently. The default normalized
value of le-4 is used as a convergence
criterion. (Tello, 2013).

The pressure on this
side of the roof is
negative because the

air hits it ata h
positive angle, as

shown below,

generating suction.

This is due to the
presence of the wall.
Itis likely that the
presence of the

stands and

topography can have
similar effects.

=
—
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5.7.2. Wind Tunnel Test

The extensions of the stadium are about
215 m along the longitudinal axis and
about 160 m along the lateral axis. The
maximum height of the roof is about 36
m (from the seaside) and about 23 m
A safe and
economic construction and design of the

(landside) respectively.

stadium roof of the proposed stadium

against wind require the realistic

assessment of the structular (area-

averaged) peak wind pressures acting
on the roof, where both static and

dynamic wind loads have to be

considered.

T

Figure 19. The 1:300 scale model of the stadium in the wind tunnel.

According to the Turkish Code (TS 498,
1997) the gust wind pressure for
building heights in between 21 m to 100
m above ground is q = 1.1 kN/m?, hence
the reference gust wind pressure in
stadium height H = 36 m or 23 m
respectively would be calculated to :
qwIND TSE (H =36 m / 23 m) = 1.10
kN/m?2 .The fitted
distribution of the data set leads to the
following reference (mean) wind speed

extreme value

Vief, 50 years [m/s] at
Istanbul Ataturk Airport (1983-2013)

[
2500

n

20" 120

180

for the 50-year return period in 10 m
height for open exposure: Vref, 50-years,
data = 22.1 m/s. The reference wind
speed was also determined as a function
of the wind direction. Fig. 22 shows that
the highest wind speeds occur at
northern wind directions. For other
wind directions the calculated reference
wind speeds are lower allowing a
reduction of the design wind speed

(Wacker, 1995; Wacker, 2003).

Stadium Besiktas Istanbul
design gust pressures

\
B =120° - 240°
q=1.10 kN/m*

Google eart

Figure 20. Reference wind speeds (10-min-mean, 10 m height, 50-year return period,

open exposure).
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<
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i i ) e R

local peak net wind loads [kN/m?]
ad case suc

Stadium Besiktas Istanbul

Structure and the Roof Steel Structure

has been built:

Figure 21. Local peak net wind loads for the design (suction and pressure).
Based on the information given by the
complete model with the Concrete

Roof Steel Structure

5.8.1. Dynamics Analysis

5.8. Seismic Loads

92

Figure 22. Concrete finite element model.
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The following assumptions have been
taken: - 119 Concrete Columns fixed at
both ends - Concrete Structure fixed at
the ends Concrete long term having
Young Modulus E = 14000 Mpa

A Ritz P-A Modal Analysis has been
used as a base for the Response
Spectrum Analysis, to include geometric
stiffness effects. The P-A load case
chosen, according to the BS EN 1998-1
3.2.4: DeadLoad max + (Prestress+Geom
Compensation) + 0.3 Snow

According to BS EN 1998-1 4.3.3.3 all
modes with effective modal masses
greater than 5% of the total mass must be
taken into account. In order to satisfy
this requirement, 100 modes for x, 100
modes for y and 50 modes for z have
been considered, where horizontal
forces along global X and global Y axes
are  applied and  incremented,
monitoring horizontal displacements of

the structure. The compared models are:

Table 3. Restraints of the roof column system.

Column Column Lower
] Column
Lower Lower Mechanism
Model Name . . . Upper
Connection Connection  Tangentially .
. . . Connection
Radially Tangentially (Pin Play)
Model f1 Pin Fix Yes Fix
FIX FIX Fix Fix No Fix
FIX PIN Pin Fix No Fix
PIN PIN Pin Pin No Fix

Global X Stiffness

010 20 30 40 50 60 70 80 90 100 110 120 120 140 150 160 170 180 190 200

Ux [mm]

—=FiXFIX

=8=FiXPIN

PINPIN

=Model 11

Global Y Stiffness

i -0
-0
PINPIN

=== Modelf1

Figure 23. Two directional stiffness diagrams.

Results show that the actual behavior of
the structure is between the model “FIX
PIN” and “PIN PIN”, with horizontal
loads higher than 6MN along global X
direction and 2MN along global Y
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direction. Based on this conclusion, the
complete model (roof and concrete)
includes columns modeled as Model FIX
PIN. Being stiffer than Model f1, this
approach is more conservative, leading



Iz, 8., 2019

to higher forces. The coupling effect due  system has been modified, modifying
to the Concrete substructure has also  the stiffness, while the upper system
been studied. A simplified model has  frequency has been kept constant:

been done: The frequency of the lower

Table 4. Summary of the modal values

Model M [f] k [kN/m] f [Hz] T[s]

ROOF A 132 9934 1.38 0.72
1 13200 572700 1.05 0.95

2 13200 1328000 1.60 0.63

3 13200 2038000 1.98 0.51

4 13200 3371000 254 0.39

3 13200 4722000 3.01 0.33

6 13200 150900 0.54 1.8

& 7 13200 30020 0.24 4.17
E 8 13200 1884 0.06 16.67
U 9 13200 278300 0.73 1.37
% 10 13200 820100 1.26 0.80
v 11 13200 1655000 1.78 0.26
12 13200 2644000 2.25 0.44

13 13200 4000000 2.78 0.36

14 13200 5530000 3.26 0.31

13 13200 7080000 3.69 0.27

1e 13200 16520000 5.63 0.18

17 13200 32480000 7.89 0.13

L/ System with f=1.4 Hz, equivalent to the Roof Structure

- System with variable frequency, equivalent to the Concrete Structure

&

Figure 24. Concrete-Roof structure system frequencies.
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Figure 25. Roof acceleration diagram.
If the Roof Equivalent model is  dissipative structural behavior: The
considered alone, i.e. infinite stiff chosen behavior factoris q=1.5.
Concrete  substructure, the nodal

acceleration is 7.4 m/s2: The “Coupling
Effect” has an important impact when
the ratio
2.5 (the
normally stiffer than the roof structure,

fConcrete/fRoof is in the range 1-
concrete substructure is
therefore its frequency is higher than the
When the

substructure has a frequency of 3 Hz the

roof  one). Concrete
Roof acceleration increases Roof by 30%,
compared to an infinite stiff Concrete

substructure.

According to BS EN 1998-1, Table 5. the
structure is assumed to be in DCL
(Ductility Class Low), having a low
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5.8.2. Response Spectrum Analysis

Elastic Acceleration Spectrum is used:

Acceleration Spectrum - Istanbul

Glohal Direction | Vagg [kN] | Vg [kN]
X 11509 | %410
¥ 7455 7413
7 0B | 2958

Figure 26. Response spectrum curve and base shear force under the earthquake.

Table 5. Ductility behaviour.

Range of the
. Structural reference
Design .
Concept Ductility values (.)f the
Class behaviour
factor R
Concept a)
Low
dissipative DCL <1.5-2
structural
behaviour
Concept b) DCL «
Dissipative (Medium) B
structural .
behaviour DCL (High) <8

Comparing the global forces of the Roof
Structure alone and the Roof structure
with the Concrete (A B.Y.Y.H.Y., 2007).

5.9. Load Combinations
Load combinations turkey and Eurocode
have been completed according to the
most unfavorable value.
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o Service Limit State (SLS)
Combinations: SLS  Characteristic
combination is used for checking
deflection criteria.

J Ultimate Limit State (ULS)

Combinations: ULS combination is used

for sizing of structural members.
6. Conclusion

The design criteria for Besiktas Stadium

were  explained and  structural
information about the stadium structure
was given. The design of the stadium
structure, including the construction
phases, has been a process that requires
the co-operation of architectural, design
engineers, field engineers, academics
and many disciplines in a coordinated
manner. The stadium structural system
consists of many different bearing
elements and the performance of the
structure the correct

depends on
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modeling of the behavior of these
Steel
superstructure Spoke Bicycle wheel

elements. construction

technology Steel ring beam pressure ring
and Rope Pull ring and main pressure
ring on the 82 super-pillars are sitting on
and in case of earthquake, a significant
amount of horizontal load is transferred
from the roof to the super-columns. The
roof is 10m with very advanced
technology. This type of gabari is a

record in the stadium roofs.

7. References

ABYYH.Y. (2007). Turkish Earthquake
Code Specification for Buildings to be
Built in Seismic Zones. Ankara Official
Gazette: Prof. PhD. Aydinoglu, M.N.

Bergermann, R., & Chlaich, J. (1992). Cable-

the
Zaragoza, Spain, Structural Engineering
International, 2(4), 238-241.

BS-EN. (2001). 1991: Basis of Design and
Actions on Structure. London: N. Cook.

BS-EN. (2005). 1990: Basis of Structural

CEN
Europe Normalisation).

BS-EN. (2005). 1993:
Structure. Brussels: CEN (Committee
Europe Normalisation).

BS-EN. (2005). 1998: Design Provisions for
Earthquake Resistance of Structures.

Membrane Roof for Arena in

Design. Brussels: (Committee

Design of Steel

Brussels: CEN (Committee Europe
Normalisation).
BS-EN. (2008). 1090-2: Technical

requirements for steel structure. London:

M. Ogle, G. Bowden.
BS-EN. (2009). 1090-1: Requirements for
of structural
CEN (Comitee

conformity assessment
component. Brussels:

Europe Normalisation).

97

Masubuchi, M. (2012). and
structural design of adaptive membrane
structures with spoked wheel principle-

folding to the perimeter. Germany: Shaker

Conceptual

Verlag.

NEHRP. (2004). Recommended provisions
for seismic regulations for new Buildings
and Other Structures. Newyork: Building
seismic safety council national institute of
building sciences.

Oasys Software. (2019) GSA Analysis —
Structural Engineering Analysis Software.

October 20, 2019,

from http://www.oasys-software.com/

Retrieved

products/engineering/gsa-analysis.html
Tello, J. S. (2013). Computational Fluid Dynamic
of New BJK Stadium Roof.
Zinergies-Brasilian.
TSE (1987). 498. Design loads for buildings.
Ankara: Technical Comitee.
TSE (1980). 648. Building Code for Steel
Structures. Ankara: Technical Comitee.
Wacker, J. (1995). Local Wind Pressures for
in Turbulent

Analysis

Rectangular Buildings
Boundary Layers. In Wind Climate in Cities
(pp. 185-207). Dordrecht: Springer.

Wacker, J. (2013). Besiktas New Stadium wind
tunnel testing determination of quasi the

roof

determination of local wind loads for the

structural design of the stadium

design of the roof cladding report. Germany,
Wacker Ingenieur Buroe.


http://www.oasys-software.com/

98



JOURNAL OF

ICIVILTECH

INNOVATIONS IN CIVIL ENGINNERING AND TECHNOLOGY

e-ISSN 2687-2129
jiciviltech, 2019, 1(2), 99-105

Research Article/Arastirma Makalesi

Investigating Aluminum Oxide and Silicon Dioxide
Modified Bitumen Stiffness Modulus with Empirical
Method

*1Sebnem KARAHANCER

! Isparta University of Applied Sciences, Faculty of Technology, Department of Civil Engineering, , Isparta,
Turkey, sebnemsargin@isparta.edu.tr, ORCID ID: https://orcid.org/0000-0001-7734-2365

Gelis / Recieved: 21.12.2019; Kabul / Accepted: 28.12.2019

Abstract

In this study, bitumen was modified with aluminum oxide and silicon dioxide using
high shear mixer. As a result of this modification, bitumen performance was
investigated with standard test methods. Besides, stiffness modulus and plastic
stiffness of bitumen was calculated using empirical methods. Nowadays, nanotubes
were used for modification of bitumen, commonly. It is known that, nanotubes can
improve the bitumen performance at nano level because of having high specific
surface area. Bitumen modification was conducted with aluminum oxide at 3%, 5%
and silicon dioxide at 0.3%, 0.5% by weight of bitumen because silicon dioxide has
high specific surface area and specific gravity. Bitumen characteristics were
determined by bitumen tests (rotational viscometer, penetration, softening point,
ductility, elastic recovery and penetration index). In this study, bitumen performance
grading (PG) system was used and bitumen was used as PG 64-22. In addition,
stiffness modulus and plastic stiffness of bitumen was calculated with empirical
methods. As a result, 3% AlOs and 0.3% SiO:2 modified bitumen has the best
performance according to the modification and base bitumen.

Keywords: Empirical modeling, Stiffness modulus, Plastic stiffness, Bitumen performance,
Nanotube modification.
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Aliiminyum Oksit ve Silikon Dioksit ile Modifiye
Edilmis Bitiimiin Rijitlik Modiiliiniin Ampirik Yontemle
Incelenmesi

Oz

Bu ¢alismada, bitiim ile aliiminyum oksit ve silikon dioksit yiiksek devirli karistirict
yardimiyla karistirilarak modifikasyon saglanmistir. Bu modifikasyonun sonucunda
bitiim performans: standart bitiim deneyleri ile incelenmistir. Ayrica ampirik
yontemler kullanilarak rijitlik modiilii hesaplanmistir. Giiniimiizde nanotiip
modifikasyonu yaygin olarak kullamilan bir metot haline gelmistir. Nanotiiplerin
yliksek yiizey alanina sahip olmasindan dolay1 nano boyutta bitiim performansinin
iyilestirildigi bilinmektedir. Bitiim modifikasyonu agirlikca %3, %5 aliiminyum oksit
ve %0.3 ve %0.5 oranlarinda silikon dioksit ile modifiye edilmistir ¢linkii silikon
dioksitin yiizey alarn ve 6zgiil agirlig1 fazladir. Bitiim karakteristikleri bitiim testleri
(donel viskozimetre, penetrasyon, yumusama noktasi, diiktilite, elastik geri donme
ve penetrasyon indeksi) ile belirlenmistir. Calismada bitim performans
derecelendirme (Performance Grade — PG) sistemine gore siniflandirilmis ve PG 64-
22 olarak kullanmilmistir. Ayrica ampirik yontemle rijitlik modiilii hesaplanmistir.
Sonugta, 3% Al:0s ve 0.3% SiO2 modifiye edilmis bitiim diger modifikasyonlara gore
daha iyi sonug vermistir.

Anahtar kelimeler: Ampirik modelleme, Rijitlik modiilii, Plastik rijitlik, Bitiim performansi,
Nanotiip modifikasyonu.
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1. Introduction

Nowadays, nanotubes are popular
modifiers to improve the bitumen
properties because of having high
specific surface area and specific

properties at nano level. Too many
studies have been performed nanotube
modification of bitumen. Bitumen
properties are improved by nanotube
modification. Nano TiO2, SiO2, ZnO,
CNTs are well-known materials used to
modify bitumen in the literature (Hong-
liang et al., 2016; Shafabakhsh and Ani,
2015; Nejad et al., 2017). Sadeghnejad
and Shafabakhsh (2017) investigated
nano TiO:z and SiO2 together in different
contents (0, 0.3, 0.6, 0.9 and 1.2%) and the
results show that different percentages
of nano materials is capable to improve
the mechanical behavior of stone mastic
asphalt, significantly (Sadeghnejad M
and Shafabakhsh G., 2017). Zhu, Zhang,
Shi and Li (2017) investigated
rheological properties of nano ZnO and
vermiculite modified bitumen before
and after aging. As a result, modified
bitumens containing nano modifier
showed the lower complex modulus and
the higher phase angle (Zhu et al., 2017).
Also, carbon nanotubes are usually used
nano materials which are comparatively
cheap nano material in bitumen
modification. Carbon nanotubes can be
effectively used to enhance the bitumen
rutting performance (Santagata et al.,
2012; Arabani and Faramarzi, 2015;
Galooyak et al., 2015).

As seen from the literature review there
are few study about aluminum oxide
modified bitumen and its performance.
Also, nano aluminum dioxide was
investigated in the literature only by Alj,
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Ismail, Yusoff, Hassan and Ibrahim
(2016) as a modifier of bitumen (Ali et al.,
2016). The study indicated that nano
AL20s3 can be considered as a proper
alternative additive to modify the
properties of bitumen. This study aims
the deficiency the

this study, stiffness
and plastic stiffness was
calculated with empirical model
different from the literature. To this aim,

to address in

literature. In

modulus

a model was calculated based on Ullidtz
and Larsen’s mathematical model
(Ullidtz and Larsen, 1984). Stiffness
modulus and plastic stiffness of bitumen
was determined by mathematical model
developed by Ullidtz and Larsen (1984).
The parameters used are acting time,
penetration index and softening point
for stiffness modulus. Plastic stiffness
was effected by viscosity and the acting
time.

In this study, data were taken from
previous study (Karahancer et al., 2019).
Thus, modification rates were chosen in
accordance  with  the
Aluminum oxide and silicon dioxide
were added to the bitumen in the rate of
3%, 5% and 0.3%, 0.5%, respectively.
High shear mixer was used to modify
with nano materials.
Modification effort was conducted at
3000 rpm and at 160 °C degree. After
that, rheological tests were conducted on
all modified bitumens.

literature.

bitumen

2. Materials and Method
2.1 Materials

60/70 penetration grade bitumen was
produced and supplied from Tupras,
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[zmir, Turkey. The physical and
chemical compositions of the bitumen
are listed in Table 1. An aluminum oxide

nanoparticle (Al20s) and silicon dioxide

Table 1. Bitumen properties

nanoparticle (5i0z2) were used in this
study as a modifier of base bitumen.
Their main properties are listed in Table
2 and Table 3.

Test Unit Base Bitumen
Specific Gravity gr/cm? 1.02
Penetration @25 °C 0.1 mm 62.2
Softening Point (Ring & Ball) °C 49.9
Ductility @25°C, 5 cm/min cm >100
RV @135 °C, <3Pa.s Pa.s 0.475
RV @165 °C Pa.s 0.15
RV @185 °C Pa.s 0.075
. Fail Temperature °C 67.9
DSR G*/sind>1 kPa @10 rad/s Grade oC 64
Mass Loss % 0
Permanent Penetration % 70.4
Change in Softening Point °C +3.2
. Fail Temperature °C 67
DSR G*/sind>2.2 kPa @10 rad/s Grade oC 64
. Fail Temperature °C 28.6
DSR G*.sind<5.000 kPa @10 rad/s Crade oC ”
°C -12
BBR S<300 MPa, m>0.300 @60 s m-value 0.325
Stiffness MPa 213

Performance Grade PG 64-22

Table 2. Nano Al2Os properties

Specific Surface Area >550 m?/g
Color and Form White
Molecular Weight 101.96
True Density 2.9 gfcc
Bulk Density 0.20 g/cc
Al Content (Based on Metal)  >99.1%
Table 3. Nano SiO: properties
Specific Surface Area >500 m?/g
Molar mass 60.08 g mol"
Appearance Transparent
Density 2.648 g/cm™®
Melting point 1.713 °C
Boiling point 2.950 °C
Purity 99.9%

2.2 Preparation of Modified Bitumen

The modified bitumen was prepared at a
temperature of 160 °C. The modifier
rates (3% and 5%) of Al20s and (0.3% and
0.5%) of SiO2 were added into the base
bitumen. The bitumen was mixed at a
rate of 3000 rpm for about 90 min using
a high shear mixer, in order to acquire
the better dispersion of nanoparticles in
the base bitumen. Modified bitumen
properties were given in Table 4.
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Table 4. Nano modified bitumen

properties
0.3% SiOz2  0.5% SiO:
3% Al20s 5% Al20s
Penetration  60.2 65.6
Softening 50.9 50.8
Point
Specific 1.025 1.027
gravity
Viscosity 0.654 0.497
@135 C
Viscosity 0.13 0.13
@165 C
Ductility >100 >100

2.3 Empirical model

Stiffness modulus and plastic stiffness of
was by
mathematical model developed by
Ulliditz and Larsen (Ullidtz and Larsen,
1984). According to Ulliditz and Larsen’s
stiffness modulus empirical formula, in

bitumen determined

this study, stiffness modulus of bitumen
was calculated. The motivation was to
estimate stiffness modulus empirically
was to show effect of penetration index
on modification.

Ullidtz and Larsen developed a model to
determine the stiffness of bitumen given
below:

S(t) = 1.157x1077¢ 0368 ~PIx(T,, — T)5 (1)

where S(t) is stiffness modulus (MPa), t
is time for load duration (s), PI is
penetration index, T is softening point
(ring and ball method) (°C) and T is
bitumen temperature (°C).

In this model, the time for load duration
was calculated from 0.01 s to 0.1 s and
the other parameters was calculated
from test results (Kuloglu, 2001).
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For the plastic stiffness modulus of
bitumen was determined as follows
(Ullidtz and Larsen, 1984):
S(t)p, =3v/t, (2)
where, S(t)p is plastic stiffness modulus
(MPa), v is viscosity of bitumen (MPa.s),
ta is time for load duration (s).
In this model, the time for load duration
was calculated from 0.01 s to 0.1 s and
135 °C viscosity was chosen because the
165 °C and 185 °C viscosity trend was
different for modifications (Ullidtz and
Larsen, 1984).

3. Results and Discussion
3.1 Penetration Index Results

Penetration Index (PI) was determined
to find out the temperature susceptibility
of bitumen. Penetration index should be
within -1 <PI <+1. As shown in Figure 1,
all bitumen has low penetration index
value. Best result was obtained with 5%
AlLOs and 0.5% SiO2 modified bitumen.

Base bitumen  A12033%+5i020.3% A12035%+51020.5%

Figure 1. Penetration index values of
bitumen
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3.2 Viscosity results
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The viscosity of the base bitumen
becomes greater with the addition of
nano Al:Os and SiO2 at test temperatures
(135 and 165°C). However, the 3% and
0.3% modified bitumen samples have
shown a significant improvement
compared with the base bitumen, as
shown in Figure 2. The increase in
viscosity is a result of the hardening

effect of nano AL2Os.

0,8
@ Base bitumen
0,654 ,

0,6 B Al2033%+5i020.3%
= 0,49 A12035%+51020.3%
5 0,4
20,4
S
E

0,2 0,15

0,13
013
0

130 135 140 145 150 155 160 165 170

Temperature, °C

Figure 2. Viscosity values of bitumen
3.3 Empirical Model

Stiffness modulus of AlOs and SiO:
modified bitumen was calculated and
compared to base bitumen’s stiffness
modulus. The graph was drawn based
on the stiffness modulus of base bitumen
(Figure 3). The results showed that 3%
Al20s and 0.3% SiO:2 modified bitumen
has the best stiffness modulus better
than the base bitumen. All modified
samples showed better results when
compared to base bitumen.
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Figure 3. Stiffness modulus of base vs.
modified bitumen
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Figure 4. Plastic stiffness of base vs.
modified bitumen

Plastic stiffness of AlOs and SiO:
modified bitumen was calculated and
compared to base bitumen’s plastic
stiffness. The graph was drawn based on
the plastic stiffness of base bitumen
(Figure 4). The results showed that 3%
AOs and 0.3% SiO: modified bitumen
has the best stiffness modulus better
than the base bitumen. Base bitumen has
the less plastic stiffness and all modified
samples showed better results when
compared to base bitumen.
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4. Conclusion

In this study, stiffness modulus of Al.Os
and SiO2
investigated. Bitumen properties and
stiffness

modified bitumen was

modulus was determined.

Conclusions can be drawn as follows:

According to penetration index, all
modifications were in the limit and
means that they are less susceptible to
temperature than base bitumen. The 3%
and 0.3% modified bitumen samples
have shown a significant improvement
compared with the base bitumen. 3%
AOs and 0.3% SiO: modified bitumen
has the best stiffness modulus better
than the base bitumen. 3% AlOs and
0.3% SiO2 modified bitumen has the best
stiffness modulus better than the base
bitumen. As a conclusion, 3% Al203 and
0.3% SiO2 modified bitumen has the best
performance.
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