Jeoloji Miihendisligi Dergisi / Journal of Geological Engineering

Cilt - Volume 43
Sayi - Number 1 Haziran / June 2019

Icindekiler / Contents

Makaleler / Articles

1-

23-

39-

57-

99-

131-

Arastirma Makalesi / Research Article

Sinem ERISIS, Atiye TUGRUL, Murat YILMAZ, Selman ER

Bazaltik Kayaglarin Mineralojik ve Petrografik Ozelliklerinin Akustik Emisyon Uzerindeki Etkilerinin Arastirilmasi
Investigation of the Effects of Mineralogic and Petrographical Characteristics of Basaltic Rocks on Acoustic Emission
Arastirma Makalesi / Research Article

Isik YILMAZ

Sisen Killerin Iyilestirilmesinde Jips Kolonu Performansinin Arastirilmasina fligkin Laboratuvar Model Caligmasi
A Laboratory Model Study Related with the Determination of Gypsum Column Performance in Treatment of Expansive Soils
Arastirma Makalesi / Research Article

Miige K. AKIN

Diizce Kent Merkezi Zeminlerinin Sivilasma Potansiyelinin Degerlendirilmesi

Evaluation of Liquefaction Potential of Soils in Diizce City Center

Arastirma Makalesi / Research Article

Saffet Deniz KARAGOZ, Mehmet Yalgin KOCA

Determination of Engineering Geological Conditions of A Plant-Site: A Case Study in An Open Pit Mine in Cine, Aydin
Bir Tesis Alanimin Miihendislik Jeolojisi Kosullarinin Belirlenmesi: Ornek Calisma, Cine, Aydinda Yer Alan Bir A¢ik Ocak
Feldspat Maden Sahast

Derleme / Review Paper

Nurkan KARAHANOGLU

Jeotermal Rezervuarlarla ilgili Sayisal Modelleme/Benzesim Caligmalar1
Numerical Modeling/Simulation Studies of the Geothermal Reservoirs
Derleme / Review Paper

Ziibeyde HATIPOGLU-BAGCI, Louis H. MOTZ

Methods for Investigation of Natural Attenuation and Modeling of Petroleum Hydrocarbon Contamination in
Coastal Aquifers
Kuy1 Akiferlerinde Petrol Hidrokarbon Kirliliginin Dogal Gideriminin Arastirilmas: ve Modellenmesi Yontemleri

Sureouruy [e0130]090) JO [euInOf / ISISII( ISHSIPUIYNIAl Ifojoap

[ :IoquInN/IABS €t :QWN[OA AL

610 dun( / uenzefy

JEOLOJI MUHENDISLIGI DERGISI

Journal of Geological Engineering

Cilt - Volume 43 ISSN 1016 - 9172
Sayir - Number 1 Haziran / June 2019

ANkaRp - 197"

TMMOB JEOLOJi MUHENDISLERI ODASI
Chamber of Geological Engineers of Turkey



EDITOR / EDITOR

Tamer TOPAL

Orta Dogu Teknik Universitesi
Jeoloji Miithendisligi Boliimi
06531, Ankara

Tel: 031221026 90

Faks: 031221057 50
E-Posta: topal@metu.edu.tr

TEKNIiK EDITOR / TECHNICAL EDITOR
Miige AKIN

Abdullah Giil Universitesi

Miih. Fak. Ingaat Miih. Boliimii

Stimer Kampiis 38080

Kocasinan /KAYSERI

E-posta : mugeakink@gmail.com

Makale Gonderim Adresi:
TMMOB Jeoloji Miihendisleri Odasi
PK. 464 Yenisehir, 06410 Ankara
Tel :(0312) 434 36 01

Faks :(0312) 434 23 88
E-Posta : jmo@jmo.org.tr

URL I WWW.jmo.org.tr

Yayin Tiirii: Yaygin Siireli Yayin

Yayin Sekli: Yilda 2 kez (6 ayda bir)
Tiirkce ve Ingilizce

Yayin Sahibi: TMMOB JMO Adina

Hiiseyin ALAN

Yaymn idare Adresi: Kocatepe Mah.

Hatay 2 Sokak No: 21 Kocatepe/Ankara

Baski: ERS Matbaacilik,

Kazim Karabekir Cad. Altuntop Isham
No:87/7 Iskitler/Ankara

Tel :(0312) 384 54 88
Baski Tarihi : Temmuz 2019

Baski Adedi : 500

Yayin Kurulu / Editorial Board

Dog. Dr. Mutluhan AKIN (Nevsehir Hac1 Bektas Veli Universitesi)
Prof. Dr. Erhan ALTUNEL (Osman Gazi Universitesi)

Prof. Dr. Serdar BAYARI (Hacettepe Universitesi)

Prof. Dr. Zeki CAMUR (Orta Dogu Teknik Universitesi)

Prof. Dr. Hasan CETIN (Cukurova Universitesi)

Dr. Ozcan DUMANLILAR (Demir Export)

Dr. Nusret EMEKLI (iller Bankas1)

Prof. Dr. Murat ERCANOGLU (Hacettepe Universitesi)

Dog. Dr. Nazan Yalgin ERIK (Cumhuriyet Universitesi)

Prof. Dr. Unsal GEMICI (Dokuz Eyliil Universitesi)

Prof. Dr. Candan GOKCEOGLU (Hacettepe Universitesi)

Dog. Dr. Reyhan Kara GULBAY (Karadeniz Teknik Universitesi)
Prof. Dr. Nilgiin GULEC (Orta Dogu Teknik Universitesi)

Dog. Dr. Leyla KALENDER (Firat Universitesi)

Prof. Dr. Remzi KARAGUZEL (istanbul Teknik Universitesi)
Prof. Dr. Nurkan KARAHANOGLU (Orta Dogu Teknik Universitesi)
Dog. Dr. Ali KAYABASI (Eskisehir Osman Gazi Universitesi)
Prof. Dr. Recep KILIC (Ankara Universitesi)

Prof. Dr. Mehmet Yalgin KOCA (Dokuz Eyliil Universitesi)

Dr. Ayhan KOCBAY (Devlet Su Isleri Genel Miidiirliigii)

Prof. Dr. Halil KUMSAR (Pamukkale Universitesi)

Dog. Dr. Yilmaz MAHMUTOGLU (Istanbul Teknik Universitesi)
Prof. Dr. Harun SONMEZ (Hacettepe Universitesi)

Prof. Dr. Mehmet Liiti SUZEN (Orta Dogu Teknik Universitesi)
Prof. Dr. Giiltekin TARCAN (Dokuz Eyliil Universitesi)

Prof. Dr. Atiye TUGRUL (istanbul Universitesi)

Dog. Dr. Dilek TURER (Hacettepe Universitesi)

Prof. Dr. Necdet TURK (Dokuz Eyliil Universitesi)

Prof. Dr. Asuman TURKMENOGLU (Orta Dogu Teknik Universitesi)
Prof. Dr. Taner UNLU (Ankara Universitesi)

Prof. Dr. Hasan YAZICIGIL (Orta Dogu Teknik Universitesi)
Dog. Dr. Koray YILMAZ (Orta Dogu Teknik Universitesi)

Prof. Dr. Ali Bahadir YAVUZ (Dokuz Eyliil Universitesi)

Jeoloji Miihendisligi Dergisi makale ve dizin 6zleri

SCOPUS, ULAKBIM, GeoREF, Geobase/Geo Abstracts, EBSCO ve
Cabell

uluslararasi indeksleri tarafindan taranmaktadir.

Journal of Geological Engineering is indexed and abstracted by
SCOPUS, ULAKBIM, GeoREF, Geobase/Geo Abstracts, EBSCO and Cabell

Jeoloji Miihendisleri Odas1

Huseyin ALAN

Yiiksel METIN

Faruk ILGUN

D. Malik BAKIR

M. Emre KIBRIS

Gonca SAHIN

Buket YARARBAS ECEMIS

Chamber of Geological Engineers
Yonetim Kurulu / Executive Board

Baskan / President

ikinci Baskan / Vice President

Yazman / Secretary

Sayman / Treasurer

Mesleki Uygulamalar Uyesi / Member of Professional Activities
Sosyal iligkiler Uyesi / Member of Social Affairs

Yayin Uyesi / Member of Publication

Jeoloji Miihendisligi Dergisi JMO yayini olup para ile satilmaz.

7,

2 W we \\\\\
K Yy, SUR A et N“ R \\\\\\\\\\
//”/”/”/”/””'lllll||IIIHU““\“\“\“\“\

ANkaRa - 197"



Jeoloji Miihendisligi Dergisi / Journal of Geological Engineering

Cilt - Volume 43
Sayi - Number 1 Haziran / June 2019

Icindekiler / Contents

Makaleler / Articles

23-

57-

99-

131-

Arastirma Makalesi / Research Article

Sinem ERISIS, Atiye TUGRUL, Murat YILMAZ, Selman ER

Bazaltik Kayaclarin Mineralojik ve Petrografik Ozelliklerinin Akustik Emisyon Uzerindeki Etkilerinin Arastirilmasi
Investigation of the Effects of Mineralogic and Petrographical Characteristics of Basaltic Rocks on Acoustic Emission
Arastirma Makalesi / Research Article

Isik YILMAZ

Sisen Killerin fyilestirilmesinde Jips Kolonu Performansinin Arastirilmasina iliskin Laboratuvar Model Calismasi
A Laboratory Model Study Related with the Determination of Gypsum Column Performance in Treatment of Expansive Soils
Arastirma Makalesi / Research Article

Miige K. AKIN

Diizce Kent Merkezi Zeminlerinin Sivilasma Potansiyelinin Degerlendirilmesi

Evaluation of Liquefaction Potential of Soils in Diizce City Center

Arastirma Makalesi / Research Article

Saffet Deniz KARAGOZ, Mehmet Yalgin KOCA

Determination of Engineering Geological Conditions of a Plant-Site: A Case Study in An Open Pit Mine in Cine, Aydin
Bir Tesis Alanimn Miihendislik Jeolojisi Kosullarinin Belirlenmesi: Ornek Calisma, Cine, Aydin’da Yer Alan Bir Acik
Ocak Feldspat Maden Sahasi

Derleme / Review Paper

Nurkan KARAHANOGLU

Jeotermal Rezervuarlarla flgili Sayisal Modelleme/Benzesim Calismalar
Numerical Modeling/Simulation Studies of the Geothermal Reservoirs
Derleme / Review Paper

Ziibeyde HATIPOGLU-BAGCI, Louis H. MOTZ

Methods for Investigation of Natural Attenuation and Modeling of Petroleum Hydrocarbon Contamination in
Coastal Aquifers
Kiy1 Akiferlerinde Petrol Hidrokarbon Kirliliginin Dogal Gideriminin Arastirilmasi ve Modellenmesi Yontemleri






Jeoloji Miihendisligi Dergisi / Journal of Geological Engineering
43 (2019) 1-22
DOI 10.24232/jmd.572450

Arastirma Makalesi / Research Article

Bazaltik Kayaglarin Mineralojik ve Petrografik Ozelliklerinin
Akustik Emisyon Uzerindeki Etkilerinin Arastirilmasi

Investigation of the Effects of Mineralogic and Petrographical Characteristics of Basaltic
Rocks on Acoustic Emission

Sinem ERISiS 1, Atiye TUGRUL ®, Murat YILMAZ* (©, Selman ER
Istanbul Universitesi-Cerrahpasa, Miihendislik Fakiiltesi, Jeoloji Miihendisligi Béliimii, 34320, Aveilar-Istanbul

Gelis (Received): 29 Haziran (June) 2018 / Diizeltme (Revised): 31 Agustos (August) 2018 / Kabul (Accepted): 19 Eylil (September) 2018

(0Y/

Glintimiizde yapilmakta olan miihendislik projeleriyle birlikte dogal kaynak ihtiyaci da giderek artmaktadir.
Ihtiyaglari karsilamak igin, dayanimi ve dayaniklilig1 yiiksek olmasi nedeniyle bazaltik kayalar tercih edilmektedir.
Bu baglamda, mithendislik uygulamalarinda ve gerektiginde farkli sektorlerde de kullanilabilecek bazaltlarin ¢atlak
baslangiclarinin, yenilme esik degerlerinin ve yiik altindaki davranislarinin yani sira, bunlari etkileyen mineralojik
ve petrografik &zelliklerinin de bilinmesi énemlidir. Bu ¢aligmada farkli mineralojik ve petrografik ozelliklere
sahip bazaltik kayalarin mekanik davranislarinin ortaya konulmasi amaglanmistir. Arastirmalar Marmara Bolgesi
ve ¢evresindeki bazalt tas ocaklarindan getirilmis drnekler tizerinde gerceklestirilmigtir. Mineralojik ve kimyasal
bilesimleri belirlenen bazaltlarin, goriintii analizi yapilarak petrografik 6zellikleri sayisallastirilmistir. Laboratuvar
calismalar1 sonucunda mekanik degerleri bulunmus ve akustik emisyon yontemiyle ¢atlak baglangici ve yenilme esik
degeri yiikleri tespit edilmistir. Elde edilen sonuglara gore gatlak baslangici esik degeri katsayilar1 0.33c - 0.540_ ve
yenilme egik degeri katsayilari da 0.83c_ - 0.98c_ arasinda bulunmustur.

Anahtar Kelimeler: Bazalt, Akustik emisyon, Mineraloji-petrografi

ABSTRACT

The neccesity of natural resource gradually increases with engineering projects which are currently being
carried out at the present time. For meeting the requirements, basaltic rocks are preferred due to their high strength
and durability. In this context, it is important to know the mineralogical and petrographic characteristics of basallts,
which used in engineering applications and when required different sectors, that affect their crack initiating, failure
threshold and as well as the behavior under load. This study aimed to reveal the mechanical behavior of basaltic rocks
which have different mineralogical and petrographic features. Research was carried out on samples that have been
collected from the basalt quarries within Marmara Region and its surroundings. After mineralogical and chemical
composition analysis, petrographic properties of basalts were digitized with the help of the image processing. At
the end of the laboratory studies, mechanic properties were obtained and load values of crack initiation and failure
threshold were determined with acoustic emission method. Obtained result show that load values of crack initiation
value were found between 0.33c and 0.540, and the failure threshold value between 0.83c, and 0.98c,.

Keywords: Basalt, Acoustic emission, Mineralogic - petrographic
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GiRiS

Ulkemizde ve diinyada yaygin sekilde
bulunan bazaltik kayaclar, dayanimlarn ve
durabilitelerinin  yiiksek olmasindan dolay1
¢okca tercih edilen bir malzeme cesididir. Farkl
tiirdeki bazaltlarin yiik altindaki davranislarinin
ve yenilme Ozelliklerinin bilinmesi, fiziksel
ve mekanik Ozelliklerinin tespit edilmesi,
dogal kaynaklarin dogru degerlendirilmesi ve
stirdiirtilebilir olabilmesi agisindan énemlidir.

Akustik  emisyonun (AE) kayalar ile
olan iligkisi Tlzerine farkli arastirmacilar
caligmalar yapmistir. Hardy (1972 ve 1981),
caligmalarinda kaya gibi jeolojik malzemelerde
akustik  yayilmanin  nasil  gerceklestigini
belirtmemelerine ragmen birim deformasyon
enerjisinin hizlica bosalmasi sonucu gelisen
deformasyonlar ve yenilmelerle ilgili oldugunu
belirtmistir.

Kayalarin yiik altindaki davraniglarini
belirleyecek olan fiziksel ve mekanik 6zellikler
onlarin bilesimleri ve dokulariyla dogrudan
iligkilidir. Kaya mihendisliginde gerilme
kosullar1 degistik¢e, doku ve bilesimdeki farkli
elastik Ozellikteki unsurlarin sinirlart boyunca
veya en zayif bilesenler igerisinde catlak
gelisiminin bagladig1 ve ¢atlaklanma baslangici
yiiklerinin, bilesim ve dokuya bagli oldugu
literatiirdeki caligmalarda ortaya konmustur
(Srinivasan vd., 1995; Suzuki vd., 1998; Seto
vd., 1999; Wang vd., 2000; Park vd., 2001;
Aydan vd., 2001).

Tuncay ve Ulusay (2002) tarafindan
AE nin 0zellikleriyle kaya miihendisliginde
kullanim 6rnekleri ve avantaj ve dezavantajlarini
belirtmistir.

Farkli tiir kayaglar (granit, bazalt, gabro,
andezit gibi) Ttzerinde yapilan ¢alismalar
literatiirde yer alsa da, farkli tiir bazaltlar

kullanilarak, tiim fiziksel ve  mekanik
ozelliklerinin bilesim ve doku ile olan iligkilerini
kiyaslayan ve dogrudan ele alan bir ¢alismaya
rastlanmamistir. Bu calismanin temel amaci
bazaltik kayaglarin bilesim ve doku 6zelliklerinin
akustik emisyon Ozelliklerine etkisinin ortaya
konulmasidir.

MALZEME, YONTEM VE BULGULAR

Tiirkiye’nin ¢esitli bolgelerinden getirilen,
farkli bilesim ve dokuya sahip bazaltik
kayaglarin  igyapt  Ozelliklerinin  akustik
emisyon davranigina etkisini tespit edebilmek
icin farkli tas ocaklarindan blok &rnekler
alimmgtir.  Ornekleme yapilan tas ocaklari;
Tekirdag-Hayrabolu, Tekirdag-Muratli, Tekirdag-
Osmancik Koyii, Kiitahya, Diizce, Canakkale-
Biga, Bursa-iznik ve Edirne-Kesan bolgelerinde
yeralmaktadir (Cizelge 1).

Cizelge 1. Laboratuvar calismalarinda kullanilan
bazalt karot 6rnekleri ve kodlari.

Table 1. Basalt core samples and their codes used in
laboratory studies.

Ornek Kodu Ornegin Alindig1 Bolge

BTH Tekirdag- Hayrabolu

BTM Tekirdag- Muratl

BTO Tekirdag- Osmancik Koyt
BK Kiitahya
BD Diizce
BC Canakkale
BB Bursa
BE Edirne

Bazaltik  kayalarm  mineralojik  ve

petrografik  ozelliklerinin, akustik emisyon
davraniglarina etkisinin belirlenebilmesi i¢in
oncelikle numunelerden incekesitler hazirlanmig
ve incelenmistir. Farkli 6zelliklerdeki bazaltik
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kayaglarin kimyasal bilesimlerini belirlemek
icin ise XRF analizi yapilmis ve ana element
oksit ylizdeleri bulunmustur. Boylece kimyasal
bilesimlerine =~ gdre  incelenen  kayaclar
siniflandirilmig, mineralojik ve petrografik
ozellikleri tespit edilmistir. Bu ¢aligmalarin
ardindan blok halinde getirilmis olan bazaltik
kayaclardan NQ ¢apina uygun karot ornekleri
hazirlanmistir (Sekil 1).

ol ™

Arastirma Makalesi / Research Article

Kimyasal Ozellikler

Farkli bilesimlere sahip sekiz kayacin

kimyasal o6zelliklerini saptamak amaciyla XRF
yontemi kullanilarak ana element oksit i¢erikleri
belirlenmistir. Elde edilen sonuglar Cizelge 2’de
verilmistir.

el ™ *

Sekil 1. Laboratuvar ¢alismalarinda kullanilan bazalt karot 6rnekleri.

Figure 1. Basalt core samples used in laboratory studies.

Cizelge 2. Bazaltik kayaglarin ana element oksit yiizdeleri.

Table 2. The major element oxide fractions of basaltic rocks.

Ana Element Oksit Yiizdeleri (%)

Ocak Kodu -

SiO, ALO, Fe O, CaO MgO SO, K,0 Na O

BTH 46.33 13.67 10.96 9.79 11.63 0.15 2.31 4.52
BTM 45.14 13.25 10.19 9.08 12.11 0.16 1.90 3.04
BTO 47.10 13.12 10.02 8.91 11.83 0.14 2.10 3.78
BK 51.73 18.32 5.87 9.08 3.09 0.15 2.39 3.31
BD 57.65 17.22 6.52 6.69 2.96 0.15 1.18 3.68
BC 56.63 18.52 5.95 6.65 3.34 0.15 3.28 3.03
BB 57.13 17.75 6.96 6.75 3.81 0.15 1.96 3.43
BE 49.67 12.26 7.89 791 12.74 0.14 5.51 2.53

Journal of Geological Engineering 43 (1) 2019
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Bazaltik kayaglarin kimyasal 6zelliklerine
gore; Si0, degerleri %45.14 - %57.65 arasinda
degismektedir ve en yiiksek deger BD, en diisiik
deger ise BTM orneklerine aittir. Al,O, degerleri;
%12.26 ile en diisiik BE ve %18.52 ile en yiiksek
BC oOrnegi arasinda degisim gostermektedir.
Fe,O, degerleri de %35.87 - %10.96 arasinda
degismektedir ve en yiiksek BTH 0Omegine,
en diisiik deger ise BK oOrnegine aittir. CaO
igerikleri %6.65 - %9.79 arasinda degisim
gosterirken, en ylksek deger BTH ve en diisiik
deger ise BC ornegidir. MgO degerleri %2.96
- %12.74 arasinda bir degisim gostermektedir
ve BE 0Ornegi en yiiksek, BD &rnegi ise en
distk degerlere sahiptir. SO, degeri orneklerde
birbirlerine yakin degerler vermekte olup %0.14
- %0.16 arasmdadir. KO igerikleri %1.18 -
%35.51 arasinda degisim gosterirken en yiiksek

BE ve en diisiik BD 6rnegidir. Son olarak Na,O
verilerine bakildiginda degerler %2.53 - %4.52
arasinda degisirken en yiiksek deger BTH ve en
diisiik deger ise BE 6rnegindedir.

Bazaltik kayaclarin  kimyasal igerikleri
dogrultusunda Le Bas vd. (1986)’a gore
Na,O+K,0/Si0, degerlerikullanilarak 6rneklerin
dagilimlar yapilmistir (Sekil 1). Bu dogrultuda
BTH tefrit, BTM bazalt, BTO traki-bazalt, BK
traki-bazalt, bazaltik traki-andezit, BD andezit,
BC bazaltik traki-andezit, BB traki andezit,
bazaltik traki-andezit, BE fenotefrit, bazaltik
traki-andezit bilesimlerindedir. Ayrica IB smur
ayrimina gore; BTH, BTM, BTO ve BE alkalin
olup; BD, BC, BB ve BK subalkalin bolgededir.
Kuno (1966)’ ya gore ise; BTH, BTM, BTO, BE
ve BK alkalin, BD, BC, BB subalkalin bolgede
yer almaktadir (Sekil 2).

161

Foidit

Tefrit

Na,0 + K,0 (% wi)

Bazanit

2 L bazalj'
C L

Bazalt

Bazaltik
andezit

Fonolit

Andezit

Trakit

pbEoOoESIOmO

45

55

Si0, (% wt)
Le Bas ve dig. 1986

65 75

Sekil 2. Incelenen kayac drneklerinin Na,0+K,0 / SiO, degerlerine gore isimlendirme diyagramindaki konumlari

(Le Bas vd., 1986).

Figure 2. The locations of the rock samples in the naming diagram according to Na,0O+K,0 / SiO, (Le Bas, 1986).

IB: Irvine ve Baragar (1971)’e gore alkalin-subalkalin ayirimi, Ku: Kuno (1966)’ya gore alkalin-subalkalin ayirimi.

IB: Irvine and Baragar (1971) according to alkaline-subalkaline separation, Ku: Kuno (1966) according to alkaline-

subalkaline separation.
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Mineralojik ve Petrografik Ozellikler

Ince kesitler iizerinde bazaltik kayaclarin
mineralojik  bilesimini  kantitatif  olarak
belirlemek amaciyla modal analiz (nokta sayimi)
yapilmistir. Modal analiz i¢in her bir bazalt kesiti
iizerinde 2000 nokta sayilmistir. Bu c¢alismalar
sonucunda kayaglarin mineral ve hamur alanlar1
nokta sayimui ile elde edilen mineral iceriklerinin
yiizdeleri de Cizelge 3’te verilmistir. Bazaltik
kayaglarin hamur ve doku ozellikleri, mineral
icerikleri, ayrisma durumlart ve petrografik
bilesimlerine gore smiflandirmalari da Cizelge
4 ve Sekil 3’te verilmistir. Hamuru olusturan
plajioklas ve piroksenler “mikrolit” olarak yer
alir.

Arastirma Makalesi / Research Article

Yapilmis olan nokta sayim hesaplarina gore,
kesit igindeki en fazla hamur oran1 %81.4 degeri
ile Tekirdag Hayrabolu Ornegine aittir. En az
hamur orani ise %48.5 ile Edirne Kesan drnegine
aittir. Ayn1 zamanda BE 6rnegi %32.2 degeri ile
en fazla piroksen alan igerigine sahipken, BTM
Ornegi ise %5.6 ile en az piroksen igerigine
sahiptir. Plajiyoklas yiizdelerine gore; en yiiksek
deger %30.2 ile BB ornegi ve en diisiik deger
ise %2.6 ile BK 6rnegine aittir. Biyotit minerali,
sadece farkli bir parajenez veren BE 6rneginde
gozlenmistir ve kesit icerisinde %4.1 oraninda
bulunmaktadir. Opak mineral alan oranlarina
gore en yiiksek %1.7 degeri ile BTO ve en diisiik
%0.4 degeri ile BK 6rneklerinde goriilmektedir.
Olivin iceriklerine bakildiginda ise en yiiksek
deger %15 ile BTO ve en diisiik deger % 2.8 ile
BK o6rnegine aittir.

Cizelge 3. Bazaltik kayaclarin nokta sayimi ile belirlenen mineral icerik oranlari.

Table 3. Mineral ratios of basaltic rocks determined by point counting.

Mineral Icerigi (%)

I(zl(;rzlik Hamur Piroksen Olivin Plajiyoklas Biyotit Opak Mineral
BTH 81.4 9.9 33 4.4 - 1

BTM 68.2 5.6 10.5 14.2 - 1.5
BTO 65.3 7.2 15 10.8 - 1.7

BK 75.7 18.5 2.8 2.6 - 0.4

BD 59.7 12.6 - 26.9 - 0.8

BC 56.6 13 - 29.4 - 1

BB 50.5 18.5 - 30.2 - 0.8

BE 48.5 32.2 3.8 10.8 4.1 0.6

Journal of Geological Engineering 43 (1) 2019
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Sekil 3. Orneklerin polarizan mikroskobu altindaki goriiniimii.
a) BTH, b) BTM, c) BTO, d) BK, ¢) BD, f) BC g) BB, h) BE, (Px: Piroksen, Pl: Plajiyoklas, Ol: Olivin, OM: Opak
Mineral) (Cift Nikol. 4X).

Figure 3. View of samples under polarizing microscope.

Journal of Geological Engineering 43 (1) 2019
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Akustik Emisyon

Akustik  emisyon;  gerilme  altindaki
malzemelerde bir ya da daha ¢ok yerel kaynagin
hizla enerji salarak gegici elastik dalgalar tirettigi
olaylar ve bu seckilde olusan gecici elastik
dalgalar olarak tanimlanmaktadir (ASTM,
2002). Biitiin kat1 malzemeler belli bir elastiklige
sahiptir; dis kuvvetler altinda genlesirler veya
sikigtirtlirlar, kuvvet ortadan kalktiginda ise bir
yay gibi geri gelebilirler. Kuvvet ve dolayisiyla
elastik deformasyon ne kadar fazla ise elastik
davranis o kadar fazla olacaktir. Eger elastik
limit asilirsa kirilma veya g¢atlama gergeklesir.
Elastik olarak genlesmis malzemede bosluk,
inkliizyon vb. bir kusur varsa catlamalar yiiksek
derecede gerilen bu noktalarda olusarak hizli bir
dislokasyonla malzeme enerjisini atarak gevser.
Iste bu sekilde elastik enerjinin hizla serbest
birakilmasma “Akustik Emisyon” olay1 denir.
Yontem, ornege sabitlenecek bir alict sensor,
(Sekil 4) olusan titresimlerin frekanslarini
arttiracak gii¢ yiikselticiler ve akustik emisyon
sayilarinin grafige dokiildiigii, tiim sistemin bagl
oldugu bir bilgisayar diizeneginden olusmaktadir
(Sekil 5). Tuncay ve Ulusay (2002) yaptiklar
caligmalar ile Tirkiye’de heniiz kullanimi
yaygin olmayan AE teknigini, AE sinyallerinin
(olgusunun) oOzelliklerini, izleme sistemlerinin
amaca gore kullamimini, sev, yeralti ve arazi
gerilmelerinin ~ belirlenmesinde ~ ydntemin
avantaj ve dezavantajlarini ana hatlariyla
belirtmiglerdir. Tuncay ve Ulusay (2008) ile
Tuncay ve Obara (2012) AE teknigini kullanarak
arazi gerilmelerinin belirlenebilmesine yonelik
degerlendirmelere de gitmislerdir.

Catlak baslangici, bazi kaynaklarda gerilim
kaynakl1 hasarin ilk agsamasi olarak belirtilmistir.
Fakat ISRM’in onerilen kurallart catlak
baslangicinin  tespitinden  bahsetmemektedir
(Nicksiar, 2012). Ozellikle yapilan son ¢alismalar
(Chang ve Lee, 2004), catlak baslangict

seviyelerinin bilinmesinin yeralti kazilarinda
olusabilecek sokiillme (kavlaklanma) direnci
icin yaklasik bir deger olarak kullanilabilecegini
gostermektedir.

.
’o

AE Sensorii . ”.“ ’ "’ “

' fm . ‘
b ¢04
'§ o *ﬁ@*"
‘ ()

Deformasyon

”‘."ﬁ \ / olger

Sekil 4. Gerilme artigina bagl olarak gelisen kHz
mertebesindeki tiim titresimleri algilayan sensor ve
ayni1 zamanda karota yapistirilmis olan deformasyon
Olcerlerin goriiniimii.

Figure 4. A sensor that detects all vibrations in the
kHz range due to the increament stress rate and the
appearance of deformation meters sticked on the core
sample at the same time.

Mikro catlak aginin gelisimi ve ilerlemesi
iki farkl siirecin etkisi altindadir; maruz kalinan
periyodik yiiklerin smirmin asilmasina veya
yenilme basinct esik degerinin  kontroliine
baghdir (Eberhardt, 1999b). Gergeklesen
bir basing sirasinda Ornek {iizerinde farkli
catlak  asamalarmin  gelistigi  (¢atlaklarin
kapanmasi, catlak baglangici, catlaklarin
birlesmesi veya gatlak yenilmesi) bilinmektedir.
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Akustik emisyon verilerinin kayit edildigi
bilgisayar diizenegi

Sekil 5. Akustik emisyon deney diizeneginin genel goriiniimii.

Figure 5. General view of the acoustic emission test setup.

Basing sirasinda kayag¢ orneginde gergeklesen
catlak  gelisiminin asamalart  Sekil 6°da
gosterilmistir.  Eberhardt (1998) tarafindan
ayrintilt  bir  sekilde tarif edilen catlak
gelisimlerinin esik degerleri Chang ve Lee
(2004) tarafindan Ozet olarak asagidaki gibi
tanimlanmistir;

Deformasyon-gerilme grafiginde ¢atlaklarin
kapandig1 bolge, ilk yanal egim ¢izgisinin
minimum noktasidir.

Catlak baslangici, kiimiilatif AE egrilerinin
ilk kez 6nemli 6l¢iide artmaya basladig1 noktadir.

Catlaklarin  yenilmesi, egim ¢izgisinin
negatiften pozitife gectigi veya ikincil lineer
¢izgi araligindan aniden saptig1 ve artti1 nokta
olarak tarif edilmektedir.

Arastirma Makalesi / Research Article

v
B v y 7
Ve & v /
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v %%
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Gci Gcd
Sekil 6. Sematik olarak farkli gerilme seviyelerinde
kirtk baslangici, gelisimi ve kapanmasinin gosterimi
(Cai, vd., 2004°ten degistirilerek alinmstir).
Figure 6. Schematic demonstration of fracture

initiation, development and closure at different stress
levels (modified after Cai et al., 2004).

(oc ; Tek Eksenli Basing Dayanimi, G, Catlak
Kapanmas: Gerilmesi, G, Catlak Baslangici
Gerilmesi, G, Catlak Yenilmesi Gerilmesi)
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Maksimum sikigma dayanimi ile catlak
baslangict gerilme degeri arasinda bir esik
degeri verilerek, maksimum gerilme degeri
bilinen saglam bir kaya¢ ornegi icin catlak
baslangici  gerilme degeri hakkinda bir
yaklasimda bulunulabilir. Eberhardt (1999b),
granitler lizerinde yaptig1 calisma sonucunda
catlak baslangici ve ¢atlak yenilmesi esik degeri
katsayilarmi 0.39 UCS ve 0.75 UCS olarak
tespit etmistir. Cai vd. (2004), catlak baslangici
stirecinin maksimum tek eksenli sikigsma
dayanimi degerinden 0.3 ile 0.5 kat daha diisiik

basing gerilmelerinde basladigini belirtmislerdir.
Undiil vd. (2015) andezitik kayaglar iizerinde
yaptiklar1 caligmalarda gerilme deformasyon
grafiklerinden yararlanarak, catlak baslangici
esik gerilme degerini yiiklerini ortalama 0.39-
0.43 olarak tespit etmiglerdir. Cizelge 5 ve
Cizelge 6’da verilen degerlere gore bazaltik
kayaclarda c¢atlak baslangict esik gerilme
degerleri 0.33 6_ ile 0.54 o_ (%33-%54) basing
gerilmeleri arasinda degisirken, catlak yenilme
esik degeri katsayilari ise 0.83 o ile 0.98 o,
(%83-%98) arasinda degigsmektedir.

Cizelge 5. Akustik emisyon yontemi ile olusturulan grafiklerden elde edilen verilere gore bazalt drneklerinin yenilme
sureci boyunca farkli ¢atlak seviyelerinde aldiklart sikisma dayanimi degerleri.

Table 5. According to the results obtained from the graphs generated by the acoustic emission method, the values of
the pressure resistances of the basalt specimens obtained at different crack levels during the deformation process.

Catlak Baslangici
Gerilmesi - Catlak
Bagslangicr Siiresi

Catlaklarin Yenilme
Gerilmesi -Catlak
Yenilme Siiresi

Tek Eksenli Basing Catlaklarin Kapanma
Dayanimi -Deney Gerilmesi -Catlak
Siiresi Kapanma Siiresi
I?g:ﬁlk G, (MPa)-c(sn) G (MPa)-cc(sn)
BTH 271-712 25-30
BTM 252 -706 19 - 98
BTO 174 - 460 13-34
BK 205 - 584 22-92
BD 272 - 786 11 -84
BC 149 - 462 16 - 50
BB 252 -558 18 - 60
BE 162 - 484 14 -70

G, (MPa)-ci(sn) G, (MPa)-cd(sn)

147 - 408 244 - 670
93 - 296 211 - 690
85 - 294 164 - 458
76 - 258 192 - 566
110 - 372 268 - 764
60 - 194 143 - 446
90 - 226 226-512

54-174 150 - 456
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Cizelge 6. Bazalt orneklerinin farkli catlak seviyelerinde ve yenilme suireleri i¢inde aldiklari esik degeri katsayilari.

Table 6. Threshold value coefficients of basalt samples taken at different crack levels and during the time of failure

times.
Catlak Baglangict Esik Catlak Yenilme Esik Catlak Baslangici Catlak Yenilme Siiresi
Degeri Katsayisi Degeri Katsayisi Stiresi Katsayist Katsayisi
I(Zg(liik o,/0, G./O, ci(sn)/c(sn) cd(sn)/c(sn)
BTH 0.54 0.90 0.57 0.94
BTM 0.37 0.83 0.42 0.97
BTO 0.49 0.94 0.63 0.99
BK 0.37 0.93 0.44 0.97
BD 0.40 0.98 0.47 0.97
BC 0.40 0.95 0.42 0.95
BB 0.36 0.89 0.41 0.91
BE 0.33 0.92 0.35 0.94

Maksimum sikisma dayanimi ile catlak
baglangict gerilme degeri arasinda bir esik
degeri verilerek, maksimum gerilme degeri
bilinen saglam bir kaya¢ Ornegi icgin ¢atlak
baslangict  gerilme degeri hakkinda  bir
yaklagimda bulunulabilir. Eberhardt (1999b),
granitler iizerinde yaptig1 calisma sonucunda
catlak baslangici ve catlak yenilmesi esik degeri
katsayilarim1 0.39 UCS ve 0.75 UCS olarak
tespit etmistir. Cai vd. (2004), catlak baslangici
siirecinin maksimum tek eksenli sikigma
dayanimi degerinden 0.3 ile 0.5 kat daha diisiik
basing gerilmelerinde basladigini belirtmislerdir.
Undiil vd. (2015) andezitik kayaglar iizerinde
yaptiklar1 ¢alismalarda gerilme deformasyon
grafiklerinden yararlanarak, catlak baslangici
esik gerilme degerini yiiklerini ortalama 0.39-
0.43 olarak tespit etmislerdir. Cizelge 5 ve
Cizelge 6’da verilen degerlere gore bazaltik
kayaglarda c¢atlak baslangici esik gerilme

degerleri 0.33 c_ile 0.54 o_ (%33-%54) basing
gerilmeleri arasinda degisirken, catlak yenilme
esik degeri katsayilar1 ise 0.83 o_ile 0.98 o,
(%83-%98) arasinda degismektedir.

Tekirdag-Hayrabolu bazalti i¢in yapilan
ornek calismada, tek eksenli basing deneyleri
sirasinda en yiiksek 271 MPa gerilme degeri
alan Tekirdag-Hayrabolu bazaltinda; 25 MPa’da
catlaklarin kapanmasi, 149 MPa’da ise catlak
baslangict gerceklesmistir. Yaklasik olarak 244
MPa’da ¢atlaklarin yenilmesi meydana gelmistir.
712 sn siiren basing deneyi sirasinda Tekirdag-
Hayrabolu bazalti 408. sn’de catlaklanmaya
baslamig, zamanla gelisen ikincil ¢atlaklarinda
birlikte hareket etmeye baslamalari ile yenilme
670. sn’de meydana gelmistir (Sekil 7-10). Bu
veriler dogrultusunda catlak baslangict esik
degeri katsayis1 0.54 o, catlak yenilmesi esik
degeri ise 0.90 o, olarak bulunmustur (Cizelge
6).

Journal of Geological Engineering 43 (1) 2019
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Sekil 7. Tekirdag- Hayrabolu bazaltinin AE izleme yontemi ile elde edilen veri grafigi.
Figure 7. Data graph obtained by AE monitoring method of Tekirdag- Hayrabolu basalt.
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Sekil 8. Tekirdag- Hayrabolu bazaltinin basing dayanimlarina gore AE verilerinin dagilimu.
Figure 8. Distribution of AE data according to pressure resistances of Tekirdag- Hayrabolu basalt.
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Sekil 9. Tekirdag- Hayrabolu bazaltinda uygulanan yiike karsi meydana gelen AE verilerinin kiimiilatif olarak
degisimi.
Figure 9. Cumulative change of AE data from the stratum of the Tekirdag-Hayrabolu basalt.
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Sekil 10. Tekirdag- Hayrabolu 6rnegine uygulanan basing dayanimi sirasinda zamanla degisim gosteren kiimiilatif
AE veri grafigi.

Figure 10. A cumulative AE data plot that shows a change over time during the pressure resistance applied to the
Tekirdag-Hayrabolu example.

Journal of Geological Engineering 43 (1) 2019
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VERILERIN DEGERLENDIRILMESi VE
TARTISMA

Kayag igerisindeki catlak sistemi, hamur
bilesimi ve dokusu, minerallerinin boyutu,
tirii ve ayrisma durumlar, fiziksel o6zellikleri
(porozite, yogunluk, birim hacim agirlik, su
emme gibi) ve tlim bu 6zelliklerin farkl sekillerde
birlikte ¢alismasi ile kayacin dayanimini, c¢atlak
baslangicini, yenilme mekanizmasimi ve diger
mekanik 6zelliklerini etkilemektedir.

Eberhardt (1999a), Tugrul ve Zarif (1999)
granitikkayaclariizerinde yaptiklari¢aligmalarda,
kayacin mineralojik bilesimleri ile mekanik
Ozelliklerini  karsilagtirdiklarinda tane boyu
kiigiildiikkge dayanimin arttigini belirtmislerdir.

Undiil ve digerleri (2015) andezitik kayaglar
iizerinde yaptiklar1 c¢alismada; plajiyoklas
ve amfibol fenokristallerinin  toplaminin,
hamura olan orant (Plajiyoklas+Amfibol/
Hamur) arttikga dayamimlarmin  arttigin
tespit etmislerdir. Incelenen kayaglar iizerinde
yapilan basing deneylerinden elde edilmis olan
ortalama dayanim degerleri ile akustik emisyon
¢alismalar1 sonucunda elde edilmis olan catlak
baslangic1 esik degeri katsayilar1 ¢arpilarak,
Cizelge 7’de verilen ortalama catlak baslangici
basing degerleri (c_) elde edilmistir. Bu degerlere
gore, bazaltik kayaclarda hamur orani arttikga
maksimum basing dayanimi ve ¢atlak baglangici
ylikii de artmaktadir (Sekil 11).

Cizelge 7. Bazaltik kayaglarin ortalama catlak baslangici gerilme degerleri ve minerallerin hamura olan oranlart.

Table 7. Mean crack initiation stress values of basaltic rocks and the proportion of minerals to matrix.

gmek Basig¢ Dayanimi Caﬂgﬁ:ﬁiﬂi?‘gm Ha:)mur (Pl+Px+(?/(l)))/Hamur
odu o, (MPa) 5. (MPa) (%)
BTH 271 147 82 0.21
BTM 247 91 70 0.43
BTO 206 101 64 0.53
BK 216 80 78 0.28
BD 190 76 61 0.62
BC 188 75 58 0.69
BB 186 67 51 0.91
BE 145 48 45 1.14
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Sekil 11. Bazaltik kayac¢larin hamur yiizdeleri ile ¢atlak baslangict degerlerinin ve tek eksenli basing dayanimlariin

karsilagtiriimasi.

Figure 11. Comparison of matrix percentages and crack initiation values and uniaxial compressive strengths of the

basaltic rocks.
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Sekil 12. Bazaltik kayaglarin mineral alan yiizdelerinin hamur yiizdelerine oraninin ¢atlak baglangici ve tek eksenli

basing dayanimi degerleri ile karsilagtirtlmasi.

Figure 12. Comparisons of the ratio of the mineral area percentages of the basaltic rocks to the percentage of the
matrix are compared with the crack initiation and uniaxial compressive strength values.

Bazaltik kayaglarda minerallerin alanlari
arttikca ve tane boylar1 biiylidiikce, dayanim
degerleri diismektedir. Plajiyoklas, piroksen
ve olivin fenokristal alanlari toplanip hamura

oranlandiginda, deger kiiciildiik¢e, yani hamur
orani arttik¢a maksimum ytikiin ve ¢atlak yenilme
yiikiiniin de arttig1 goriilmektedir (Cizelge 7 ve
Sekil 12).

Journal of Geological Engineering 43 (1) 2019



16 Bazaltik Kayaglarin Mineralojik ve Petrografik Ozelliklerinin Akustik Emisyon Uzerindeki Etkilerinin Aragtiriimasi

Erisis, Tugrul, Yilmaz, Er

Dayanimi etkileyen en dnemli unsurlardan
biri hamurun bilesimi ve ozelligidir. 8 farkli
bazaltik kayag icerisinde, piroksen, plajiyoklas
ve olivin minerallerinin hamurun neredeyse
tamamina hakim oldugu 6rnekler (BTH, BTM,
BTO, BK) yiiksek dayanim gosterirken, volkan
cami ve plajiyoklas agirlikli olanlar (BD,
BC, BB) daha diisiik basing dayanimlarinda
yenilmektedir. Bunun yani sira, hamur igerisinde
fenokristal boyutlarda bulunan ana minerallerin
(piroksen, plajiyoklas gibi) alanlar1 arttikca,
kayaglarin dayanimlari diismektedir (Sekil 13).

goriilen bosluklar1 olmasidir. BK &rneginde
de hamurda var olan ¢atlak sistemleri, akma
dokusu ve minerallerindeki ayrigmadan dolay1
gozlenen Kkillesmeler nedeniyle dayanimi
beklenilen degerden daha disiiktiir. Ciinki
volkan cami ayrigmadan daha ¢ok etkilenmekte
ve kile doniismektedir. Bunlarin disinda hamuru
volkan cami agirlikli olan BD 6rnegi ise ayrigmis
mineral igermediginden yiiksek dayanimlidir,
fakat yenilme yiikii gerceklestikten hemen
sonra maksimum yiikii almaktadir. Bu sekilde

kirilgan davranmasinin  nedeni, hamurunun
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Sekil 13. Piroksen ve plajiyoklas fenokristal ylizdelerinin dayanim degerleriyle karsilagtirilmasi.

Figure 13. Comparison of strength values of pyroxene and plagioclase phenocrystal fractions.

Catlak ve ayrigmig mineral igermeyen

kayaclar, bunlar1 iceren kayaclara gore,
yik altinda daha uzun bir siire yenilmeden
kalabilmektedir. Genel olarak dayanimi ytiksek
olan BTH ve BTM orneklerinde, yenilmenin
meydana geldigi yiik degerleri de yiksektir.
Fakat benzer petrografik oOzellikler gdsteren
BTO ve BK orneklerinin dayanimlar
yenilme yiikii degerleri beklenilenden gdreceli

daha diisiiktiir. Bunun nedeni BTO Orneginin

Ve

dayanimli hamur dokusuna ragmen, gozle

agirlikli  olarak volkan camindan meydana
gelmis olmasi ve hamurdaki catlaklardir. Genel
olarak c¢atlak baslangici esik degeri katsayilarina
bakildiginda, dayanimi yiiksek olan 6rneklerin
katsay1r degerleri de yiiksektir. Fakat hamurun
bilesiminden ve dokusundan, ayrismis mineral
iceriginden, mineral boyutlarindan ve g¢atlak
sistemlerinden kaynaklanan sebepler nedeniyle
beklenilenden daha diisiik veya daha yiiksek

katsay1 degerleri ¢ikabilmektedir (Cizelge 8).
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Cizelge 8. Bazaltik kayaclarin mikroskop goruntiileri ve mekanik ozellikleri.

Table 8. Microscopic views and mechanical properties of basaltic rocks.

Ornek Ca%al;kBgiliriiglcl Catlak Yenilmesi Basing Elastisite Bazaltlarin Polorizan
Kodu IS(atsa %51 Esik Degeri Dayanimi Modiilii Mikroskop Altindaki
(o /g ) Katsayisi (6,/5) o, (MPa)  E(GPa) Gériintiileri (4x)

BTH 0.54 0.90 271 117
BTM 0.37 0.83 247 65

BTO 0.49 0.94 206 91

BK 0.37 0.93 216 67

BD 0.40 0.98 190 101

BC 0.40 0.95 188 57

BB 0.36 0.89 186 76

BE 0.33 0.92 145 103

Journal of Geological Engineering 43 (1) 2019
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Catlak  yenilme yiki (o), kayacin
kirilganligr hakkinda yaklagimda bulunmamiza
yardimc1 olmaktadir. Kayacin yenilme yiki
aldigi maksimum yiike oranlandiginda, elde
edilen deger ne kadar biiyiik ise kayacin o kadar
kirilgan (gevrek) davrandigi sdylenebilir. Bu
caligma ile yenilme esik degeri katsayisi 0.83-
0.98 o, arasinda bulunan bazaltlarin, Eberhardt
(1999b), Chang ve Lee (2004) tarafindan daha
once yapilmis ¢alismalarda yenilme esik degeri
0.75-0.89 UCS arasinda bulunmus olan granitik
kayaglara gore, biraz daha kirillgan davrandiklar
sOylenebilir. Diger bir anlatimla, granitik kayaglar
aldiklar1 maksimum dayanim yliikiine gore,
erken yenilseler bile tane giicii ile birbirlerine
kenetlenmekte ve bir siire daha basing altinda
parcalanmadan kalabilmektedirler. Fakat bazaltik
kayaglar hamur ve fenokristallerden olusan bir
yapida olduklarindan, yenilme gergeklestikten
cok daha kisa bir siire sonra alabilecegi
maksimum ytlikte par¢calanmaktadirlar. Eberhardt
(1999a) granit, granodiyorit ve pegmatit tizerinde
yaptig1 ¢alismalarla catlak baslangicinda 6nemli
olanin, ana minerallerin giicii oldugu ve ¢atlagin
yayillma davranisinda bu minerallerin etkin rol
aldigin1 belirtmistir. BD ve BB 06rneklerinde
ayrismis minerallerin  olmamasi, var olan
catlaklarin da birbirleri ile baglantili olmayip,
mineralleri  kesmemesi nedeniyle yiiksek
dayanim gosterdikleri sdylenebilir. Bunun yani
sira, bazaltik kayaglarda hamurun bilesimi ve
dokusu da, kayacin dayanimi ve ¢atlak baglangict
i¢in etken rol oynamaktadir.

Bugiine kadar kayaglarin catlak baglangici
degerleri ¢esitli  arastirmacilar  tarafindan
onerilen farkli yontemlerle bulunmustur. Ilk
olarak Brace (1966) hacimsel deformasyon
- basing dayanimi grafiginden yararlanarak
egrinin lineer ¢izgiden saptig1 nokta olarak tespit
etmistir. Lajtai (1974) eksenel basing - yanal
deformasyon grafiginden, Diederichs (2007)

Poisson orani ile basing dayanimi grafiginden,
Stacey (1981) eksenel ve yanal deformasyon
grafiginden, Eberhardt (1998) AE degeri - basing
dayanimi grafiginden ve Nicksiar (2012) LRS
(yanal deformasyon grafiginden yararlanarak
gelistirilmis bir yontem)’ den yararlanarak catlak
baslangict yiiklerini ve esik degerlerini tespit
etmeye galigmislardir. Nicksiar ve Martin (2012)
bircok farkli yontemi kullanarak birbirlerine
yakin sonuglar elde etmis ve diyoritler i¢in ¢atlak
baslangic1 esik degeri katsayisini 0.35c, -0.560,
arasinda bulmustur. Bu calisma kapsaminda
yanal deformasyon - basing dayanimi grafigi
ve akustik emisyon sayilar1 kullanilmak {iizere
iki farkli yontemden yararlanarak bazaltik
kayaclarda catlak baglangict esik degerleri
tespit edilmeye calisilmistir. Neticede her iki
yontemden elde edilen sonuglarin birbirleri ile
uyumlu oldugu (Sekil 14) ve bazaltik kayaglarda
catlak baslangict esik degerlerinin bilesim ve
dokusal ozellikleri nedeniyle 0.33c, -0.54c,
arasinda degisim gosterdigi belirlenmistir.

0,6

6,/0, (0-€)
=
i
L 2
*
L 2
*
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Sekil 14. iki farkli yontem kullanilarak bulunmus
olan catlak baglangict esik degeri katsayilarinin
karsilastirilmasi.

Figure 14. Comparison of crack initiation threshold
values found using two different methods.
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Akustik emisyon verilerinden elde edilen
catlak baslangic1 esik degerleriyle gerilme-
deformasyon  grafiklerinden elde edilen
veriler birbirleri ile uyumludur. Bu sonug, iki
yontemin de kayaglarin catlak baglangicini esik
degerini bulmak i¢in kullanilabilecek yontemler
olduklarimi desteklemektedir. Fakat uygulamasi

Arastirma Makalesi / Research Article

Gerilme deformasyon grafiklerine gore tek
eksenli basing dayamimi degeri arttikca catlak
baslangici yiikiiniin de arttigi Undiil vd. (2015)
tarafindan  belirtilmistir. ~ Akustik  emisyon
yontemiyle elde edilen catlak baglangici ve
catlak yenilmesi yiiklerinin, kayacin dayanim
ozellikleriyle uyumlu oldugu Sekil 15°de

daha kolay oldugu icin akustik emisyon gosterilen  basit  regresyon  analizlerinde
yonteminin kullanilmasi dnerilebilir. goriilmektedir.
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Sekil 15. Basing dayanimi1 degerleri ile a) ¢atlak baslangici ve b) catlak yenilme yiiklerinin karsilastiriimasi.

Figure 15. Comparing the unconfined strength values with a) crack initiation and b) crack failure.
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Sekil 16. Catlak yenilme esik degeri katsayisi ile
basing dayaniminin karsilastiriimast (BD  Ornegi
haric).

Figure 16. Comparing the crack resistance threshold
value with the compressive strength (except BD
specimen).

BD 6rnegi harig akustik emisyon verilerinden
elde edilen verilere gore catlak yenilme esik
degeri katsayis1 azaldikga tek eksenli basing
dayanimi degerinin arttig1 goriilmektedir (Sekil
16). Diizce bazaltinin boslugunun az olmasina
ragmen, catlakli olmasi nedeniyle yenilme
gerceklestikten sonra daha fazla yiik alamayip,
maksimum yiike ulastig1 i¢in uyumsuz bir deger
verdigi diigiiniilmektedir.

SONUCLAR

Yapilan ¢alisma sonucunda akustik emisyon
verileri ile bazaltik kayaglarin daha Onceki
calismalarda belirtilmemis olan catlak baglangict

Journal of Geological Engineering 43 (1) 2019
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ve yenilme esik degerleri tespit edilmeye
calisilmistir. Elde edilen sonuglar asagida
verilmistir:

* Hamur orami arttikga maksimum basing
dayanimi ve catlak baslangict yiikii de
artmaktadir.

*  Plajiyoklas, piroksen ve olivin fenokristal
alanlar1 toplanip hamura oranlandiginda,
yani hamur oram1 arttitkga maksimum
yiikiin ve catlak yenilme yiikiiniin de arttig1
goriilmektedir.

* (Calismaya konu olan bazaltlar i¢in c¢atlak
baglangici esik degeri katsayilar1 0.33c, -
0.540, ve kalic1 deformasyonun saglandigi
yenilme egik degeri katsayilar1 da 0.83c, -
0.98c, arasinda bulunmustur.

e Dayanimi yiliksek olan Orneklerin katsay1
degerleri yiikseldikge, catlak baslangici esik
degeri katsayilarida yiikselmektedir.

*  Bukatsayilardan yararlanilarak, dayanimlar
ve bilesimleri bilinen bazaltik kayaclarin
catlaklanma baslangici gerilme seviyelerinin
ve yenilme yiiklerinin tespiti i¢in genel bir
yaklasimda bulunulabilir.

Ayrica yazarlar bu Onemli kayaglarin
yenilmesinin tahmininde kullanilan bu yontemin
diger kayac tiirleri iizerinde de ayrintili olarak
arastiritlmasini 6nermektedirler.
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oz

Killi zeminler {izerine insa edilen 6zellikle hafif yapilarin temel tasarimlarinda dikkate alinmasi gereken
en 6nemli zemin davranisi sisme 6zelligi ve buna bagl olarak yiizeyde meydana gelecek zemin kabarmalaridir.
Bu nedenle, bu yapilarla ilgili zemin arastirmalarinda séz konusu killi zeminin sisme 6zelliklerinin ve uygun
iyilestirme yonteminin belirlenmesi ¢ok biiyiik 6nem tasimaktadir. Literatiirde kireg, ¢imento, ugucu kiil, jips, bitiim,
recine, kimyasallar, vb. ile ilgili birgok zemin iyilestirme yontemlerine siklikla rastlanmaktadir. Sisen zeminlerin
iyilestirilmesinde kullanilan bu yontemlerin basinda iyilestirme kimyasallar1 ve finansal boyutun 6nemi biiytiktiir.
Bu nedenle diisiik maliyette en iyi iyilestirmenin yapilmasi birincil amagtir. Bu ¢alisma kapsaminda killi zeminlerin
iyilestirilmesinde jips kolonlarinin performansinin arastirilmasina iliskin bir laboratuvar model ¢alismasinin
gergeklestirilmesi planlanmigtir. Amaca yonelik olarak; laboratuvarda hazirlanan bir arazi modeline yerlestirilen jips
kolonu ile kolondan itibaren mesafeye bagl olarak zeminin sismesinde meydana gelen degisimler belirlenmistir. Elde
edilen model verilerine dayali olarak da jips kolon tekniginin iyilestirme performansi arastirilmig ve tartigilmastir.

Anahtar Kelimeler: Killi zeminler, Iyilestirme, Sisme, Jips Kolonu, Laboratuvar Model

ABSTRACT

The most important soil behaviour in order to consider in foundation designs of specially light structures built
on clay soils is swelling properties of the soil and accordingly soils heave which occurs on soil surface. For this
reason, in surveys related to this kind of soils, it is quite important to determine the swelling properties of soils and
appropriate stabilisation methods. Literature contains a vast number of stabilising techniques such as; lime, cement,
fly ash, bitume and resin for treatment of expansive soils. Financial perspective of these techniques is very important.
Therefore, the primary purpose is low cost for the best treatment. In this study, a laboratory model study was
conducted in order to determine the performance of gypsum column technique on treatment of clay soils. For this
purpose, gypsum column was built in a field model which built in the laboratory and the changes on swelling of the
soil was determined depending on the distance from the column. By using the obtained model data, the performance
of gypsum column technique was analyzed and discussed.

Keywords: Clay Soils, Stabilization, Swelling, Gypsum Column, Laboratory Model

Yazisma Yazari / Correspondence: isik.yilmaz@gmail.com http://www.jmd.jmo.org.tr

http://dergipark.gov.tr/jmd



24 Sisen Killerin lyilestiriimesinde Jips Kolonu Performansinin Arastirilmasina lliskin Laboratuvar Model Calismasi

| Yilmaz

GIRIS

Yeryuvari lizerinde sikca karsilagilan zemin
sorunlar1 arasinda c¢okme, sisme, dispersif
Ozellik  gdsteren zeminler bulunmaktadir.
Sorunlu zeminler zemin mekanigi agisindan
ciddi sorunlar teskil etmektedir. Ozellikle
sisebilen killi zeminlerde hafif yapilarin temel
tasarimlarinda dikkate alinmasi1 gereken en
onemli zemin davranigi sisme 6zelligi ve buna
bagli olarak yiizeyde meydana gelecek zemin
kabarmalaridir. Bu nedenle, yapilarla ilgili
zemin arastirmalarinda séz konusu killi zeminin
sisgme potansiyeli, sisme sonucunda olusacak
maksimum basing diizeyi ve buna bagli olarak
zemin yiizeyinde olusacak kabarma miktarimnin
belirlenmesi ve Ongoriilmesi ¢ok biiyiik 6nem
tasimaktadir.

Sisen zeminler suyla karistirildiklarinda
hacim degisimi gosteren ve iizerinde bulunan
yapilara ve kazik destek sistemlerine zarar
verebilen, yar1 kurak veya kurak iklimlerde
olusmus killerdir. Sisme ozelliginin
montmorillonit ve illit tipi killere 6zgl bir olay
oldugu soylenebilir. Bazi durumlarda killer
tek, bazilarinda ise ii¢ boyutta sisme ozelligi
gostermektedir. Bazen de zeminlerde yanal
sisme basinci diisey yondeki degerinin iki katina
cikabilmektedir. Toplam su igerigi ve su tutma
enerjisi, killerin tiim ozelliklerini etkileyen en
onemli iki faktordiir. Su icerigi; kivam, dayanim
ve yogunluk, su tutma enerjisi ise hacimsel
degisim, konsolidasyon ve hidrolik iletkenlik
gibi temel oOzellikleri etkiler. Miihendislik
uygulamalariin hemen hepsi kildeki dogal su
icerigini bozar. Kil izerine uygulanan gerilmeler,
dogal ve yapay yiikler kilin yapisinda nem
hareketine neden olur ve killerdeki hacimsel
degisimler genellikle bu nem hareketi ile
kontrol edilir. Killerde nem hareketi, kil-su
sistemi icerisinde i¢sel egimden kaynaklanan

kuvvetlerle olusur. I¢sel egim, sicaklik degisimi,
doygunlugun artmasi ve kimyasal bilesimdeki
degisimlerden kaynaklanir. Killerde kuruma
sonucu biiziilme, su emme sonucu gisme gibi
istenmeyen sonuglar nem hareketlerinden dolay1
olusur.

Bu zeminler Ornegin sadece Amerika’
da binalara, yollara, hava alanlarma ve diger
tesislere bir yilda yaklagik 9 milyar dolar
zarar vermektedir. Bu miktar depremlerden,
tagkinlardan, kasirgalardan ve hortumlardan
kaynaklanan hasarin neredeyse iki katidir
(Jones ve Holtz, 1987). Bir kiyaslama yapilmasi
amactyla Cizelge 1° de Amerika’da sisen
zeminlerden kaynaklanan yillik hasar miktarlar
verilmistir.

Cizelge 1. Amerika’da sisen zeminlerden kaynaklanan
yillik hasar (Jones ve Holtz, 1987) .

Table 1. The annual damages in America sourced
from the expansive soils (Jones and Holtz, 1987).

Kategori

Karayollar1 ve caddeler
Ticari binalar 1 440 000 000
Miistakil evleri 1200 000 000
Yaya yollari, tasit yollart ve 440 000 000

park alanlari
Gomiilii kamu kuruluglart 400 000 000
ve servisleri

Yillik Hasar (U.S. $)
4550 000 000

Cok katl1 binalar 320 000 000
Havaalani tesisleri 160 000 000
Yerlesim alan1 heyelan 100 000 000

Diger 390 000 000
Toplam yillik hasar (1987) 9 000 000 000

Sisebilen killi zeminlerin sigme
potansiyelleri;  lizerlerinde  bulunan  ortii
gerilmesine, yiik kaldirilmasina veya su
icerigindeki artiglara baglidir. Bell ve Maud
(1995), Yilmaz ve Karacan (1997) ve Yilmaz
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(2007 a, b) ozellikle hafif yapilarin sisme ile
meydana gelen zemin kabarmalarma karsi
yeterli miktarda mukavemet gosterememelerinin
yap1 lizerinde ¢ok siddetli hasarlarin olusmasina
neden oldugunu belirtmislerdir.

Bir zemini problemli olarak degerlendiren
miihendis asagidaki yontemlere basvurur;

1. Problemli zemin kaldirilarak yerine daha
uygun Ozellikteki zemin uygun tekniklerle
yerlestirilir. Bu ydntem zemin hacmi
biiylidiik¢e ekonomiklikten uzaklagmaktadir.

2. Miihendislik projesinin boyutlarini zeminin
durumuna uygun olarak se¢mek veya
sorunlu zemini asarak yapiy1 alttaki saglam
zemine tasitmak. Bu ydntem de bazen
ekonomiklikten uzaktir.

3. Zeminin oOzelliklerini istenilen ydnde

degistirmek. Bu tir  uygulamalar
ylzyillardan beri uygulanmakta olup
zemine kimyasal maddeler katmak, zemini
isitmak, dondurmak, sikistirmak  gibi
islemlerle zeminin 6zellikleri iyilestirilmeye
calisilmaktadir. Bu ydntem ekonomik
olup yaygin olarak kullanilmaktadir. Sisen
zeminlerin  iyilestirilmesinde  kullanilan
yontemlerin baginda iyilestirme kimyasallari
ve finansal boyutun &nemi bilyiiktir. Bu
nedenle diisiik maliyette en iyi iyilestirmenin
yapilmasi birincil amagtir.

Zemin iyilestirilmesi ¢ok eski zamanlardan
beri kullanilmakta olup mekanik iyilestirmenin
yeterli olmadig1 durumlarda kimyasal iyilestirme
yontemleri daha g¢ok tercih edilmektedir.
Kimyasal iyilestirmede zemine cesitli katki
katilarak
iyilestirilmeye caligilmaktadir. Bugiline kadar
recineden mermer tozuna kadar pek cok katki
maddesi denenmis olmakla birlikte literatiirde en

maddeleri zeminin  Ozellikleri
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stk kullanilan katki maddeleri kireg, ucucu kiil
ve ¢imento olarak sayilabilir (Van Impe, 1989).

Zeminlerin katki maddeleri ile iyilestirilmesi
sirasinda katki maddesi zeminle yiizeysel olarak
karistirtir ya da zemin igerisinde kolonlar
olusturulur. Kolon uygulamasindaki temel amag
katki maddesinin kolonu c¢evreleyen zemine
zamanla difiizyonu ile zeminin Ozelliklerini
iyilestirmesidir. Literatlirde en sik olarak kireg
kolonu teknigi kullanilmakla beraber ugucu kiil
ve ¢imentonun kullanildigi kolon uygulamalar
da mevcuttur.

Sisebilen sorunlu zeminleri iyilestirme
amaciyla yapilan calismalar incelenmis ve killi
zeminlerin iyilestirilmesinde en yaygin olarak
kullanilan katki maddelerinin kireg, ugucu kiil,
¢imento ve bunlarin degisik oranlardaki katkilart
seklinde oldugu gortilmiis olmakla beraber ulusal
ve uluslararast literatiirde bu konuda yaymlanmig
(Townsend ve Kylm, 1966; Brandl, 1981; Handy
ve Williams, 1967; Tystovich vd., 1971; Broms
ve Boman, 1979; Terashi vd., 1980; Locat vd.,
1990; El-Rawi ve Awad, 1981; Holm ve Broms,
1981; Kitsugi ve Azakami, 1982; Transportation
Research Board, 1987; Mathew ve Narasimha,
1997; Ferguson, 1993; Popescu vd., 1997;
Basma vd., 1998; Nalbantoglu ve Giigbilmez,
2001; Okagbue ve Onyeobi, 1999; Akawwi ve
Kharabsheh, 2000; Ji-ru ve Xing, 2002; Tonoz
vd., 2003; Amu vd., 2005; Al-Mukhtar vd., 2012;
Gyanen vd., 2013; Abiodun ve Nalbantoglu,
2015; Garzén vd., 2016; Singh vd., 2017; Vitale
vd., 2017; Zhu vd., 2018) bir ¢ok ¢alisma vardir.

Jipsin kullanimina iliskin ¢aligma sayisi ise
oldukga az olmakla birlikte 6zellikle son bir kag
yilda ilgili ¢alismalarda artis gozlenmektedir.
Benzer sekilde bu ¢aligmalar; jipsin tek basina
ve/veya diger malzemelerle degisik oranlarda
karisimlart seklinde literatiirde (FIPR., Florida
Institute of Phosphate Research, 1988; Cetiner,
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2004; Ameta vd., 2007; Yilmaz ve Civelekoglu,
2009; Kiiciikali, 2011) bulunmaktadir. Yapilan
caligmalardan da goriilebilecegi gibi jipsin
katki  maddesi olarak  kullamlabilirligine
iligkin g¢aligmalar olduk¢a sinirli miktardadir.
Bu calisma kapsaminda sisen killi zeminlerin
tyilestirilmesinde jips kolonunun performansinin
aragtirtlmasi amacglanmistir. Bu amacgla bir
laboratuar model ¢alismasi gerceklestirilmistir.
Ayrica zeminlerin jips kolonu kullanilarak
iyilestirilmesi  ile ilgili  bir c¢aligmaya
rastlanmamigtir. Bu acidan bu ¢alisma ile hem
jipslerin katkimaddesiolarak sisebilen zeminlerin
iyilestirilmesinde  kullanilabilirligine  iliskin
yakin zamanda gergeklestirilmis c¢aligmalarin
devami olarak katki konulmasi, hem de oldukga
ucuza mal edilebilen jipsle iyilestirmenin “jips
kolonu” uygulamasi ve performansinin ortaya
konulmas1 ile arazi uygulamalari bakimindan
altlik olusturulmasi amaglanmistir.

MATERYAL VE METOD
Kullanilan Bentonit ve Jipsin Ozellikleri

Bentonitler volkanik kiil, tif ve lavlarin
kimyasal ayrismasiyla veya bozulmasiyla
olmuslardir.  Icerisinde  biiyilkk  oranda
montmorillonit minerali bulundurmasmin yani
sira aliiminyum ve magnezyumca da zengin
bir kil mineralidir. Bentonit (Al,Si,0,0(OH),.
nH,0) genel formiilii ile tanimlanmakta olup
plastiklik &zelligi yiiksek, konkoidal yapida

olup kolaylikla sekil verilebilen bir kil ¢esidi
olarak bilinmektedir (Gillson, 1960; Grim, 1968;
Murray, 1991). Bentonitin i¢inde dogal katki
maddesi olarak kaolin ve illit gibi kil mineralleri
ilejips, kuars, rutil, kalsit, dolomit ve volkanik kiil
gibi kil digindaki minerallerde yer alabilmektedir.
Bentonitler su ile temas ettiklerinde degisken
seviyelerde sisme gosterirler. Sisme 6zelliklerine
ve degisebilen iyonlarina gore 3’e ayrilmaktadir.
Bunlar; sodyum bentonit (Na-B), sodyum-
kalsiyum bentonit (Na, Ca-B) ve kalsiyum
bentonit (Ca-B) seklinde tanimlanirlar. Sodyum
bentonitler su ile temas haline gectiklerinde
fazla siserken, sodyum-kalsiyum bentonitler
orta derece de sisme gostermekte, kalsiyum
bentonitler ise oldukca az sismektedir.

Bu ¢alismada kullanilan bentonit Resadiye’
nin 25 km kuzeyinde yer alan Samas A.S.
tarafindan isletilen kil yataklarindan alimmistir.
Kullanilan bentonit, dogal, saf ve islem
gérmemis sodyum bazli malzemeler arasindan
secilmistir. S6z konusu bentonit Yilmaz ve
Civekoglu (2009) tarafindan yapilan ¢aligmada
da  kullanilmistir.  Dolayisiyla  bentonite
ait XRD difraktomu Yilmaz ve Civekoglu
(2009)’nun ¢alismasindan elde edilmistir. Sekil
1 ve 5'de verilen karakteristik difraktogramda da
gortldiigi gibi kullanilan bentonit, Na-Simektit
(montmorillonit) tiirii kil minerali icermekte olup
cok kiiciik miktarda feldispat, kalsit ve opal-CT
gozlenmistir (Cizelge 2).
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Sekil 1. Kullanilan bentonite ait karakteristik XRD difraktogrami (Yilmaz ve Civekoglu, 2009).
Figure 1. Characteristic XRD graph for the used bentonite (Yilmaz and Civekoglu, 2009).

Cizelge 2. XRD (Tiim Kayac) analizi sonuglar1 ve
kullanilan bentonitin kimyasal bilesimi (Yilmaz ve
Civekoglu, 2009).

Table 2. The results of the XRD (whole rock) analyses
and the chemical composition of the used bentonite
(Yilmaz and Civekoglu, 2009).

Mineral Yiizdesi Oran
Na-Smektit (%) 81
Feldispat (%) 7
Kuvars (%) 2
Kalsit (%) 2
Opal- CT (%) 8

Optimum Su Icerigi ve Maksimum Kuru
Birim Hacim Agirhig

Calismada kullanilan bentonitin optimum
su igerigi ve maksimum kuru birim hacim

agirligini bulmak amacryla ASTM D-698 (1994)
standardina uygun olarak Standart Proktor
deneyi yapilmis olup deney sonuglar1 Sekil 2°de
sunulmustur. Deney sonuglarina gore sdz konusu
bentonitin optimum su igerigi (wopt) %42,
maksimum kuru birim hacim agirhgi (y, ) ise
1.113 g/cm?® olarak bulunmustur.

Atterberg Sinirlari

Calismada kullanilan bentonit iizerinde BS
1377 (1975)’ ye uygun olarak likit limit (LL) ve
plastik limit (PL) deneyleri gerceklestirilmistir
(Cizelge 3). Elde edilen likit limit ve plastik
limit degerleri kullanilarak bentonitin plastisite
indeksi (Ip) hesaplanmistir. Deneylerden elde
edilen sonuglara goére; bentonitin ortalama likit
limit degeri % 240.2, plastik limiti % 57.4 ve
plastisite indeksi ise % 182.8 olarak bulunmustur.
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Sekil 2. Bentonite ait maksimum kuru birim hacim agirlik (y, ) ve optimum su igerigini (wom) gosteren kompaksiyon

egrisi.

Figure 2. The compaction curve of bentonite showing the maximum dry unit weight (y, ) and optimum water

content (wop )

Cizelge 3. Kullanilan bentonitin Atterberg sinirlari
degerleri.

Table 3. Atterberg limit values of the used
bentonite.

Atterberg sinirlari Degerler
Likit limit (%) 240.2
Plastik limit (%) 57.4

Plastisite indeksi (%) 182,8

Sisme

S6z konusu bentonitin sisme yiizdesini
belirlemek amaciyla optimum su igeriginde
sikistirilarak  hazirlanmig numuneler {izerinde
ASTM D — 4546 (1994) standartlarma uygun
olarak sisme deneyleri gerceklestirilmistir.
Deney kapsaminda, 0.07 kg/cm? yiik altinda suya
doyurulan 7.5 cm ¢apli numunenin maksimum
hacimsel sismesi saglanmistir. Deney sonunda

elde edilen numune yiiksekliginin ilksel numune
yiiksekligine orani ile sisme yiizdesi (%S) elde
edilmistir. Buna gore s6z konusu bentonitin
sigsme yiizdesi % 65 olarak bulunmustur.

Dayanim

Bentonit kilinin dayanimmin belirlenmesi
amaciyla ASTM- D 2166 (1994) standardina
uygun olarak serbest basing deneyleri (UCS)
yapilmistir.  Deney  kapsaminda  optimum
su iceriginde  sikistirilarak  hazirlanmis
numunelerden alinan 99 mm yiikseklikte ve
494 mm capli Ornekler {tizerinde yenilme
gerceklesinceye kadar 1 mm/dk sabit yiikleme
hiz1 uygulanmistir. Bu deney li¢ adet numune
iizerinde gerceklestirilmis ve ortalama deger
kaydedilmistir (Sekil 3). Deney sonuglar1 Cizelge
4’de sunulmustur. Deney sonuglariin ortalamasi
alindiginda kullanilan bentonitin serbest basing
dayanimi 57.1 kPa olarak bulunmustur.
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Cizelge 4. Kullanilan bentonite ait UCS sonugclart.
Table 4. UCS values of the used bentonite.
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A, Yiizey alani (cm?)

o, Gerilme (kg/cm?) o, Gerilme (kPa)

Deney No  F, Yenilme aninda yiik (kg)
1 10.9 19.156 0.574 56.3
2 11.1 19.156 0.581 57.0
3 11.3 19.156 0.591 58.0

Ayrica, yenilme anindaki gerilme durumunu
gosteren Mohr dairesi ve drenajsiz kayma
dayanimu zarfi gizilerek 6rnegin kohezyon degeri

Sekil 3. UCS deneyi gergeklestirilen numuneler.
Figure 3. The samples tested by UCS.

bulunmustur. Buna gore calismada kullanilan
bentonitin igsel sirtinme agist (@) = 0 ve
kohezyonu (c) = 28.6 kPa olarak belirlenmigtir

(Sekil 4).

40
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Sekil4. Mohr dairesive sonuglarinin degerlendirilmesi.
Figure 4. The Mohr circles and the evaluation of the

results.
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Sekil 5. Kullanilan jipse ait karakteristik XRD difraktogrami.

Figure 5. Characteristic XRD graph for the used gypsum.
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Laboratuvar Modelinin Olusturulmasi

Calisma kapsaminda laboratuvarda model
olusturularak sisen zeminlerin iyilestirilmesinde
jips  kolonun  performansi  aragtirilmstir.
Laboratuvar modelinin olusturulmasi1 amaciyla
ilk olarak bentonit karistirict kazanda optimum
su iceriginde karistirilarak deney numunesi elde
edilmistir. Elde edilen deney numunesi 43 cm x
60 cm x 43 cm boyutunda celik bir kasa icerisine
benzinli taginabilir tokmak (z1p zip) yardimu ile 3
katman halinde sikistirilmistir. Ardindan, kasanin
kisa kenarma yakin bir noktada 50 mm ¢apinda
bir delik acilmistir. Bu delige jips doldurularak
jips kolonu olusturulmustur. Nem kayb1 ve
dolayist ile su icerigi degisimini engellemek
maksadiyla modelin {izeri jeotekstille hava ile
temasimi engelleyecek bicimde kapatilmistir.
Olusturulan laboratuar modeli ve modelin kesiti
sirastyla Sekil 6 ve Sekil 7’ de verilmistir.

Zeminlerin iyilestirilmesi amaciyla yapilan
kolon uygulamasi ile ilgili ¢aligmalarda kiir
stiresinin 28 giin ve 2 yil arasinda olmasi

gerektigi Onerilmistir. Dolayisiyla bu calismada
kiir siiresi 3 ay olarak sec¢ilmistir. Olusturulan
modelde kiir siiresi boyunca kolondan su girisi
saglanarak jipsin kolonu ¢evreleyen zemine gog
etmesi saglanmistir. Bu amagla plastik bir boruda
diizenli araliklarla delikler a¢ilmis ve borunun
cevresi filtre kagidiyla kaplanmistir. Hazirlanan
boru jips kolonunun merkezine yerlestirilerek su
girisi saglanmigtir (Sekil 8).

43 cm

60 cm

Sekil 6. Olusturulan laboratuvar modelinin kesiti.

Figure 6. The cross-section of the designed laboratory
model.

Sekil 7. Olusturulan laboratuvar modeli.
Figure 7. The designed laboratory model.
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3 aylik Kkiir siiresi sonunda laboratuvar
modelinin  tizeri acilarak jips kolonunun
performansini incelemek amaciyla kolondan
itibaren artan mesafelerde drselenmemis 6rnekler
alinmstir. Ornek alim diizeni Sekil 9 ve Sekil 10
da verilmistir.

Alinan Ornekler iizerinde serbest basing
deneyi, serbest sisme deneyi ve Atterberg limit
deneyleri yapilmistir. Ayrica suyun zemin
igerisindeki gd¢ mesafesini  gozlemlemek
amaciyla alinan 6rneklerin su igerigi degerleri
belirlenmistir. Buradaki temel gerekge, jips
icerisindeki iyonlarin kolonu g¢evreleyen zemin
icerisine suyun akigi yardimiyla go¢ etmesi
seklinde bir hareketin saglanmasina yoneliktir.
Dolayisiyla, su  igerigindeki  degisimler
incelenerek jipsin go¢ mesafesine yonelik olarak Sekil 10. Laboratuvar modelinden 6rnek alim diizeni.
da yaklagimlarda bulunulabilir.

Figure 10. The sampling order from the laboratory
model.

BULGULAR

Jips kolonundan itibaren degisik mesafelerde
aliman oOrnekler iizerinde yapilan Atterberg
limitleri deneylerinin sonuglar1 Cizelge 5° de
sunulmustur. Deney sonugclar1 incelendiginde,
zeminin likit limit degeri kolondan itibaren 3.8
cm’lik bir mesafe igerisinde % 240.2° den %
205’ e diiserken plastik limit degeri % 57.4” den
% 52’ ye azalmistir. Bu mesafeden sonra ise,
iyilestirilmemis zeminin likit limit ve plastik
limit degerine yakin degerler gdzlenmistir.

Sekil 8. Modele su giriginin saglanmasi.

Figure 8. Water inlet to the model.

. jips kolonu
. . . . O O O O O O . ornek alma bolgesi

kolon ve numune ¢aplari 5 cm

Sekil 9. Laboratuvar modelinden 6rnek alim diizeninin kesiti.

Figure 9. The cross-section of the sampling order from the laboratory model.
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Cizelge 5. Jips kolonundan itibaren alinan numunelere ait Atterber limitleri degerleri.
Table 5. Atterberg limit values of the samples taken in the order of distance from gypsum column.

Kolondan itibaren olan
mesafe (cm)

3.8 7.6 11.4

15.2 19 22.8 26.6 30.4 34.2

Likit Limit (LL) 205 238 236 241 243 240 238 242 240
Plastik limit (PL) 52 62 57 60 60 61 58 59 59
Plastisite Indeksi (Ip) 153 176 179 181 183 179 180 183 181

Sekil 11°de zeminin plastisite indeksi
degerlerinin kolondan itibaren olan mesafe ile
degisimi verilmistir. Sekilden de goriildiigii tizere
zeminin plastisite indeksi degerinde kolondan
itibaren 3.8 cm’lik bir mesafe icerisinde azalma
gozlenirken bu mesafeden sonra tekrar bir artig
baslamistir ve degerler neredeyse sabit bir seyir
izlemistir.

Jips kolonundan itibaren alinan numunelerin
serbest basing dayanimi ve kohezyon degerleri
Cizelge 6’ da verilmistir.

Daha onceden de Dbelirtildigi {izere
iyilestirilmemis zeminin tek eksenli basing
dayanimi 57.1 kPa olarak bulunmustu. Cizelge
6’ da verilen sonuglar incelendiginde ise zeminin
serbest basing dayanimi degerinin 3.8 cm’ lik
bir mesafe igerisinde 66.5 kPa’ a yiikseldigi
goriilmektedir. Ancak, bu mesafeden sonra tekrar
azalarak sabit bir deger seyretmistir.

Serbest basing dayanimi  degerlerinin
kolondan itibaren olan mesafe ile degisimi Sekil
12°de sunulmustur. Sekilden de goriildigii tizere

Cizelge 6. Jips kolonundan itibaren alinan numunelerin serbest basing dayanimi ve kohezyon degerleri.

Table 6. Uni-axial compressive strength and cohesion values of the samples taken in the order of distance from

gypsum column.

Kolondan itibaren olan mesafe (cm) 3.8 114 152 19 22.8 26.6 304 342

UCS (kPa) 66.5 57.1  59.0 57.0 564 56.1 589 56.7

Kohezyon (kPa) 33.2 28.6 295 285 282 28.0 294 283
220

T
.

180
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140 .

0O 38 76 114 152 19 228 26,6 304 34,2 38
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Sekil 11. Plastisite indeksi degerlerinin kolondan itibaren olan mesafe ile olan degisimi.
Figure 11. The changes on the plasticity index depending on the distance from gypsum column.
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zeminin tek eksenli basin¢ dayanimi degeri
kolondan itibaren 3.8 cm’lik bir mesafe igerisinde
artmakta, bu mesafeden sonra tekrar azalmakta
ve iyilestirilmemis zeminin tek eksenli basing
dayanimina yakin sonuglar vererek devam
etmektedir.

Arastirma Makalesi / Research Article

Ayrica  oOrneklerin  kohezyon degerleri
incelendiginde ise, yine kolondan itibaren
3.8 cm’lik mesafe igerisinde 28.55 kPa’dan
33.2 kPa’ a yiikseldigi, ancak bu mesafeden
sonra tekrar azaldigi gozlenmistir. Kohezyon
degerinin kolondan itibaren degigimi Sekil 13’
de verilmistir.

UCS (kPa)
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Sekil 12. Jips kolonundan itibaren tek eksenli basing dayanimdaki degisim.

Figure 12. The changes on the uni-axial compressive strength depending on the distance from gypsum column.

36
34 |
T e
E32f
5
?30 I~ 65..“‘
2 WX
S 28 |
X
26 |
24 1 1 1
0 38 76 114 152

19 22,8 26,6 304 34,2 38
Kolondan itibaren mesafe (cm)

Sekil 13. Jips kolonundan itibaren kohezyon degerlerindeki degigim.

Figure 13. The changes on cohesion depending on the distance from gypsum column.
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Zeminin  serbest  sisme  degerindeki
degisimler  incelendiginde iyilestirilmemis

zeminin serbest sisme degeri % 65 olarak
Olciilmiistiir. Cizelge 7° de verilen sonuglar
incelendiginde ise, zeminin sisme degerinin
kolondan itibaren 3.8 cm’lik mesafe icerisinde
% 47’ye diistigl goriilmektedir.

Zeminin serbest sisme degerlerinin jips
kolonundan itibaren olan mesafe ile degisimi ise
Sekil 14’ de verilmistir. Sekilden de goriildiigii
tizere kolondan itibaren 3.8 cm’lik bir mesafe
icerisinde zeminin sisme degerinde bir azalma
gozlenmektedir. Bu mesafeden sonra yine artigin
oldugu sabit bir seyir izlemistir.

Jips igerisindeki iyonlarin kolonu ¢evreleyen
zemin igerisine olan go¢ mesafesine yaklagimda
bulunabilmek amaciyla hesaplanan su igerigi
degerleri Cizelge 8’ de sunulmustur. Ayrica su
iceriginin kolondan itibaren olan mesafe ile
degisimi Sekil 15° de verilmistir. Su icerigindeki
degisimler incelendiginde, diger deney
sonuclarini dogrulayacak bi¢imde, kolondan
itibaren 3.8 cm’lik bir mesafede yliksek su icerigi
degeri gozlenirken bu mesafeden sonra azalarak
sabit bir seyir izlemektedir. Dolayisiyla, jips
icerisindeki iyonlarin ancak bu mesafeye kadar
gdc¢ edebildigi sonucuna varilabilir.

Cizelge 7. Jips kolonundan itibaren alinan numunelerin serbest sisme degerleri.
Table 7. Free swelling values of the samples taken in the order of distance from gypsum column.

Kolondan itibaren olan mesafe (cm) 3.8 7.6 11.4 15.2 19 22.8 266 304 342
Serbest sisme (%) 47 65 65 65 65 65 65 65 65
70
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Sekil 14. Jips kolonundan itibaren serbest sismedeki degisim.
Figure 14. The changes on the free swelling depending on the distance from gypsum column.

Cizelge 8. Jips kolonundan itibaren alinan numunelerin su igerigi degerleri.
Table 8. Water content values of the samples taken in the order of distance from gypsum column.

Kolondan itibaren olan mesafe (cm) 3.8

7.6

11.4 152 19 22.8 266 304 342

Su igerigi (%) 37 34

34 32 33 32 32 33 33
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Sekil 15. Jips kolonundan itibaren su i¢erigindeki degisim.

Figure 15. The changes on the water content depending on the distance from gypsum column.

SONUCLAR VE TARTISMALAR

Bu caligma kapsaminda killerin
iyilestirilmesinde  jips  kolonu  tekniginin
kullanilabilirligi  arastirilmistir.  Bu amagla
laboratuvar 0lcekli bir model olusturularak
jips kolonundan itibaren degisik mesafelerde
kilin fiziksel, sisme ve dayanim ozelliklerinde
meydana gelen degisimler belirlenmistir.
Elde edilen sonuglar asagida Ozetlenmis ve
tartisilmastir.

1. Jips kolonundan itibaren 3.8 cm’lik bir
mesafe icerisinde, deneyde kullanilan
kilin likit limit degerinde % 240.2° den %
205’ e, plastisite indeksi degerinde ise %
182.8> den % 153’ e bir diisiis gdzlenmistir.
Plastisite indeksi ve likit limit degerlerindeki
disiistin - sebebi  kildeki tek degerlikli
sodyum iyonlarinin jipsin igerisindeki
kalsiyum iyonlartyla yer degistirmesi ile
meydana gelen ¢ift tabaka kalinligindaki
azalma seklinde yorumlanmistir. Plastisite
indeksi ve likit limit degerinde bir diisiis
gbzlenmesine ragmen zemin hala CH
smifindadir. Dolayisiyla sinirli bir iyilestirme
$6z konusudur. 3.8 cm’ lik mesafeden sonra
kilin plastisite indeksi ve likit limit degerleri

tekrar artmis ve iyilestirilmemis kilin
plastisite indeksi ve likit limit degerlerine
yakin degerlerde seyretmistir.

Jips kolonundan itibaren yine 3.8 cm’ lik bir
mesafe icerisinde kilin gsisme yiizdesinin %
65’ den % 47’ ye diistiigii gozlenmistir. Bu
mesafeden sonra sisme degerlerinde tekrar
bir artig olmus ve iyilestirilmemis kilin sisme
degerine yakin bir seyir izlemistir. Kilin
sisme yiizdesinde meydana gelen azalmanin
sebebi, kil icerisindeki Na® iyonlarinin
jipsin igerisindeki Ca?* iyonu ile yer
degistirmesi sonucu Na-montmorillonitin,
Ca-montmorillonite doniistiiriilmesi
nedeniyledir.  Bilindigi  iizere,  Na-
montmorillonit Ca-montmorillonite oranla
oldukca fazla sisme 6zelligi gostermektedir.
Sisme yiizdesindeki bu diislisiin kolondan
itibaren sadece 3.8 cm’ lik bir mesafe
icerisinde  gbzlenmesi, Ca®* iyonunun
ancak bu mesafeye kadar go¢ edebildigini
gostermektedir.

Kilin dayanimindaki degisimler incelendi-
ginde, serbest basing dayaniminin kolondan
itibaren 3.8 cm’ lik bir mesafe igerisinde
57.1 kPa’dan 66.5 kPa’a yiikseldigi gozlen-

Journal of Geological Engineering 43 (1) 2019



36 Sisen Killerin lyilestiriimesinde Jips Kolonu Performansinin Arastirilmasina lliskin Laboratuvar Model Calismasi

Yilmaz

mistir. Bu mesafeden sonra ise serbest ba-
sing dayanimi tekrar azalarak sabit bir seyir
izlemistir.

Jips kolonundan itibaren kilin su igerigi
degerlerinde ilk 3.8 cm’ lik mesafeden
sonra diislis goOzlenmistir. Su iceriginin
bu mesafeden sonra diismesi suyun ancak
bu mesafeye kadar ulasabildigini ifade
etmektedir. Yapilan literatiir arastirmalarina
gore Kkilli zeminlerde iyon go¢liniin
olabilmesi i¢in suyun varlig1 gerekmektedir.
Dolayisiyla, jips igerisindeki Ca?" iyonunun
gbcli  suyun ulasabildigi alanla smirh
kalmastir.

Kile ait olgiilen biitiin o6zellikler jips
kolonundan itibaren 3.8 cm’ lik bir mesafe
icerisinde degisiklik gostermektedir.
Dolayisiyla, iyilestirme kolon ¢apimin
% 76’ s1 diger bir deyisle kolon ¢apimnin
0.76 kati kadar bir mesafe igerisinde
saglanabilmistir. Bu iyilestirme mesafesi
zemin 1iyilestirme calismalarinda arzu
edilen bir mesafe degildir. Iyilestirme
mesafesinin bu kadar diisiikk ¢ikmasinin
sebepleri incelendiginde en 6nemli sebebin
Ca?" iyonunun daha fazla mesafelere go¢
edememesi seklinde yorumlanabilir. Bunun
en onemli sebebi ise kullanilan bentonitin
cok diisiik gecirimlilige sahip olmasindan
dolay1 suyun zemin igerisindeki akisinin
saglanamamasidir. ~ Dolayisiyla,  daha
yiiksek gegirimlilige sahip sorunlu bir
zemin kullanildig: takdirde daha biiyiik gog
mesafeleri saglanabilir ve daha iyi kolon
performansi elde edilebilir. Sonu¢ olarak,
jips kolonun performansi kullanilan zeminin
ozelliklerine de baghdir. Ayrica, kolon
cap1 ve kiir siiresi de kolon performansini
etkileyen faktorler arasindadir. Daha biiyiik
kolon gaplart kullanilarak ya da daha fazla

bir kiir siiresi segilerek daha iyi sonuglarin
elde edilebilecegi diistintilmektedir.
Ancak, bu yaklagimlarin  deneysel
verilerle desteklenmesi de gerekmektedir.
Dolayisiyla,  yukaridaki  yaklagimlarin
desteklenmesi i¢in daha ayrintili bir ¢calisma
gerceklestirilerek deneysel veriler elde
edilmelidir.

Zemin 1iyilestirme c¢aligmalarinda her ne
kadar kire¢ diger katki maddelerine oranla
daha yaygin olarak kullaniliyor olsa da
jipsin yaygin olarak bulunmasi ve kirece
gore 2-3 kat daha ucuz olmasi, jipsle yapilan
tyilestirme galigmalarinda 6nemli bir avantaj
olusturmaktadir.

Jips kolonu ile yapilan iyilestirme
caligmalarinda jipsin yeraltisuyu kirliligine
sebep olabilecegi gbéz Oniline alinmalidir.
Ayrica, jipsin beton yapilarla temas
edebilecegi durumlarda siilfat etkisine
diren¢li ¢imento kullanimma da gerek
duyulabilir.
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oz

Zemin sivilagmasi depremler sirasinda suya doygun bazi zeminlerde meydana gelen ve onemli diizeyde
ylizey deformasyonlarina neden bir olaydir. Temel zeminin tasima giiciinii yitirmesi sebebiyle yapilarda oturma ve
devrilme gibi 6nemli hasarlara yol agabilmektedir. Diizce ve yakin ¢evresi yeraltisuyu seviyesinin olduk¢a ylizeye
yakin oldugu ve ¢ogunlukla siltli ve kumlu birimlerden olusan diiz bir ova {lizerinde kurulmustur. Bununla birlikte,
Diizce ve yakin cevresi i¢in Kuzey Anadolu Fay Zonu biiylik depremler iiretebilecek dnemli bir sismik kaynaktir.
Bu o6zellikler dikkate alindiginda, olasi biiyiik bir depremde Diizce ve yakin ¢evresinde sivilagma ve sivilasmaya
bagl yanal yayilma tiirii yiizey deformasyonlarinin meydana gelebilecegi olasidir. Bu ¢alismada, Diizce’deki yerel
zemin kosullarinin ve yeraltisuyu durumunun belirlenmesi amaciyla yapilmig 40 adet jeoteknik sondaja ait veriden
yararlanilmistir. Arazi ¢aligmalari sonucu yeraltisuyu seviyesinin si1g ve zemin tiiriiniin de gevsek aliivyon oldugunun
belirlenmesi nedeniyle Diizce kentinin sivilasma potansiyelinin degerlendirilmesi amaglanmistir. Srvilagma
Potansiyeli indeksi (LPI) yontemi ile Sivilasma Siddeti Indeksi (LSI) yontemleri esas alinarak Diizce ili i¢in sivilasma
potansiyeli degerlendirilmis ve farkli deprem senaryolarina gére CBS ortaminda her iki yonteme gore sivilagma
potansiyeli haritalar1 hazirlanarak karsilagtirilmistir. Caligma kapsaminda 6n degerlendirmeye yonelik hazirlanan
stvilagma haritalarina gore yeni yapilagsmalarin arttig1 inceleme alaninin giiney ve glineydogu kesimlerinde sivilagsma
potansiyelinin yiiksek-¢cok yiiksek oldugu gozlenmektedir.

Anahtar Kelimeler: Sivilasma, Diizce, Sivilasma Potansiyeli Indeksi, Stvilasma Siddeti Indeksi, Kuzey Anadolu
Fay Zonu, Deprem

ABSTRACT

Soil liguefaction is one of the ground deformations occurred during an earthquake which may cause serious
damages such as settlement and tilting of structures due to loss of bearing capacity of foundations. Diizce and its
surrounding settle on a plain which consists of silty and sandy layers with shallow groundwater level. Besides, the
North Anatolian Fault Zone is a major seismic source which is capable of producing large magnitude earthquakes.
All these data point out that the ground deformations like liquefaction and lateral spreading may occur during a
probable large earthquake around Diizce and its close vicinity. In this study, the geotechnical data of 40 boreholes
drilled to determine the local ground conditions and the groundwater level in Diizce were considered. Based on
the field studies, it was aimed to evaluate the liquefaction potential considering the fact that the groundwater level
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is shallow as well as the subsurface soil is composed of loose alluvium. Liquefaction Potential Index (LPI) and
Liquefaction Severity Index (LSI) methods were taken into account and the liquefaction potential of Diizce province
was determined and mapped with respect to various earthquake scenarios in GIS environment. These maps are
compared on the basis of different scenarios. Accordingly, it is concluded that the liquefaction potential is high-very
high in the south and south-eastern sections of the study area where the construction of new residential buildings

progressively continues.

Keywords: Liquefaction, Diizce, Liquefaction Potential Index, Liquefaction Severity Index, North Anatolian Fault

Zone, Earthquake

GIRIS

Zemin sivilagsmasi, deprem sirasinda artan
bosluk suyu basinglarima bagli olarak efektif
gerilmenin  ortadan  kalkmasiyla  ozellikle
kumlu zeminlerin sivi gibi davranmasi sonucu
meydana gelir. Bu olay, ayn1 zamanda gevsek,
doygun kumlarda sikiligin ve dayanimin gegici
olarak yitirilmesine neden olur. Yakin ge¢miste
de bircok ornekte yasandigi gibi, 1999 Kocaeli
depreminde Adapazari’nda, sivilasmaya bagl
olarak ciddi hasarlar olusmustur. Sivilagma tanimi
ilk olarak 1930’larin sonlarinda Casagrande
tarafindan ortaya atilmistir (Day, 2002). 19.
ylizyilin ortalarina dogru sivilagsma ve etkileri
stvilasmaya baglh etkilerin oldukga belirgin
olarak gbzlendigi iki 6nemli deprem sonrasinda
bir¢ok arastirmaci tarafindan calisilmistir. Bu
depremler, 1964 yilindaki Alaska ve yine 1964
yili icinde meydana gelen Niigata depremleridir.
Her iki deprem de sivilasma agisindan oldukga
onemli veriler sunmuslardir (Kramer, 1996).
Daha yakin zamandaki 1995 Kobe ve 1999
Kocaeli depremlerinde de bircok yap1 sivilagsma
ve sivilasma sonrasi etkilere maruz kalmistir.

Ozellikle yapilagmaya yonelik
degerlendirmelerin  yapildigi alanlarda olasi
stvilasma etkileri senaryo depremler ve yerel
zemin kosullar1 dikkate alinarak belirlenmelidir.
Bir bolgedeki zeminin sivilagsma potansiyelinin
belirlenmesine yonelik birgok yontem nerilmistir
(Seed ve Idriss, 1971; 1982; Seed vd., 1985;

2001; Poulos vd., 1985; NCEER, 1997; Youd
ve Noble, 1997; Youd vd., 2001; Kramer, 1996;
Cetin, 2000; Cetin vd., 2004; Idriss ve Boulanger,
2006; Akin vd., 2013). Zeminin sivilagmaya
kars1 direcinin (dayaniminin) belirlenmesinde
zemin profili boyunca Standart Penetrasyon
Testi (SPT), Konik Penatrasyon Testi (CPT)
veya Makaslama dalagast hizi (V) 6lgiimleri
dikkate almmaktadir. SPT; pratik ve ucuz bir
deney olmasi bakimindan en yogun tercih edilen
yontemdir. Ayrica mithendislik uygulamalarinda
da, yaygin kullanima bagli olarak SPT deneyleri
konusunda oldukga fazla tecriibe edinilmistir.
Bununla birlikte, CPT’ye (Robertson ve Wride,
1998; Toprak vd., 1999; Juang vd., 2003; Olsen,
1984; 1997; Moss, 2003; Moss vd., 2006) ve
V.’e (Andrus ve Stokoe, 1997; 2000) dayali
yontemler de olduk¢a 6nemli avantajlara sahip
olup, son yillarda yayginlik kazanmaktadirlar.

Bu c¢alismada jeoteknik sondajlar ve
laboratuvar deney sonuglar1 dikkate alinarak
Diizce kent merkezi zeminleri ic¢in sivilagsma
potansiyeline yonelik 6n degerlendirmeler
yapilmistir. Cografi bilgi sistemleri (CBS)
tabanlt bir bilgisayar yazilimi olan ArcGIS 9.3
(ESRI, 2009) kullanilarak tim veriler sivilagma
potansiyelinin degerlendirilmesi amactyla farkli
senaryo durumlart i¢in Sivilasma Potansiyeli
Indeksi (LPI) ve Sivilasma Siddeti indeksi (LSI)
yontemlerine gore diizenlenerek ilgili haritalar
CBS ortaminda tiretilmistir.
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INCELEME ALANI

Diizce 40° 37’ ile 41° 07° kuzey enlemleri ve
30° 49’ ile 31° 50’ dogu boylamlar arasinda yer
alan, 2.593 km? genisliginde bir Bat1 Karadeniz
Bolgesi ilidir. Kapladigi alan bakimindan
Tirkiye ylzolgimiinin (783.577 km?) binde
33’1 kadardir. Dogusunda Zonguldak ve Bolu,
giineyinde yine Bolu, batisinda ise Sakarya illeri
ile komsudur (Sekil 1). Diizce ili Bat1 Karadeniz

Arastirma Makalesi / Research Article

Bolgesi’nde yer almakta olup, Tiirkiye Istatistik
Kurumu (TUIK)’nun Adrese Dayali Niifus
Kayit Sistemi verilerine gore 2016 yili sonu
itibartyla merkez niifusu 162 bin 897 ve il geneli
niifusu ise 370 bin 371 olarak belirlenmistir.
Diizce’nin bilinen tarihi M.O. 1390 yillarina
kadar gitmektedir. Yore, bircok kavimin ve
devletin istilasina maruz kalmistir. Cevrede Frig,
Lidya, Pers, Roma, Bizans, Selguk ve Osmanli
uygarliklarinin izlerini gérmek miimkiindjir.

Sekil 1. Diizce yerlesim yeri haritast.

Figure 1. Location map of Duzce settlement.
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INCELEME ALANI VE  YAKIN
CEVRESININ JEOLOJISI

Diizce ve yakin civarindaki en yasli birim
Diizce ovasinin giliney batisinda Prekambriyen
yasli meta-granotoyitlerdir (PEy) (Sekil 2)
(Sengor ve Yilmaz, 1981). Diizce Fayi, bu
birimler ile Kuvaterner ¢okelleri arasindaki
siirt olusturur. Geng Cokeller (Qa); Diizce
havzasini dolduran timi kirmtili ¢okellerin

(Geg Pleyistosen-Holosen), depolama yerine
bakmaksizin  ¢akil-kum-silt ve  killerden
olustugu goriiliir (Yilmaz vd., 1997). Havza
kenarlarinda ¢cok az miktardaki dokiintii veya
yama¢ molozunun disinda aliivyal ve golsel
alanlarda depolanmis olduklar1 dikkat g¢eker.
Diizce havzasindaki sediment kalinliginin
geemis sondaj bilgilerine ve jeofizik verilere
dayal1 olarak yaklagik 260 m civarinda oldugu
tespit edilmistir (Ozmen, 2000).
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Sekil 2. Diizce ve civarmin jeolojik haritasi (Uysal ve Herece, 1999°dan alinmistir).
Figure 2. Geological map of Duzce and its vicinity (modified after Uysal and Herece, 1999).
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INCELEME ALANI VE YAKIN
CEVRESININ DEPREMSELLIGI

Diizce ili ve yakin cevresi 17 Agustos
ve 12 Kasim 1999 tarihlerinde yakin aralikli
meydana gelen iki biiyiik depremden biyiik
oOlciide etkilenmistir. Her ikisi de Kuzey Anadolu
Fay Zonu (KAFZ) iizerinde meydana gelen bu
depremlerden ilkinin merkez iissii Golciik olup,
ikincisinin ise Diizce Dagdibi koyii olmustur
(Sekil 3 ve 4). Pek ¢ok calismaya konu olan
Golciik depreminin aletsel biiylikligi 7.4, odak
derinligi 15.9 km, siiresi 45-50 saniye, en biiyiik
yatay kayma yaklasik 5 m, toplam yiizey kirigi
uzunlugu 140 km olarak verilmektedir (Emre
vd., 1999). Diizce depreminin aletsel biiyiikligi
ise 7.2, odak derinligi 14 km, en biiyiikk yatay
kayma yaklasik 4 m ve toplam yiizey kirig

Arastirma Makalesi / Research Article |

uzunlugu 40 km olarak belirlenmistir (Demirtas
vd., 2000). 12 Kasim 1999 Diizce depreminde
kent merkezinde depremin olusturdugu deprem
moment biiytikligii M =7.2 ve yatay deprem
ivmesi degeri 0.52g olarak kaydedilmistir.

Kuzeyde Asya-Avrupa levhasi ile giineyde
Anadolu levhalarmi birbirinden ayiran Kuzey
Anadolu Fay Zonu (KAFZ), yaklasik uzunlugu
1200 km. olan dogrultu atimhi bir fay sistemi
olup iilkemizin en 6nemli tektonik yapilarmdan
biridir. Diizce havzasi Kuzey Anadolu Fay
Zonu (KAFZ) iizerinde bulunmaktadir (Sekil
3). Diizce havzasina en yakin konumlu olan ve
deprem potansiyeli tasiyan faylar Diizce, Hendek
ve Cilimli faylaridir. Bu faylardan Diizce ve
Hendek faylar aktif fay karakterindedir. Cilimli
fay1 ise olasili aktif bir faydir (Emre vd., 1999).
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Sekil 3. Diizce ve yakin civarindaki diri faylar (Ozmen, 2000’ den almmustir).
Figure 3. Active faults of Duzce and its vicinity (After Ozmen, 2000).

Journal of Geological Engineering 43 (1) 2019



44 Duzce Kent Merkezi Zeminlerinin Sivilasma Potansiyelinin Degderlendiriimesi

Akin

Diizce Fayi: Akyazi-Kaynasli arasinda
uzanan ve Efteni goliinlin gilineybatisinda
catallanan yaklasik D-B uzantili ve uzunlugu 70
km olan bu fay sag yonlii dogrultu atimli aktif bir
faydir (Saroglu vd., 1987; 1992).

Hendek Fayi: Diizce havzasmin batisinda
Sapanca  Goli-Hendek-Cumayeri  arasinda
uzanan KD-GB uzanimli fay Hendek fay1
olarak isimlendirilmistir (Emre vd., 1999).
Sag yonlii dogrultu atimh fay yaklagik 50 km
uzunlugundadir. Hendek-Cumayeri arasinda
kalan 25 km’lik boliimiinde morfolojik olarak
cok belirgin olan bu fay Adapazari ovasinda
olasili olarak haritalanmigtir (Emre vd., 1999).
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Cilimli fay1: Diizce havzasmin kuzeyinde
Cumayeri-Konuralp arasinda uzanan ve yaklasik
uzunlugu 13 km olan bir faydir. Fayin niteligi ve
aktivesine iligkin ayrintili veri toplanamamasina
ragmen arazide fay boyunca uzamis sekilli basing
sirtlariin gézlenmesi ve fay ¢izgisi boyunca ¢ok
saylda kaynak dizilimi gozlenmis olmasi sebebi
ile olasili aktif fay olarak degerlendirilmistir
(Emre vd., 1999).

Inceleme alani ve yakin gevresine yonelik
aletsel ve tarihsel donemlerde meydana gelen
depremler Sekil 5 ve Cizelge 1°de verilmistir
(Ergin vd., 1967; Ozmen , 2000).
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Sekil 4. Kuzey Anadolu Fay Zonu tizerinde meydana gelen 12 Kasim 1999 depremi merkez iissii.
Figure 4. Epicenter of 12 November 1999 earthquake on the North Anatolian Fault Zone.
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Sekil 5. Tarihsel ve aletsel donemde hasar yapan depremler (Ozmen, 2000’den alinmistir).

Figure 5. Devastating earthquakes in historical and instrumental time periods (After Ozmen, 2000).

Diizce ovasi Kuzey Anadolu Fay Zonundaki
yer hareketlerinin etkisiyle olusmus geng bir
¢okiintii havzasidir (Tatar, 2003). Kabaca kare
bi¢cimli olup dogu-bati boyutu 23 km, kuzey-
giiney boyutu ise 20 km kadardir. Diizce depremi
kirigina 5-10 km uzaklikta olan kent, Diizce
ovasint olusturan gevsek aliivyon zeminler
iizerinde yer almaktadir. Bu deprem sirasinda
gbzlenen hasarlar kent igerisinde belirli alanlarda
yogunlagsmistir. Bu yogunluk zonlar1 olasilikla

yeralti suyu seviyesi yiiksek olan eski akarsu
kanal dolgularinin olusturdugu zeminlerdir.
Diizce‘deki hasar dagiliminda yerel zemin
ozelliklerinin belirleyici etkisi olmustur. Ates
vd. (2013) tarafindan yapilan Diizce ili i¢in
stvilasma kosullarmin etkisi ve zemin biiyilitme
ozellikleri ile yapilarin etkilesimi gibi calismalara
rastlanilmaktadir. Diizce, Kuvarterner aliivyon
cokellerin oldukca genis yayilim sundugu bir
yerlesim yeridir (Ozaslan vd., 2001).
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Cizelge 1. Aletsel ve tarihsel donemlerde meydana gelen biyiikliigii 5°ten fazla olan depremler (Kadirioglu vd.,

2014).

Table 1. Earthquakes with a magnitude greater than 5 in historical and instrumental time periods (Kadirioglu et al.,

2014) .

Yerlesim . Deprem Toplam . Yaralanma
] Tarih . Mw Olii sayist
yerleri merkezi yapisal hasar say1si

Miirefte 09.08.1912 40.60-27.20 7.3 5540 216 466
Hendek 20.06.1943 40.85-30.51 6.6 Yok 336 Yok
Gerede 01.02.1944 41.41-32.69 7.2 20865 3959 Yok
Diizce 10.02.1944 41.00-32.30 54 900 Yok Yok
Mudurnu 05.04.1944 40.84-31.12 5.6 900 30 Yok
Yenice 18.03.1953 39.99-27.36 7.4 9670 265 336
Abant 26.05.1957 40.60-31.20 7.1 4201 52 100
Cinarcik 18.09.1963 40.77-29.12 6.3 230 1 26
Adapazari 22.07.1967 40.60-30.89 7.2 5569 89 235
Gelibolu 27.03.1975 40.45-26.12 6.4 980 7 Yok
Golciik 13.09.1999 40.80-30.03 5.7 Yok Yok Bilinmiyor
Diizce 12.11.1999 40.79-31.21 7.2 15389 845 4948
Bolu 17.11.1999 40.83-31.51 5.0 Yok Yok Yok
Bolu 22.03.2000 40.94-31.58 54 Yok Yok Yok
Yigilca 26.08.2001 40.93-31.53 5.1 Yok Yok Yok

SAHA VE LABORATUVAR CALISMALARI

Caligma alaninda genis yayilim gosteren
Kuvaterner aliivyon zeminler, ¢akilli, kumlu,
siltli, killi, az bloklu, yanal ve diisey geg¢isli

seviyeler Dbirbirleri iginde merceklenmeli,
kamalanmali, gevsek ve  tutturulmamis
nitelikteki bir 6zellige sahiptir. Inceleme

alaninda yapilan sondajlardan alinan 6rneklerde
genelde iistten alta dogru az kumlu siltli kil, siltli
kil kum, siltli iri kumlu kil, ¢akil, iri kum ¢akil
serileri gozlenmektedir (Oztiirk, 2016). Diizce
Merkez Belediyesi Imar Planina esas jeolojik-
jeoteknik etiit kapsaminda Diizce’deki yerel
zemin kosullarinin ve yeraltisuyu durumunun
belirlenmesi amaciyla yapilmis 40 adet jeoteknik
sondaja ait veriler dikkate alinarak tiim analizler
ve degerlendirmeler yapilmistir (Akbasli, 2008).

Caligsma alaninda derinlikleri 10.00-15.00 m
arasinda degisen toplam 591 m 40 adet jeoteknik
sondaj yapilmistir. Busondajyerlerinindagilimina
Sekil 7°de yer alan haritalarda yer verilmistir.
Etkin derinligi agisindan zemin sivilagmasinin
en az 20 m’ye kadar degerlendirilmesi yaygin
bir sekilde kabul edilmektedir. Ancak, bu
calismada kullanilan jeoteknik sondajlarin en
fazla 15 m derinlige ulagmasi bu yoniiyle bir
sinirlama olmakla birlikte derinlige bagl olarak
stvilasmanin yiizeydeki etkilerinin de azalacagi
dikkate almarak tim degerlendirmeler mevcut
jeoteknik sondaj wverileri dikkate alinarak
yapilmistir.  Jeoteknik sondajlarda  gegilen
birimler Kuvaterner yaslh aliivyonal ¢okeller ve
Yigilca formasyonuna ait birimler olup, genel
olarak siltli kil, killi kumlu silt, ¢akill1 siltli kum
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seviyeleri gecilmigstir. Jeoteknik sondajlarda
her 1.50 m’de bir standart penetrasyon deneyi
(SPT) uygulanmis ve zemin 6rnekleri alimmistir
(Akbasli, 2008). Inceleme alanindaki bu
jeoteknik sondajlardan 22’sinde yeraltisuyuna
rastlanmis olup, yeraltisuyu seviyeleri 1,00 ile
9,50 m arasinda degismektedir.

FARKLI DEPREM SENARYOLARINA
GORE SIVILASMA POTANSIYELININ
DEGERLENDIRILMESI

Zemin sivilagsmasi degerlendirmelerinde
sadece ait seviye oldugu i¢in anlamlilik
sunan sivilagsmaya kars1 giivenlik katsayisinin
belirlenmesinin yanisira, yiizeyden derine dogru
tim profil igin anlamlandirilan yaklagimlar
da bulunmaktadir. ilk defa Iwasaki vd. (1982)
tarafindan ylizeyden derine dogru 20 m’lik
zemin profili i¢in dnerilen Sivilasma Potansiyeli
Indeksi (LPI) kavrami, Sonmez (2003) tarafindan
yapilan ¢aligmayla da LPI’'nin genel yaklagimi

Cizelge 2. Calismada dikkate alinan olast deprem senaryolari.
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korunarak sivilasma potansiyeli smiflamasi
yeniden diizenlenmistir. Sonmez ve Gokceoglu
(2005) ise sivilagsmaya karsi giivelik katsayisi
degerine bagli olarak sivilagma olasiligina iliskin
Juang vd. (2003) tarafindan oOnerilen iligkiyi
ve ayrica Chen and Juang (2000) tarafindan
Onerilen  sivilagma  olasiligt  smiflamasini
birlikte dikkate alarak, yine Iwasaki vd. (1982)
tarafindan Onerilen genel yaklasim temelinde
Sivilasma Siddeti Indeksi (LSI) esitligini ve ilgili
siniflamasini 6nermislerdir.

Bu caligma kapsaminda, Iwasaki vd. (1982)
tarafindan  Onerilen  Sivilagma  Potansiyeli
Indeksi (LPI) ve Sonmez ve Gokceoglu (2005)
tarafindan onerilen Sivilasma Siddeti Indeksi
(LSI) yaklagimlar1 ve ilgili siniflamalar1 dikkate
alinarak, mevcut verilerden itibaren inceleme
alaninin sivilagma potansiyeli degerlendirmesine
yonelik sivilasma haritalar1  farkli  deprem
senaryolar1 igin {iretilmistir. Inceleme alaninda
dikkate alman farkli deprem senaryolarina ait
parametreler Cizelge 2°de dzetlenmistir.

Table 2. Possible earthquake scenarios considered in this study.

Deprem biiytikligli Maksimum ivme

Senaryolar M, degeri, PGA (g) Agiklama
1 7.5 0.5 Diizce ve yakin ¢evresinin depremselligi icin yeni
deprem yonetmeligi temelinde olasi deprem senaryosu
2 7.2 0.8 1999 Diizce depremi Bolu Istasyon kayitlari dikkate
almarak (Ceken, 2000)
3 7.2 0.4 1999 Kocaeli depremi Sakarya Istasyonu kaytlari

dikkate alinarak (Erdik, 2000)
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Iwasaki vd. (1982) tarafindan belirtilen
calismada sivilasabilir tabakalarin kalinligr ve
ayrica giivenlik katsayilar1 dikkate alinarak

asagida  belirtilen  esitlikler  yardimiyla
hesaplamalar yapilmaktadir.
LPI = [[°F(2)W(2)dz ()

F(z) =1 —FS (FS < 1.0 icin)
F(z) = 0 (FS = 1.0 igin)

W(z) =10 - 0.5z (z < 20 migin)
W(z) =0 (z > 20 migin)

LPI ile belirtilen sivilasma potansiyeli
indeksi  yiizeyden 20m derinlige kadar
giivenlik katsayist (F) ve agirhik sabiti (W)
degerlerindeki degisimlere gore derinlikle
degisen degerlere bagli olarak Esitlik (1)
yardimiyla hesaplanmaktadir. LSI’ya gore ise
P, yani sivilagma olasiligi oranina gére 20m’ye
kadar olan sivilasabilen seviyelerin derinlige
bagli olarak toplam sivilagsma potansiyeli ortaya
konmaktadir. Asagida belirtilen esitlik yardimi
ile stvilagsma siddet indeksi hesaplanmaktadir.

Ly = [, PL (W (2)dz @)
P,(z) = = (F, < 1411 igin)
F .
1+ (595)

P,(z) = 0 (F, > 1.411 i¢in)

Sivilasma  analizlerine yonelik olarak
yerlesim yeri icin elde edilen ayrintili saha ve
laboratuvar calismalarina ait verilerin yani sira,
2019’da uygulamaya gececek olan iilkemize ait
giincel Deprem Yonetmeligi (Resmi Gazete,
2018) de dikkate alinarak segilen farkli deprem
senaryolari i¢in Sivilasma Potansiyeli indeksi ve
Sivilasma Siddeti indeksi degerleri tiim jeoteknik
sondaj lokasyonlar1 i¢in hesaplanmistir. Deprem
senaryolarina karar verilmeden Once, yeni
deprem yonetmeliginin web tabanli uygulamasi
kullanilarak deprem goriilme olasiliginin %50
degeri icin, olas1 en biiyiik yatay yer ivmesinin
(Peak Ground Acceleration, PGA) 475, 72 ve
43 gal degerleri i¢in Diizce ve yakin ¢evresini
de icerecek alanda yatay ivme dagilim haritalari
degerlendirilmistir (Sekil 6). Bu degerlendirme
ile inceleme alan1 ve ¢evresi igin en biiyiik yatay
yer ivmesinin gilincel deprem yOnetmeligine
gore 0.5 g dizeylerinde gelisebilecegi
ongoriilebilmektedir. Bununla birlikte, 17
Agustos ve 12 Kasim 1999 Kocaeli ve Diizce
depremlerinin biytikliikleri 7.5 ve 7.2 ve yine
Ol¢iilen 0.8 g en biiyiik yatay yer ivmesi degeri
de dikkate alinarak tii¢ farkli deprem senaryosu
secilmistir (Cizelge 2).

Her {i¢ senaryo deprem igin ayri ayri olmak
iizere, jeoteknik sondajlara ait LPI ve LSI
degerleri hesaplanmis ve Ters Mesafe Agirlik
(IDW) yontemi kullanilarak CBS ortaminda,
Iwasaki (1982) ve Sonmez ve Gokceoglu (2005)
tarafindan sirasiyla LPI ve LSI i¢in Onerdigi
smif sinir degerleri dikkate alinarak sivilagma
haritalar1 hazirlanmistir (Sekil 7).
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Sekil 6. Interaktif web uygulamasinda farkli asilma ihtimalleri icin maksimum yer ivmesi degerlerinin dagilimi
(https://tdth.afad.gov.tr/).

Figure 6. Distribution of maximum ground acceleration values for different exceedance probability in interactive
web application (https://tdth.afad.gov.tr/).

Journal of Geological Engineering 43 (1) 2019



50 Dizce Kent Merkezi Zeminlerinin Sivilasma Potansiyelinin Degerlendiriimesi

| Akin

o o e — — i a0 00 0000 oo o i
Kiamalar
N N Ac
Agiklamalar LS14DW-1
A LPL1-1DW-A I o soivra ok

B 0 Gox dusok seviyede siilasma (I 0 15 Cox dugok srmlagma
[ 15-35 Dono viesma
(] 35 65 Ota derecede sivisgma
[ L p—
I 5 - 100 ok yohsek coreccesrviogma

[P ———
[ 5- 15 voksok sovivde swissma
I 1545 Gox yiksok sovyode sl

)
wssyes
o

s

N F— N Agiklamalar
LSI-24DW-1
A LPI-2-DW-1 A P

TN 0 Gok o5k seviyede swiagma I o 15 Gox conck smeagma

T 0- 5 Doyok seviyoce swisyme [ 15- 36 Donok soviepmn

[ 5 - 15 Yoksek seviyede siiagma [ 3565 Orta derecece siviagma

[ 15 - 50 ok yoksek seviyede swilagma. [ o5 - 65 vinsek cerecede siayma.
TN 5 100 ok yoksok carcede sy

o

500 sado0 sa8000 w0 oz000 o0 sadoo0 soe00 atoo0 os000 oo odoo0
4000 sass00 sap000 o000 02000 a0 a0 sas00 sano00 ) 02000 eois00
H Aciklamalar N A—
340W-1
A LPI3-DW-1 A :am,,,__
1IN 0 ok cusik seviyede swiiasma [T pe—
0-5 Doyl saviyode swilagma ,g H (] 1535 Dogok swsagma L&
3 [ 5- 15 Yoksok seviyode siisgma H 3 [] 35 65 v derecece swvisyma H
I 15 - <0 Gok yoksok sevyode swilasma I 5 55 Yorsok durcede swvioyma

N 5 - 100 Gox yohsek corecede vy
o

Sekil 7. Farkli deprem senaryolari igin LPI (Iwasaki vd.,1982) ve LSI (Sonmez ve Gokceoglu, 2005) yontemleriyle
iiretilen sivilagma haritalarinin karsilagtirtlmasi.

Figure 7. Comparison of LPI (Iwasaki et al., 1982) and LSI (Sonmez and Gokceoglu, 2005) based liquefaction maps
with respect to different earthquake scenarios.
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Genel olarak deprem senaryosu 1 ve 2 i¢in
benzer LPI ve LSI siniflandirilmig haritalari
elde edilmistir. Buna karsin deprem senaryosu
3 i¢in nispeten daha tutucu siniflandirilmis
haritalar elde edilmistir Bu durum, farkli
deprem senaryolart i¢cin on goriilen moment
biiytikligi (M) ve en biiylk yatay yer ivmesi
(a,, ) degisimleri ile kontrol edilmektedir. Sonug
olarak sivilagma haritalamasi yapilan alanin
giiney kesimlerinde olas1 deprem senaryolarinin
yasanmast durumunda sivilagma  olayinin
ylizey etkilerinin daha fazla gozlenebilecegi
sOylenebilir. Onceki boliimlerde sunuldugu iizere
sahadaki jeoteknik sondaj derinlikleri genel
olarak en fazla 15 m’ye kadar ulagsmaktadir.
Buna kargin LPI ve LSI hesaplamalarinda 20 m
derinlige kadar uzanan profilin degerlendirilmesi
gerekmektedir. Bu nedenle, 20 m derinlige kadar
degerlendirmelerin yapilmasi durumunda O6n
degerlendirme amaciyla bu ¢caligmada hazirlanan
stvilagma  haritalariyla  karsilagtirildiginda
derinlerdeki zemin o6zelliklerine bagli olarak
nispeten daha ytliksek LPI ve LSI degerlerinin de
elde edilmesi olasidir.

Sivilasmanin  yiizey etkilerinin goreceli
degerlendirilmesinde  kullanilabilen LPI ve
LSI digerleri teorik olarak 0 ile 100 arasinda
degisebilmektedir. Iwasaki vd. (1982) tarafindan
LPI’'nin smiflama sinir degerleri “cok diisiik”,
“disiik”, “yiksek” ve “gok yiiksek” smiflari
icin sirasiyla 0, 0-5, 5-15 ve 15°ten biiyiik
arasinda Onerilmekle birlikte, bu smirlarin
farkli degerlere sahip olabilecegi yoniinde bazi
giincel calismalar da mevcuttur. Diger taraftan
LPI'nin 15’ten biyiik genis bir araligi “cok
yliksek” sivilasma potansiyeli sinifina dahil
edilmektedir. Sivilagsma olasilig1 temelli LSI’ya
gore Onerilen sivilasma siddeti simiflamasinda
“yok”, “cok disiik”, “disik”, “orta”, “yiiksek”
ve “cok yiiksek” smiflarmin sinir degerleri ise
0, 0-15, 15-35, 35-65, 65-85 ve 85-100 olarak
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onerilmektedir. Bu nedenle, LPI yontemini temel
alan siniflamada “¢ok yiiksek™ sinifinda genis bir
alan belirlenirken, bu alanlarin LSI yOntemini
dikkate alan smiflamada genellikle “orta
simifina sahip oldugu goriilmektedir. Ayrica,
bu asamada LPI’ya gore Iwasaki vd. (1982)
tarafindan Onerilen smiflamada “orta” smifinin
da tanimlanmadig1 dikkate alinmalidir.

2

GENEL DEGERLENDIRME

Diizce ovast 5 milyon yil kadar oOnce
Kuzey Anadolu fay sistemine bagli yerkabugu
hareketleriyle meydana gelmis, derin ve etrafi
daglarla ¢evrili genis bir birikim havzasidir.
Olusumundan bu yana ¢evredeki daglardan
ovaya yerlesmis bulunan akarsularin tastyip
getirdigi  allivyonlarla  ve  koliivyonlarla
dolmustur. Bunlara ek olarak ovada olusmus
gegmiste daha biiyilk oldugu anlasilan Efteni
goliiniin  ¢okeltileri de havzanin dolmasina
katkida bulunmustur. Ovadaki Kuvaterner
birikintilerinin kalinlig1 orta kesimlerde 260
m’yi bulmaktadir. Ovay1 dolduran bu gevsek
kalin tortularin i¢inde yeralti su seviyesi olduke¢a
sigdir. Yeralti suyu tablasinin derinligi bazi
kesimlerde 0,5 m’ye kadar diismektedir. Genelde
2.5-3.3 m arasindadir. Tamamen aliivyon zemin
tizerinde kurulu il merkezinde 1965 tarihli
imar plan1 geregi en fazla li¢ katli yapilagsmaya
izin verilirken, 1970°li yillarin baglarindan
itibaren Ozellikle sehrin merkezi kisimlarinda,
cogunlugu 5 ve 6 kath yapilar hizla artmistir.
Bazi durumlarda kat sayis1 eklemelerle 6’nin da
tizerine ¢ikarilmistir. 1999 deprem felaketlerinde
bu c¢ok katli binalarin neredeyse tamami
cokmiis veya agir hasara ugradigindan yikilarak
ortadan kaldirllmigtir (Tatar, 2003). Diizce
icin Bagbakanlik Kriz Yonetim Merkezi’nin
aciklamasia gore, Olii sayis1 845, yarali sayist
4948 olarak belirtilmistir. Depremde hasar goren
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Akin

ve derhal yikilmasi gereken bina sayist 3395,
yikik ya da agir hasarli ev sayis1 12939, is yeri
sayisi ise 2450°dir. Ilgili hasar dagilim orani
Sekil 8’de verilmistir (Ozmen, 2000).

SONUCLAR

Sonu¢ olarak, bu c¢alisma kapsaminda
Diizce ilinde yeni yapilagsmalarin arttig

Iigesnin

AQrr Hasar Dadlim (%)

Dizce ili AGr Hasar

Sekil 8. 1999 Depreminin Diizce ilinde olusturdugu agir hasar dagilimi (Ozmen, 2000’den almmuistir).

Figure 8. The heavy damage distribution of the 1999 earthquake in Diizce province (After Ozmen, 2000).

Buna gore deprem ylizey kirigma 5-10
km uzaklikta olan kent merkezi, Diizce ovasini
olusturan gevsek aliivyon zemin {izerindedir.
Hasar, kent icerisinde Dbelirli alanlarda
yogunlasmistir. Bu yogunluk zonlar1 olasilikla
yeraltisuyu seviyesi yiiksek olan eski akarsu
kanal dolgularmin olusturdugu zeminlerdir.
Diizce‘deki hasarin yerel zemin ozelliklerinin
belirleyici etkisi olmustur (Ates vd., 2013).
Diizce’de  deprem  sonrast  sivilagmalarin
ylizeye etkisine yonelik herhangi bir belirti
gbzlenmemesine karsin, bazi binalarda toplam
veya kismi sivilagmaya bagli olarak oturmalar
oldugu gozlenmistir (Erdik, 2001).

giiney ve giineydogu kesimlerinde sivilagsma
potansiyelinin  yiiksek-cok  yiksek oldugu
belirlenmistir. Bunun yam sira, inceleme
alaninin kuzeyine dogru gidildikce sivilagsma
potansiyeli azalsa da, LPI ve LSI yontemlerine
gore bu bolgelerin bazi kesimlerinde halen
disiikk-orta  sivilasma  potansiyeli  oldugu
gorlilmektedir. Kuzey Anadolu Fay Zonu gibi
biiyiik depremler tiretebilecek onemli bir sismik
kaynak i¢inde yer alan Diizce ili i¢in gerek parsel
ve gerekse planlama bazinda farkli deprem
senaryolarinin dikkate alinmasi gerekmektedir.
Yiiksek sivilagsma riski olan alanlarda yapilacak
yapilagmalarda jeoteknik parametreler ayrintili
olarak belirlenmeli ve o&zellikle sivilagsmaya
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yonelik analizler detayl ve gergekgi bir sekilde
yapilmalidir. Analizler sonucunda sivilasma
potansiyeli yliksek olan alanlarda uygun
zemin iyilestirme yontemlerinin uygulanmasi
saglanmalidir. Diger bir ifadeyle zemin-yap1
etkilesiminde sivilagma ve sivilasmaya bagl
ylizey deformasyonlari dikkate alinmalidir.

Calismada LSI yontemine gore hazirlanan
haritalarda farkli deprem senaryolarindaki
deprem biiyiikligli ve ivme degerlerine
ragmen cok farklilik gostermemesi dikkatle
degerlendirilmelidir. Ozellikle farkli deprem
senaryolar1 i¢in 6n goriilen moment bilytikligii
(M) ve en biylk yatay yer ivmesi (a_ )
degisimleri olusturulan haritalarda yerel olarak
degisikliklere yol agmustir. Bu degisiklikler
ozellikle yatay yer ivmesi degerlerine oldukga
hassas oldugu tespit edilmistir ve farkh
deprem senaryolarna gore oOzellikle LPI
yonteminden elde edilen sonuglarin degiskenlik
gosterdigi gozlenmistir. Bu nedenle sivilagsma
potansiyelinin degerlendirilmesine yonelik farkli
yontemlerden elde edilen sonuclar, yapilacak
detay analizlerle sivilasma sonrasi meydana
gelebilecek yiizey deformasyonlarinin (oturma,
yanal yayilma) boyutu agisindan da incelenmeli
ve yerel dlgekte sivilagsma analizi giivenli tarafta
kalinmast bakimindan zemin biiyiitme olasilig1
da dikkate alinarak yatay yer ivmesi degerlerine
dayali olarak sivilagsma analizleri ve modelleri
gerceklestirilmelidir.
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ABSTRACT

A plant will be constructed between the Alipasa and Sarikisik feldspar open-pit mines in Karpuzlu-Cine
(Aydin) to conduct the works of crushing-grinding and flotation. An investigation was carried out to determine
engineering geological conditions at and below the plant-site using scan-lines, geophysical measurements, and three
inclined borehole data. Geological structure and ground conditions including geotechnical data such as discontinuity
frequency and spacing, RQD% and CR% acquired from the drill hole exploration and geophysical survey are
determined. Along the inclined drill holes, true discontinuity spacing values computed for each core run represent
the most intersected discontinuities. In these calculations, determination of the acute angles between the axes of
drill holes and strikes of the discontinuity sets are important as much as the investigation of fracture distributions in
the subsurface. For this reason, the stereographic projection techniques were used to determine the true acute angle
in this work. The purpose of the investigation is to identify and mitigate difficulties caused by ground conditions.
The rock conditions comprise heavily jointed and weathered metamorphic rocks and the ability of these to support
the foundations is considered. It was determined that the bearing capacity values obtained from the geotechnical
computations considering RQD values agree with the ones acquired from the geophysical measurements, except the
weakness zones (sheared zones). It was also determined that the values of allowable bearing pressure based on the
geotechnical works are more conservative than the ones from the geophysical measurements. When all results are
considered, the ratio between the allowable bearing capacity (q,) values acquired from geotechnical and geophysical
measurements is close to 0.65.

Keywords: Site Investigation, Inclined Borehole, Geotechnical Data, Stereographic Projection, Geophysics, Bearing
Capacity

0z

Karpuzlu, Cine/Aydin'da Sarikisik ve Alipasa feldspat acik ocak madenleri arasinda yer alan sahada kirma-
ogiitme ve flatasyon islerini yiiriitmek icin bir tesis insa edilecektir. Hat etiitleri, jeofizik dlgiimler ve agilan ti¢
egimli sondajin verileri kullanilarak tesis alaninda ve altindaki miihendislik jeolojisi kosullarin belirlemek igin bir
arastrma yapilnugtir. Jeofizik ¢calismasi ve sondajlardan elde edilen siireksizlik sikligi, araligi, ROD ve karot verimi
(CR) gibi jeoteknik verileri iceren yer kosullart incelenmis ve sahanmin jeolojik yapisi ortaya ¢ikartilmistir. Egimli
sondajlar boyunca, en ¢ok kesilen siireksizlikleri temsil eden her bir ilerleme icin gercek siireksizlik araligi degerleri
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hesaplanmistir. Bu hesaplamalarda, siireksizlik setlerinin dogrultusuyla sondaj eksenlerinin arasindaki dar acilarin
belirlenmesi yer altindaki siireksizlik dagiliminin arastiriimasinda olduk¢a onemlidir. Soz konusu gercek dar agilarin
belirlenmesinde stereografik iz diisiim teknikleri kullanilmistir. Arastirmanin amaci, yer kosullart nedeniyle ortaya
¢tkan zorluklar tanimlamak ve bu zorluklar: en aza indirgemektir. Inceleme alam sik ¢atlakli, ayrismis metamorfik
kayaglardan olusmaktadr: Bu kayaglarin temel olma agisindan bir degerlendirilmesi yapimistir. Makaslama zonlart
harig, jeofizik ve ROD degerlerini dikkate alan jeoteknik yontemlerle yapilan tasima giicii analizlerinin sonuglarinin
birbirleriyle uyumlu oldugu belirlenmistir. Jeoteknik ¢alismalar iizerine temellendirilmis izin verilebilir tasima
giicii degerlerinin jeofizik ¢calismalardan elde edilen degerlere gore; giivenli tarafta kalma agisindan ¢ok daha
muhafazakar sonuglar verdigi ortaya ¢ikmustir. Tiim sonuglar dikkate alindiginda, jeoteknik ve jeofizik olgiimlerden

elde edilen izin verilebilir tasima giicii degerlerinin orani 0.65'e yakin bulunmustur.

Anahtar Kelimeler: Alan Arastirmasi, Egimli Sondaj, Stereografik Projeksiyon, Jeofizik, Tagima Giicii

INTRODUCTION

The location of the site between the
existing Alipasa and Sarikisik open-pit mines
in Karpuzlu-Aydin, western part of Turkey is
shown on Figure 1. The topography (platform) on
which the plant will be built after the excavations
is also shown on the cross-sections in Figure 2.
It has been planned that the excavations will be
made with depths reaching up to 26 m below the
ground surface level (Figure 2). Three boreholes
inclined up to 100 m. long were drilled in the
plant site (BH-1, BH-2, and BH-3), (Figure
1). Declination angles (deviation angles from
vertical) of the BH-1, BH-2, and BH-3 boreholes
are 11°, 15°, and 45°, respectively. Geotechnical
investigations are based on the ground conditions
depending on the borehole data. The loggings of
boreholes were performed and assessed from
the geotechnical point of view. The rock quality
designation (RQD %) and core recovery (CR %)
values of the cores from which three inclined
boreholes were obtained, were determined, and
core losses (core loss =100 — CR %) were also
computed for each length of core run.

The objective of the study involves
exploring the ground conditions at and below the
surface. This site investigation was performed to
provide design information on: i) Three inclined
boreholes were drilled in the plant-site. The
boreholes were not only drilled to determine

the existence of the ore body, but also to find its
vertical extent and to use it for mining purposes.
In addition, geological structure and ground
conditions including geotechnical data such as
fracture frequency (L), spacing, RQD %, CR %
acquired from the borehole exploration and from
a geophysical survey. Thus, the zones of weakness
beneath the foundation in terms of the fracture
frequency were also determined. i) Foundation
bearing capacities of the rock units. The data
utilised in engineering geology evaluations
involved RQD %, CR %, and some mechanical
properties. In this manner, the zones that are
problematic in terms of bearing capacity were
identified. The site investigation was undertaken
to identify and mitigate difficulties that may arise
during construction due to the ground conditions,
and to mitigate risk associated with the crushing-
grinding and flotation project.

Ground conditions were determined by
drilling three inclined rotary boreholes to depths
ranging from 100 m to 184.35 m (Figure 1). First
aim of the borehole drills is to cut vertically the
shear zone as much as possible because the albite
ore body exists in this zone. It is required that
the thickness of the albite ore body into the shear
zone is determined in terms of mining operations.
The boreholes were drilled to understand whether
the thickness of ore body from the mining
operations point of view is enough or not. The
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orientations of boreholes are determined such a
manner that they vertically cut the shear zone
as much as possible without considering the in-
situ distribution of other discontinuity sets in the
subsurface. Second scope of the borehole drills
is to investigate orientations of the discontinuity
sets in the subsurface and to determine the acute
angles between the borehole axes and the joint
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sets to find true discontinuity spacing values of
the sets. The boreholes were drilled along the
geophysical measurement lines (line-1, line-
2, and line-3) to match the results each other
acquired from both methods (Figure 1). BH-2,
BH-3, and BH-1 are located on the line-1, the
line-2, and the line-3, respectively.
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Figure 1. Geological and location map of the plant-site, general topographic conditions of the area, borehole locations

and geophysical measurement lines.

Sekil 1. Tesis sahasinin lokasyon ve jeoloji haritasi, alanin genel topografik kosullari, sondaj lokasyonlart ve jeofizik

ol¢iim hatlart.
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Figure 2. Current topography and the topography forming after the excavation of foundation.

Sekil 2. Giincel topografya ve temel kazisi sonrasi olugan topografya.

While the trends of borehole axes are
the same (N70W), plunge angles of them are
different from each other. The axis of each drill
hole and the joint sets on the stereographic net
are considered as a linear element and planar
element, respectively. Determination of the acute
angle between the axis of drill hole and strike
of the discontinuity sets is important in terms
of the investigation of fracture distributions in
the subsurface. Orientations of the joint sets and
shear zone (weakness zone) trending in nearly
N-S direction in the plant site have been already
known from the scan-line works which will be
given in the following sections. In here, what is
unknown is the thickness of which is variable
along the length of it due to the shear deformation.
In this point, the problem is reduced to find the
acute angle between a linear element (borehole
axis) and a planar element (discontinuity planes).
For this reason, the stereographic projection
technique was used to determine the true acute
angle in this work. The problems involved in
interpreting borehole data such as mathematical
relationships, the strictly graphical techniques,
and the stereographic projection technique. The
problems can be solved much more rapidly on
the stereographic projection net. It is determined
that there are three problems to be solved about
the fracture patterns in 3D; i) Which discontinuity

set, the value of fracture frequency at any core
advance was computed for? Four different
discontinuity types were identified during the
site investigation works; 1. Discontinuities of the
shear zone, 2. Joint sets, 3. Foliations, 4. Mica
veins. ij)) Which discontinuity set was mostly
cut along the inclined borehole? iii) What are
the acute angles between the shear zone, four
discontinuity sets and the axes of the drill holes?
Three inclined boreholes and the topography
of the plant- site were loaded to the Micromine
(2014) software. The software provides a
useful and straightforward way to investigate
fracture distributions in the subsurface in 3D.
Thus, the orientations of the discontinuity sets,
foliations, shear zone, inclined boreholes in three
dimensions (isometric view), and the angular
relations with each other were obtained.

The bias introduced by sampling
discontinuities along lines, cylinders, and planes
has been investigated by such authors as Terzaghi
(1965), Priest (1994), Martel (1999), Zhou
and Maerz (2002), Haneberg (2009). Martel
(1999) developed a particular model for in situ
distribution of fractures to analyze fracture pole
orientations distributed on a hemisphere, with
borehole bias being accounted for. Thus, one can
not only predict the distribution and statistics
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of fractures poles at a borehole survey but
also modify the model based on the mismatch
between observations and predictions. This
approach presented by Martel (1999) provides
a useful way to investigate fracture distributions
in the subsurface. Zhou and Maerz (2002) and
Haneberg (2009) indicate that the best strategy
is to select a combination of different borehole
orientations that minimizes the changes that
average orientation of any discontinuity set falls
into “a blind zone”. The prediction of statistical
distribution of fractures’ poles at a borehole
survey is beyond the scope of this paper.
However, boreholes predominantly intersecting
certain joint set /sets were determined using the
stereographic projection techniques in this work.

Whether which discontinuity set mostly
cut along the inclined borehole or cannot be
determined before the borehole planning by
using the projection techniques. For this aim,
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there are two ways; a) Determination of true acute
angle between axis of inclined borehole (linear
element) and discontinuity set (planar element).
If the true acute angle increases (if it is close to
90°), mostly discontinuity intersects along the
inclined borehole, b) Drawing the blind zones
around the inclined boreholes. Discontinuity
separated from boreholes by angles of 30° or
less fall into “a blind zone”. Discontinuity data
relevant to the discontinuities fall into this zone
are difficult to interpret. As shown by Terzaghi
(1965), discontinuities separated from boreholes
fall into “a blind zone” and are likely to be
statistically under-represented or completely
missed in subsurface exploration programs.
Subsequent authors confirmed her conclusion.
A single inverse technique was described
by Terzaghi (1965) in order to reduce this
observational bias. If the Figure 3A is rotated at
an angle of as much as “90°- plunge angle”, the
case of Figure 3B is obtained .

Discontinuity
plane

o* : Apparent trend
r

v* : Apparent coplunge

Figure 3. Representation of a discontinuity plane intersecting a borehole (modified from Martel, 1999).

Sekil 3. Bir sondaji kesen siireksizlik diizleminin gésterimi (Martel, 1999'dan degistirilerek).
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The value of true discontinuity spacing
for each set was considered in bearing capacity
numerical analyses of the weathered metamorphic
rock. Bearing capacity is an important factor for
the design of engineering structures, particularly
when large rock masses are the foundation
material (El-Naga, 2004). Bearing capacity
values and stresses induced by the bearing
loads were determined for heavily-jointed
and weathered metamorphic rocks at the site.
Bearing capacity analyses were performed using
geotechnical methods that utilise RQD values
and geophysical method proposed by Tezcan et
al. (2006). These methods are suggested by Peck
et al. (1974), Bowles (1988; 2001). The factor
of safety in the first, second and third methods
should be somewhat dependent on RQD %. RQD
% is used to reduce the ultimate bearing capacity.
Safety factor for rocks is selected between 3 and
6 (Bowles, 1988). This value for soils is selected
between 2 and 3. The foundation response and
bearing capacity of rock mass near ground surface
is greatly influenced by discontinuities and their
orientations. On the other hand, the zones with
low RQD values indicate the weakness zones
under the foundation in rock media. These zones
which are in a discontinuous nature and have
very high fracture frequency are problematic in
terms of bearing capacity due to the low shear
strength parameters developed depending on
fracturing. Maximum foundation pressure is
assigned to the bunker-hopper (width: 6.05 m,
length: 6.3 m) which is a unit of the plant (0.51
MPa = 51 ton/m?). Other units of the plant will
apply lower pressures than the one of bunker.

GEOLOGY

The geology of the plant-site and its
surrounding area is dominated by the gneisses.
Gneisses are characterised by their massive

structure. The ore bearing zone with a
mineralogical composition of Na-feldspar was
developed along the shear zone trending NE-SW
in the area (Figure 1). It is seen that three rock
units crop out in the site: ore body, quartzite-
feldspar zone (tectonic zone, shear zone), and
gneiss. In addition, mica zones are also seen
along the contacts between the quartzite-feldspar
zone and the gneiss unit (Figure 1 and 4).

The tectonic zone contains features such
as quartzite lenses, rutile and thin mica veins,
and albite ore body. Orientation of the albite
ore body was determined from the geological
investigation performed in the Alipasa open-pit
beforehand (Kadake1, 2011; Koca et al., 2014).
Orientation of the ore body (N20-25E/50-70SE)
in the plant-site, which locates in the middle of
the pits, remains the same (Figure 1). The long
axis of the plant is also trending along the same
direction. Ore bearing zone was developed along
the shear zone with 2.5 km length in the field. For
this reason, there are discontinuities with nearly
vertical position in both sides of the shear zone.
However, the thicknesses of heavily fractured
zones present in both sides of the shear zone are
not well-known. The thickness of this zone varies
due to the structural deformation (Figure 4).

Geological cross-sections were prepared
using the borehole data and geological map of
the plant area (Figure 4). The A-A’, C-C’, and
E-E' geological cross-section lines are fitted to
the geophysical measurement line-1, line-2,
and line-3, respectively (Figure 1). In addition,
the new topography resulting from the planned
excavation works is recorded on these cross-
sections. Foundation depths (elevations) of the
units on the new topography are also illustrated
on the cross-sections (Figure 4).
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Figure 4. (a) The weakness zones placed at different depths along the BH-2 borehole profile and the locations of
some units of the plant (A - A’ cross-section), (b) The C — C’ cross-section showing the heavily jointed rock zone
along the BH-3 borehole, (c) The weakness-zones at different depths along the BH-1 borehole profile and the

locations of some units of the plant (E - E’ cross-section).

Sekil 4. (a) Tesisin bazi iinitelerinin lokasyonlar: ve BH-2 sondajinin profili boyunca farkli derinliklerde yer alan
zayiflik zonlart (A - A' kesiti), (b) BH-3 sondaji boyunca yogun ¢atlakli kaya zonunu (gosteren C - C' kesiti), (c) BH-1
sondaji boyunca farkli derinliklerde gézlenen yogun catlakli kaya zonu (zayiflik zonu) ve tesisin bazi tinitelerinin

lokasyonlari.
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METHODS

Field observations, discontinuity surveying
including a quantitative description of
discontinuities following ISRM (2007), core
drilling and laboratory tests were undertaken in
this study. Reliable determination of the main
discontinuity orientations is very important
in terms of the assessment of the subsurface
geology. Discontinuity  orientations  were
processed using Dips 6.0 (Rocscience, 2015).
Orientations of the main discontinuity sets are
determined from statistical interpretation of the
discontinuity data acquired from the scan-line
works. For this purpose, pole concentration
points which represent the discontinuities are
obtained by drawing the contour diagrams of
the discontinuities by means of stereographic
projection net. Thus, the number of joint sets
and their orientations are revealed. To determine
which discontinuity set will be intersected along
the drilling directions of the boreholes are very
important in terms of the true interpretation of
each discontinuity set. In this work, boreholes
predominantly intersecting certain tectonic joint
set/ sets were determined using the stereographic
projection techniques because some boreholes
predominantly intersect foliation planes and
rarely intersect tectonic joint set/sets. In this
case, along a certain borehole, fracture frequency
and discontinuity spacing values computed for
each core run represents the most intersected
discontinuities.

Core samples obtained from the boreholes
were investigated and assessed from geotechnical
point of view. Discontinuity frequency (A), RQD
%, and CR % (total core recovery) values were
determined from the core samples. Core recovery
as defined by ASTM D 2113 (1990) is the ratio
between the length of recovered core and total

length of core run. The fractured rock mass is
described using parameters such as discontinuity
frequency (1) and discontinuity spacing (d), etc.
(Hudson and Priest, 1979; Stavropoulou, 2014);

__No. of discontinuity

=No. of disc. xm™ (1)

logging interval

Number of discontinuity was directly
counted for each length of core run without
considering the discontinuity orientation during
the core logging. Intersected over an interval of
length (the length of core run) along a borehole
was only considered. Firstly, the aim in here is
to find both the thickness of shear zone along
the inclined boreholes and its depth from the
ground surface. Secondly, the true thickness of
shear zone is computed with help of the formula;
x =y x Cosa. Where, x is the true thickness
of weakness zone, y is apparent thickness of
weakness zone, “a” is defined as the solid acute
angle between the orientation of the borehole and
strike of the shear zone.

It was noted by Terzaghi (1965) that the
distance between discontinuities on a given
discontinuity set along the length of a borehole
depends on the orientation of the borehole relative
to the discontinuities. For a set of extensive
discontinuities having uniform discontinuity
spacing, d, the number of discontinuities, N,
intersected over an interval of length, L, along a
borehole is;

N = L X sino (2)
d

where, “a” is the acute angle between the strikes
of discontinuity and the borehole’s axis as a linear
element. For a vertical borehole, “a” equals
the plunge of the pole point of discontinuity.
Therefore, it is supposed that the interval
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intersects a large number of discontinuities.
Thus, a good approximation is acquired from
the Equation 2. Using the angle instead of “a”,
Equation 3 can be explained in a more general
form useful for boreholes’ bias;

NZLX(;OS)/ (3)

where y* is the dip angle of discontinuity. The
term of cos in Equation 3 serves as a relative
probability and ranges from zero to one (0 <cos <
1). Relative probability of intersecting a fracture
where o = 90° (Borehole axis is just vertical to
the discontinuity planes) (= 0) is twice that where
o =30° (= 60°). A uniform change in the spacing
between discontinuities or in their size changes
the absolute probability of an intersection for an
interval of length but not the relative probability
cos (Martel, 1999).

Terzaghi  (1965) suggested that the
discontinuities can be divided into groups of
essentially the same orientation and the number
of discontinuities in a given group, N (apparent),
be replaced by(true),

where N*= Napp “4)

sin «

1 . . .
The term of “——" in Equation 4 is a
Sin «

correction factor (it is also known as Terzaghi
correction). The correction factor is large if “a”
is small. Terzaghi contended that this should give
a more representative picture of in-situ
distribution of discontinuity orientations. In
defining the number and size of groups of
fractures with essentially the same orientation,
and generally will not be a whole number. Also
she cautioned against blind application of her
inverse method for discontinuities nearly parallel
to a borehole. She considered discontinuities
oriented at less than 30° to a borehole to fall in
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“a blind zone” where discontinuity data would
be difficult to interpret. Equations 3 and 4
suggested by Terzaghi (1965) are used in order to
determine the values of discontinuity spacing (d)
and fracture frequency (A) for each core run
along the boreholes in this work.

Peck et al. (1974) suggested an empirical
correlation between the rock quality designation
(RQD %) and allowable bearing capacity stress
(q,), which has a significant influence on the
bearing capacity of a rock mass as given in
Equation-5. Peck et al. (1974) is a commonly
used method, however it is not considered
appropriate for detailed design. The RQD has no
meaning in terms of bearing capacity evaluations
mechanically at a certain level. For this reason,
second method proposed by Bowles (1988) is
also used in this study.

(*%/16) (5)
1- (RQD/130)

The relationship between ultimate bearing
capacity (and RQD is made meaningful by
means of Equation 6 suggested by Bowles
(2001). The second method proposed by Bowles
(2001) is based on a limit equilibrium expression
for the ultimate bearing capacity of strip footings
(Equation 7). The method considers the strength
parameters of rock (c, ¢) and RQD values
obtained from core logging (Equation 6). This
method can be useful in terms of comparing the
q,, values for various foundation types obtained
from the other empirical equations considering
the RQD values.

Q=1+

Gite = Guie < (RQD)’ ()
-1 i @)
Quit = zyxBxNnyy + XN XS, + gXN,

where, S_ and S, denote the Terzaghi shape
factors, S = 1.3 and SY = 0.6 for the circular
foundation, S, = 1.12 and SY = (.85 for the
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rectangular foundation, N, Nq, and NY are the
bearing capacity factors for rocks,

N = 5.Tan* (45 +2),
Ng = Tan® (45 +%),
N, =Ny +1, (8)

g= vertical stress at the base of foundation, q
is the value of ultimate bearing capacity of rock
(Merifield et al. 2006, Saada et al. 2008), and q '
is the reduced ultimate bearing capacity of the
rock. Bowles (1988) proposed Equation 8 also
based on

RQD%: q,, =g, * (RQD)? ©

The term of “q” in the Equation 9 is the
ultimate strength of rock material determined by
uniaxial compressive strength test. Some physical
and mechanical properties of the gneisses,
ore body, and the zones with mica (micaceous
material) were determined by laboratory tests
performed according to the suggestions by ISRM
(2007).

Numerical analysis was also performed by
using Phase? software (Rocscience, 2010) in
order to compare the values of allowable bearing
capacity computed from the empirical equations
considering RQD-value and geophysical
measurements. The rock mass was modelled
based on the Generalized Hoek-Brown Criterion
and the joint sets were imported with regard to
the Mohr-Coulomb Criterion.

Geophysical surveys were planned along the
profiles that intersect both the plant-site and the
shear zone (Figure 1). Geophysical measurement
lines were selected at nearly vertical position to
the shear zone due to the unknown thickness of
heavily fractured zones (weakness zones) present
in both sides of the shear zone. The ore body and

the shear zone trends along N 25 E direction
in Alipasa and Sarikisik open-pits (Koca et
al., 2014). This geological structure having a
large lenticular mass (a dome-like structure) is
confirmed by the current study. In addition, the
trend of the shear zone in the N 25 E direction
is observed in both the benches of the adjacent
mine slopes and the ground surface of the plant-
site. The thickness of weakness zones in lateral
direction (NW-SE direction) in the gneiss rock
mass in the plant site is unknown. Different
geophysical methods were applied in this study;
the first one is the reciprocal method, and the
second one is multi-channel analysis of surface
waves (MASW method). The first method is
focused on the analysis of structural changes
in lateral direction in the field. This method
considers the compression wave velocity (Vp),
(Palmer, 2001). The second method (MASW)
is one of the seismic survey methods for
evaluating the elastic condition of the ground for
geotechnical engineering purposes. Shear wave
velocity (V) is a direct indicator of the ground
strength (stiffness) and is therefore commonly
used to derive load-bearing capacity, especially
on rocky formations; the empirical expression
given in Equation 10, (Tezcan et al., 2006) is
used. In Equation 10, S is a reduction factor
for materials in which shear wave velocities are
greater than 500 m/sec (Equation 11).

qall =0.024 x ’Yn X st SV (10)
Where vy is equal to[ 0.44 x Vso.zs].
S =1-3x lO’éx(VS,SOO)I.s (an

Although, the empirical expressions of
Equation 10 are proposed by the writers, on the
basis of extensive geotechnical and geophysical
soil investigations at 14 different sites, they
should be used with caution. For relatively
important buildings, and especially until a stage
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when the wvalidity of these simple empirical
expressions are amply tested and calibrated over
a sufficient period of time, the allowable bearing
pressure should be determined also by means of
conventional methods considering the bearing
capacity factors for rocks.

ENGINEERING GEOLOGICAL
CONDITIONS OF THE SITE

Firstly, discontinuity scan-line surveys
were performed at the site, and the results of
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this work are presented in Table 1. The shear
zone (tectonic zone) with the properties of the
closely-jointed rock mass is trending in a nearly
NW-SE direction at the plant-site (Figure 5). The
zone has a problem from the perspective of the
bearing capacity (Figure 5). Generally, this zone
does not behave as a rock mass; in contrast, the
zone behaves like a transitional material between
weak rock and stiff to very stiff silty clay soil due
to closely and very closely spaced discontinuities
(Table 1).

Table 1. Quantitative descriptions and statistical distributions of discontinuities of tectonic zone at the plant site.

Cizelge 1. Tesis sahasindaki tektonik zona ait siireksizliklerin istatistiksel dagilimlar: ve sayisal tanmimlamalart.

Range Description Distribution (%)
Quartzo-feldspar zone
- - Gneiss with thin mica veins
(shear zone)

Spacing (mm)

<20 Extremely close 03 04

20-60 Very close 10 20

60-200 Close 40 68

200-600 Moderate 47 ?
Persistence (m)

3-10 Medium 60 34

10-20 High 24 58

> 20 Very high 16 ?

Aperture (mm)

0.25-0.50 Partly open 26 49

0.50-2.5 Open 55 31

2.5-10 Moderately open 19 20

Journal of Geological Engineering 43 (1) 2019
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Figure 5. Relationships between the contacts of quartz-feldspar, mica zones and the tectonic zone on the cut-slope
located at the Sarikisik side.

Sekil 5. Kuvarso-feldspatik zon, mikali zon ve Sarikisik tarafinda yer alan sev basamag iizerindeki tektonik zon
arasindaki iliskiler.
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Secondly, 440 discontinuity measurements
were taken from the eastern and southern slopes
of the plant-site. Initially, a contour diagram
was prepared using all of the discontinuity data
(Figure 6). Afterwards, the contour diagrams
belonging to the eastern and southern slopes
were prepared separately (Figure 7a and b). It is
understood from the discontinuity measurements
that there are four discontinuity sets that intersect
one another.
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1) 47-32/270 and Foliations with slightly
36/250 undulated- smooth surfaces.

1) 52/21, 86/14  Strikes of the joint sets are the

111) 88/196 same but their dip directions.
Both of them can be considered
as one joint-set.

IV) 65-83/160,  Both of the joint sets can be

78/342 considered as one joint-set due
to having similar strikes and
V) 82/294 . .
different dip angles.
Color Density Concentrations
0.00 - 045
045 - 0.0
09 - 135
135 - 180
180 - 225
225 = 270
270 - 315
315 - 360

405 - 450
Maximum Density | 4.18%
Contour Data | Pole Vectors
Contour Distribution | Fisher
Counting Circle Size | 1.0%

Plot Mode | Pole Vectors
Vector Count | 440 (440 Entries)
Hemisphere | Lower
Projection | Equal Area

Figure 6. Contour diagram prepared using total discontinuity measurements (440) from the plant area and pole

concentration points.

Sekil 6. Tesis alamindan alimmug siireksizlik 6l¢iileri (440) kullanmilarak hazirlanmis kontur diyagrami ve kutup

yogunlagma noktalari.

Strikes of the discontinuities forming the
pole concentration points, (and vertically cut
into the long axis of the plant-site, and slopes
are located at both sides of the site. However,
strikes of the discontinuities forming the - pole
concentration point are parallel to the long axis of
the plant. Orientations of the main discontinuity
sets affecting the bearing capacity values and
stresses induced by surcharge loads are described
below. This case is important in terms of the
shear strength of discontinuities affecting the
bearing capacity of the rock mass beneath the
foundation.

The X-X' geological cross-section with a
NE-SW direction (Figure 8) was constructed
to investigate fracture distributions in the
subsurface. Set of joints appearing in this cross
section are very important in terms of the
determination of whether the sliding failure from
the joints occur beneath the foundation under the
axial stress condition or not. It should be noted
that the shear stress caused of failure reaches the
maximum value when -angle is equal to 45°.
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Color Density Concentrations
000 - 075
075 =~ 150
150 = 225
225 - 3.00
300 - 375
3.75 - 450
450 - 525
525 - 6.00
6.00 - 6.75
675 - 750
Maximum Density | 7.01%
Contour Data | Pole Vectors
Contour Distribution | Fisher
Counting Circle Size | 1.0%
Plot Mode | Pole Vectors
Vector Count | 161 (161 Entries)
Hemisphere | Lower
Projection | Equal Area
Color Density Concentrations
000 - 0.50
050 - 1.00
1.00 - 1.50
1.50 - 2.00
200 - 250
250 - 3.00
3.00 - 3.50
350 - 4.00
400 - 450
4.50 - 5.00
Maximum Density | 4.52%
Contour Data | Pole Vectors
Contour Distribution | Fisher
Counting Circle Size | 1.0%
Plot Mode | Pole Vectors
Vector Count | 279 (279 Entries)
Hemisphere | Lower
Projection | Equal Area

Figure 7. (a) Contour diagram prepared using the discontinuity measurements (161) from the eastern part of the plant
area; (b) Contour diagram prepared using the discontinuity measurements (279) from the southern part of the plant
area.

Sekil 7. (a) Tesis alanmimin dogu kesiminden alinmuis siireksizlik olgiileri (161) kullanilarak hazirlanmis kontur
diyagrami, (b) Tesis alaminin giiney kesiminden alinmus siireksizlik 6l¢iileri (279) kullanilarak hazirlanmis kontur
diyagrami.
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NE

| Joint sets

1 (47-32/250-270)
V (82/294)

II (52/21)
111 (88/196)
IV (65-85/160-130)

Figure 8. Discontinuity pattern along the X - X' cross-section line.

Sekil 8. X - X' kesit hatti boyunca stireksizlik agu.

Foliations (set-I) and the discontinuities
belonging to the set-V are stayed in nearly
horizontal positions at the cross-section since
the strikes of the cross-section line and the joint
sets-I and V are parallel to each other Figure 8.
For this reason, both of them are considered as
only one joint-set. Discontinuities of the set-II
appear at true dip angles, and their dip directions
are towards to the Alipasa mine. Dip directions
of the discontinuities of the set-III lead to the
slope-base at high dip angle. For this reason, they
are not cut to the overall slope face. Set of joints
appear along the X-X' cross-section line (Figure
8).

As aresult of the surface water effect on the
gneisses, the rock mass weathers to highly (HW)
and/or completely weathered (CW) rock mass.
On the other hand, the previously weathered
or altered gneisses are affected by the present
weathering process very quickly. Weathering
changes the original colour of gneisses.
Generally, gneisses show discoloration at the start
of weathering. The discoloration usually starts

from the foliations and tectonic joint surfaces
and extends inwards into the blocks. Porosity
and microfractures of gneisses are increased by
weathering. It is recorded an increase in porosity
of as much as 34% in gneisses at advanced
stages of weathering from moderately-highly
(MW-HW) to highly-completely (HW-CW).
The increase of 34% in porosity resulted in a
decrease of 41.4% in strength of weathered
gneisses (Table 2). In addition, the mean porosity
and UCS values of moderately weathered (MW)
gneisses are obtained as 2.84+0.94 (n=12) and
27.34+£5.30 MPa (n=12, maximum 34.5 MPa,
minimum: 23.0 MPa), respectively.

LABORATORY TEST RESULTS

Bearing capacity analyses were performed
using some physical and mechanical properties
of the geologic units and discontinuity sets at the
plant-site. Physical and mechanical properties of
the gneisses, ore body, and the zones with mica,
and three discontinuity sets were determined in
the laboratory (Table 2).
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Table 2. Physical and mechanical properties of gneiss, ore body, and micaceous material.

Cizelge 2. Gnays, cevher ve mikali malzemelerin fiziksel ve mekanik ozellikleri.

Some engineering properties of the
gneisses, ore body, and weathered mica

Test results

schist
v, (KN/w?) n: 6 25.0+0.89
n % n: 6 3.42+0.92
; ; . 3 ; ; . 3
o, (MPa) Unit weight (y ): 0.0235 MN/m Unit weight (y,: 0.025 MN/m?)

(The gneiss unit with
different weathering grades)

Mean: 10.0£1.50 (n=7)
Maximum: 12.0, Minimum: 8.0
Weathering grade: CW-HW

Mean: 17.06 £2.19 (n=17)
Maximum: 20.4, Minimum: 14.0
Weathering grade: HW-MW

o, (MPa) Unit weight: 0.027 MN/m?

(The orebody)

Mean: 75 + 12.5 “strong rock” in the R4-grade

n: 4 Maximum: 89.4, Minimum: 60.5

Foliation Planes

Shear strength parameters according to ¢ =36°
the Mohr - Coulomb failure envelope
o) ¢’ =0.027 MPa
1=0.027+0Tan36,
R?=0.97, n=8

Intact rock Micaceous material

material
¢ =41° 9, =30°¢ =22
cp’ =0.05 MPa cp’ =0.05 MPa
©=0.30+0Tand1, v =0.021 £ 0.0012 MN/m’
R2=0.99, n=6 n

1=0.05+0Tan30, R?>=0.90, n=4

n: Test number

Rock mass strength of the gneisses in
the field is generally much lower due to the
abundance of mica-coated joints and micaceous
parting planes. However, the shear strength of
the discontinuities in all rock types indicates
little cohesion, with friction angles ranging from
30° to 41°, depending on rock type and infilling.
Shear strength parameters were obtained as
cohesion (c) 0.05 MPa and internal friction angle
(internal friction angle) 30° from shear strength
tests performed on the samples taken from the
zones containing mica (Table 2). The strength of
arock material is determined in the laboratory on
representative standard samples. In the case of
a closely-jointed and/or highly-weathered rock

mass, it is not possible to obtain a sample with
suitable dimensions to represent the entire rock
mass. Accordingly, the uniaxial compressive
strength values of the gneisses were determined
as a mean value of 10.0 = 1.5 MPa for the CW-
HW gneisses and 17.06 + 2.19 MPa for HW-
MW gneisses (Table 2). In addition, micaceous
deposits in the contact between the gneisses and
the quartzite unit, as a soft vein or parting planes,
are transitional material between very weak rock
(UCS < 1.25 MPa) and stiff to very stiff soil. Due
to above-mentioned reasons, the elastic modulus
(E) of the micaceous deposits was estimated
at 0,13x20° kPa (130 MPa) as like as silty soil
material (Table 3). After that, the value of elastic
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modulus was taken as 0.13 kPa for the numerical
analysis. In addition, the bulk unit weight of this
material was determined as 0.024 + 0.0012 MN/
m?® (Table 2). Input data of the discontinuity sets
used in the numerical analyses is given in Table
4. The lower internal friction angle value as ¢ =
26° was determined for the slightly undulated-
smooth discontinuity surfaces belonging to the
joint set-3. The value of friction angles both for
the joint set 1 and 2 were also determined as 36°.
As a result of the shear box tests (rock on rock),
the values of cohesion of the discontinuities for
the joint set-1, joint set-2, and joint set-3 were
determined as 100 kPa, 150 kPa, and 150 kPa,
respectively. These values are of great importance
for the numerical analyses performed by using
Phase? software.
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Drilling Strategy

First aim of the drilling strategy for this
work is to determine the drilling direction such
a manner that most nearly perpendicular to the
shear zone and ore body trending nearly parallel
to the shear zone. Second aim is to determine
which discontinuity set will be intersected
along the drilling directions of the boreholes.
In this work, two different methods based on
the stereographic projection techniques were
used to provide the aims mentioned above; i)
Drilling strategy including the determination
of the acute angles between the discontinuity
sets and axes of the boreholes. The acute angle
determination method based on the fixing of the
acute angle between linear and planar elements is
a new approach in terms of the drilling strategy.

Table 3. Input data of the rock materials used in the numerical analyses.

Cizelge 3. Niimerik analizlerde kullanilan kaya malzemelerine ait yazilim girdileri.

Material parameters Rock Units

(input data) Gneiss Ore Body Tectonic Zone
Unit weight (kKN/m?) 25 27 24
Initial void ratio, ¢ % 0.035 0.035 0.035
Deformation modulus (kPa) 1.64 x 10° 1.24 x 10° 0.13x 10°
Poisson'’s ratio (v) 0.28 0.30 0.23

Table 4. Input data of the discontinuity sets used in the numerical analyses.

Cizelge 4. Niimerik analizlerde kullanilan ¢atlak takimlarina ait yazilim girdileri.

Number of joint sets Joint plane-1

Joint plane-2 Joint plane-3

Dip/Dip direction 36/250
Cohesion (kPa) 100
Angle of friction (°) 36

21/52 78/342
150 150
36 26
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This method includes the numerical comparison
of acute angle with the limitation of 30° of
Terzaghi (1965). ii) Drilling strategy considering
the plot of “blind zones” around the boreholes
and great circles of the discontinuity sets (dip-
lines). On the other hand, when these strategies
are put forward, drilling cost should be also
considered. As known, as the declination angle
from the verticality of a borehole increases,
drilling cost of it also increases. This case given
above is considered in this work. In other words,
the applications in the site were performed by
reducing the drill angle of a borehole.

Declination angles of BH-1, BH-2, and BH-3
boreholes are 11°, 15°, and 45°, respectively
(Figure 4). The acute angles between trend
of borehole axis and strikes of discontinuities
should not be less than 30° according to the
method suggested by Terzaghi (1965). If not,
discontinuities belong to any joint set lie in “a
blind zone” around a borehole. For this reason,
acute angles between the borehole axes (the
boreholes’ azimuths are the same - N70W but
their plunge angles) and the discontinuity sets are
determined by using the stereographic projection
technique in this study. Angular relationships
between the axes of the drill holes BH-3, BH-2
and bearings of the joint sets are determined as
follows in Figure 9. While the BH-3 borehole cuts
the shear zone and the discontinuities belongs to
the joint set-4 (82/294), the BH-2 borehole cuts
the shear zone and the foliation planes into the
gneiss rock unit at different angles (35° and 40°)
(Table 5, Figure 9 and 10). The acute angles
between the shear zone and the axes of the drill
holes BH-3, BH-2, and BH-1 are determined as
65°, 35°, and 31°, respectively (Figure 10). The

acute angles for the foliation planes are also
determined as 16°, 40°, and 44°, respectively. It
should be noted that the plunge angle of BH-3
borehole (45°) is far smaller than the dip angles
of the discontinuities that belong to the joint sets.

The distance between discontinuities of a
given set along the length of a borehole depends
on the orientation of the borehole relative to the
discontinuities. The plunge angle of borehole
BH-3 (N70W/45NW) is quite close to the dip
angles (26°- 42°) of the foliations. The acute
angle between the strikes of the foliations and
the axis of the BH-3 borehole is determined as
16° (Figure 10). This case given above decreases
the probability of BH-2 borehole cut the foliation
planes considerably (Figure 10). However, it
was found that BH-2 borehole intersected the
foliation planes and the shear zone (Figure 10).
Foliation planes are cut along the BH-1 and BH-2
boreholes mostly. The discontinuities belonging
to the joint set-4 are, on the other hand, cut
along the BH-3 borehole mostly (Table 5). The
borehole axes of BH-3 and BH-2 boreholes seem
to be nearly vertical to the strike of the joint set-4
from Figure 9d. In addition, trend of the borehole
axis (N70W) in 3D is nearly the same with dip
directions of the discontinuities belonging to the
joint set-4. For this reason, they cut each other at
small acute angles such as 36° and 7° (Figure 9d).
Acute angles between them are determined as to
be fairly low on the stereographic net (Figure
9d). A similar case to the one given above is also
seen for the joint set-3 (78/342). Acute angles
between joint set-3 (planar element) and axes of
the boreholes BH-3, and BH-2 are determined as
to be 16° and 2°, respectively (Table 5, Figure
9¢).
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the joint set-1

(86/14)

Great circle of
the joint set-2
(88/196)

(Lower Hemisphere) (Lower Hemisphere)
Joint set-1 - BH.3 = 2° (90°-88°) Joint set-2 - BH.3 =7°
Joint set-1 - BH.2 =4° Joint set-2 - BH.2 = 6°
BH-3 : N70W/45NW BH-3 : N70W/45NW
BH-2 : N70W/75NW BH-2 : N70W/75NW

Great circle of
the joint set-3;
(78/342)

(Lower Hemisphere) (Lower Hemisphere)
Joint set-3, - BH.3 =16° Joint set-4 - BH.3 = 36°
Joint set-3, - BH.2 =2° Joint set-4 - BH.2 =7°
BH-3 : N70W/45NW BH-3 : N70W/45NW
BH-2 : N70W/75NW BH-2 : N70W/75NW

P, P, P,, P, : Pole points of the joint sets.

Figure 9. Determination of the acute angles between the borehole axes and the joint sets by means of the stereographic
projection technique.

Sekil 9. Stereografik projeksiyon teknigi yardumiyla ¢atlak setleri ve sondaj eksenleri arasindaki dar agilarin
belirlenmesi.
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Shear zone - BH.3 = 65°
a=25° Shear zone - BH.2 = 35°

Cosa=x/y  BH.3 : N7OW/45NW
BH-2 : N70W/75NW
or
x=y.Sin65

20°

s ———————
—_— -~
~.
- =
-

\\ Great circle o

\_ the foliation

N (36/250)
N\,

Foliation planes - BH.3 = 16°
Foliation planes - BH.2 = 40°
BH-3 : N70W/45NW

BH-2 : N70W/75NW

a=50°

Cosa—T

Figure 10. Determination of the acute angles between the borehole axes and the shear zone, and foliation plane by

means of the stereographic projection technique.

Sekil 10. Stereografik projeksiyon teknigi yardimiyla foliasyon diizlemleri, makaslama zonu ve sondaj eksenleri

arasindaki dar agilarin belirlenmesi.

It will be noticed that BH-2 and BH-1
boreholes intersect the shear zone and the
foliation planes mostly. On the other hand, these
boreholes cut rarely the discontinuity sets of
86/14 (set-1), 196/88 (set-2), and 78/342 (set-
3) (Figure 9 and 10). On the other hand, these
boreholes do not cut the discontinuities tagged
as 86/14 (set-1) and 88/196 (set-2) since the
trends of the axes of BH-2 and BH-1 drill holes
are nearly parallel to the strikes of discontinuities
belong to the joint set-1 and set-2 (196/88), (Table
5). In addition, BH-2 and BH-1 boreholes rarely
cut the discontinuities belong to the joint set-4

(294/82) since the dip angles of joints are nearly
equal to the plunge angles of the boreholes and
trends of the boreholes are nearly parallel to the
dip directions of the discontinuities. This case
given above decreases the probability of getting
cut of the discontinuities by the boreholes.

All angular relationships at and below
the surface are noticed in Figure 11. Isometric
views of the ground conditions which include
the orientations of the discontinuity sets, shear
zone, and inclined boreholes in 3D are presented
(Figure 11).
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Table 5. The acute angles between the borehole axes (linear elements) and the joint sets, the shear zone and the

foliation planes (planar elements).

Cizelge 5. Sondaj eksenleriyle ¢atlak takimlari, makaslama zonu ve foliasyon diizlemleri arasindaki dar agilar.

Type and orientation

Measured

. Lo Orientation of borehole Numerical .
of discontinuity (dip axis (azimuth/plunge) acute angle . Explanation
direction/dip angle) plung (a®) comparison
a>30° Strike of the shear zone is
Shear zone BH-3 (N7TOW/45NW) 63 exactly vertical the trend
110/70 f borehole axi
( ) BH-2 (N70W/75NW) 35 a>30° O DOTEROTE axis
Foliation plane BH-3 (N70W/45NW) 16 a<30 BH-.?. b.orehole cuts the
foliation planes at a
(250/36) BH-2 (N7T0W/75NW) 40 a>30° considerably angle (40°).
a<30° The trend of borehole axis
Joint set-1 BH-3 (N70W/45NW) 2 is nearly parallel to the
(14/86) stri‘[keé3 of tllzeldiscont]inuitty
o set. Boreholes rarely cu
BH-2 (N70W/75NW) 4 a=<30 this set for each length of
Joint set-2 BH-3 (N70W/45NW) 7 a<30° core run.
(196/88) BH-2 (N70W/75NW) 6 a<30°
Joint set-3, BH-3 (N70W/45NW) 16 a<30° Boreholes rarely cut this
set for each length of core
(342/78) BH-2 (N70W/75NW) 2 a<30° run.
BH-3 (N70W/45NW) 36 a>30° The trend of borehole axis
and the dip directions of
Joint set-4 discontinuities are nearly
(294/82) BH-2 (N70W/75NW) 7 a<30° the same. The borehole

intersects both the shear
zone and joint set-4.

Drilling Strategy Considering the Acute
Angles Between the Axes of the Boreholes and
Discontinuity Sets

The light gray circles represent 30° cones
defining the blind zones (shadow zones) around
the BH-3 and BH-2 inclined boreholes (Figure

12). Cones (Cone-1 and Cone-2) representing the
shear zone intersected by the drill holes 2 and 3
are presented in Figure 12. The representation of
these cones at the earth's surface is also presented
in the same figure. The discontinuities separated
from the boreholes by an angle of 30° lie in this
zone.
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Foliation Plane

Shear Zone

78/342

Plant Site

Foliation Plane
(32/250)

82/294

Shear Zone

Figure 11. Isometric views of the ground conditions at and below the surface which include the orientations of the
discontinuity sets, shear zone, foliation planes and inclined boreholes in three dimensions (3D).

Sekil 11. Siireksizlik takimlari, makaslama zonu, foliasyonlar ve egimli sondajlarin konumlarini iceren 3D gériintiisii.
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Except the shear zone and the joint set 4 (Joint
set 4 — BH-3 = 36°), the acute angles between
the trends of boreholes axes and the strikes of
the joint sets are determined to be less than 20°
(Figure 12). If the borehole had just been drilled
in this point, a single minimum at 20/290 (shear)
for the shear zone (70/110) would have been
produced according to the method suggested by
Haneberg (2009) (Figure 12). In here, the drilling
direction that is most likely to minimize bias is
described as the minimum (20/290). Borehole
bias is normal to a discontinuity in which case the
borehole point and the pole point of discontinuity
coincide. Minima are sought because they
represent drilling directions that should produce
the smallest aggregate difference between the
borehole and the poles of the discontinuities. In
this study, the most suitable drilling direction is
that of the BH-3 borehole because orientation
of the BH-3 borehole is more close to the point
of shear than that of the BH-2 borehole. Lower
hemisphere equal area projection illustrating a
drilling strategy for the shear zone is represented
in Figure 12.

It should be noted that the boreholes rarely
cut the discontinuities belong to the joint sets
due to the orientation of the boreholes relative to
the discontinuities, except the case between the
borehole axis of BH-3 and the joint set-4. The
borehole axis of BH-3 cut at a certain degree
the joint set-4 (acute angle: 36°). The highest
acute angle value is obtained as 65° from the
relationship between the trend of BH-3 borehole
axis and the shear zone. For this reason, the
values of discontinuity spacing (d) and frequency

Arastirma Makalesi / Research Article

(M) for each core run along the BH-3 borehole
are determined according to the number of
discontinuities, N, intersected over an interval of
length, L, and acute angle (o) between the trend
of BH-3 borehole axis and the shear zone (Table
7). In order to match the data acquired from both
boreholes, the values of “d” and “A” for each core
run along the BH-2 borehole are also determined
(Table 6).

While the BH-3 borehole cut the shear
zone at fairly high angle (65°), BH-2 and BH-1
boreholes cut both the shear zone and the foliation
planes into the gneiss rock mass relatively at low
angles (35° and 40°), (Table 6 and 7). As a result,
of this case, much more number of discontinuity
(discontinuity number: 143) is intersected along
the BH-3 borehole than the ones (discontinuity
number: 105) along the BH-2 borehole for the
depth of 25.5 m from the ground surface level
(Table 6). At depths ranging from the surface
to 25.5 m for two boreholes, discontinuities are
intersected at different number for each borehole
due to the different acute angles between
the trend of borehole axis and the strikes of
discontinuities. For this reason, it is determined
that the values of fracture frequency belonging to
the BH-2 borehole for each core run are greater
than the ones for the BH-3 borehole, except the
shear zone (Table 6 and 7). BH-3 borehole cut
more number of discontinuities at the ratio of
26.57 % than that of the BH-2 borehole. The
values of fracture frequency along the shear zone
are nearly the same for both boreholes because
the zone has a rock mass including very closely
spaced discontinuities.
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Blind zone for the N

hypothetical borehole. P, Great circle of
the shear zone

(70/110)

180

(The contour interval is 10°)
Lower hemisphere

J,J,J,J,: Great circles of the joint sets
P, P, P, P,: Pole points of the joint sets

@ : Blind zones for the BH-2 and BH-3 boreholes.

: The case that a hypothetical borehole and pole
6 point of the shear zone coincide.
(The most suitable borehole location because angular

deviation for the shear zone is minimum in the pole point
of the shear zone (P,,,,).
J— borehole (BH-3,N70W/45NW,

@ ) @ - BH-2:N70W/75NW,BH:N70W/20NW)

Figure 12. Lower hemisphere equal area plot illustrating a drilling strategy for the shear zone and joint sets.

Sekil /2. Makaslama zonu ve ¢atlak takimlar: igin bir sondaj stratejisini gésteren es alan projeksiyonu.
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Table 6. The values of discontinuity spacing and frequency for each core run along the BH-2 borehole (acute angle
between the BH-2 borehole and the shear zone = 35°, Cos y" = 0.5725).

Cizelge 6. BH-2 sondaji boyunca makaslama zonundaki her bir ilerleme igin siireksizlik siklig1 ve siireksizlik ara
uzakhgi degerleri (BH-2 sondaji ve makaslama zonu arasindaki derece 35°).

Joint spacing

Core run (m) L (m) N* N d (cm) A (m) (ISRM 2007)
2-4 2 17.5 10 6.5 15.4
4-7 3 16 9 10.7 9.3
7-10.5 3.5 24.5 14 8.2 12.2
10.5-13 2.5 10.5 6 13.6 7.3
13-14.5 1.5 7 4 12.3 8.1
14.5-17.5 3.0 17.5 10 9.8 10.2 .
Close spacing
17.5-18.5 1.0 7 4 8.2 12.2 .
18.5-20.0 15 9 5 9.5 105 (closely jointed rock mass)
20.0-21.5 1.5 9 5 9.5 10.5
21.5-24.0 2.5 10.5 6 13.6 7.3
24.0-25.5 1.5 7 4 12.2 8.2
25.5-27.0 1.5 9 5 9.5 10.5
27.0-30.0 3.0 14 8 12.2 8.2
30.0-31.5 1.5 10.5 6 54 18.5 Very close spacing
31.5-36.5 5.0 16 9 17.9 5.6 Close spacing

105 10.6 +3.15 10.3+3.33

d: Discontinuity spacing ="¥/\j- , N=Nx'/_ !/ . = Correction factor.

sina. ? " sinat

Table 7. The values of discontinuity spacing and frequency for each core run along the BH-3 borehole (acute angle
between the BH-3 borehole and the shear zone = 65°, Cos y* = 0.9063).

Cizelge 7. BH-3 sondaji boyunca makaslama zonundaki her bir ilerleme igin siireksizlik sikligi ve siireksizlik ara
uzakligr degerleri (BH-3 sondaji ve makaslama zonu arasindaki derece 65°).

Joint spacing

Core run (m) L (m) N* N d (cm) A (m™) (ISRM 2007)
0-6.0 6.0 31 28 17.5 5.7 Close spacing
6.0-7.0 1.0 33 3 27.5 3.6 Moderate spacing
7.0-9.5 2.5 20 18 11.3 8.8
9.5-125 3.0 21 19 12.9 7.8
12.5-15.5 3.0 24 22 11.3 8.8 Close spacing
15.5-17.5 2.0 10 9.0 18.1 5.5 (closely jointed rock mass)
17.5-18.5 1.0 12 11 7.5 133
18.5-21.5 3.0 17 15 16 6.2
21.5-245 3.0 13 12 21 4.8 Moderate spacing
245-255 1.0 6.6 6 13.7 7.3 Close spacing
143 157571 72274
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Drilling Strategy Considering the Blind Zones

A drilling strategy for situation in which
discontinuity orientation is unknown, was
outlined by Terzaghi (1965). Two stereographic
projections (stereograms) showing the right
and the wrong drilling strategies are presented
in Figure 13 and 14, respectively. Figure 13
and 14 show two lower hemisphere equal area
projections with 30° blind zone for the inclined
boreholes. Discontinuities for which dip-lines
(defined by a dip and dip direction) fall into
the blind zones for the boreholes are unlikely
to be encountered in that boreholes. Those
discontinuities will, however, be encountered in
other boreholes as long as the blind zones do not
overlap.

In the right strategy, position of the shear
zone (shear zone:70/110) is considered as in
Figure 13. On the other hand, if the dip direction
of the shear zone had been rotated at an angle of
180° with the same strike, the inclined boreholes
would not intersect the shear zone (wrong
strategy) as illustrated in Figure 14 (shear zone:
70/290). There are two reasons to distinguish
right and wrong strategies. i) While BH-2
borehole does not cut the shear zone in the wrong
strategy, in the right strategy, the borehole cut the
shear zone. ii) While BH-3 borehole cut very few
numbered discontinuity in the shear zone in the
wrong strategy, the borehole cut considerably the
discontinuities in the shear zone, but as much as
at BH-2 borehole in the right strategy. In the right
strategy, the acute angle between BH-3 borehole
and the discontinuities in the shear zone is 65°
(Figure 13). This angle in the wrong strategy is
25° (Figure 14). This case indicates that BH-3
borehole will cut most discontinuity along the
shear zone at the right strategy. This case also
affect the values of discontinuity frequency and
spacing along the boreholes.

In situations in which there is no knowledge
of the discontinuities to be encountered during
subsurface exploration, the best strategy is
to select a conbination of different borehole
orientations that minimizes the changes that the
average orientation of any discontinuity set falls
into a Terzaghi (1965) blind zone.

Bearing Capacity Analyses Performed by
Using the Equations Considering the RQD
Value

Discontinuity numbers were counted
along the borehole profiles. Thus, the value
of discontinuity frequency (A) and spacing (d)
were computed for each core run. Variations of
the fracture frequency (L), spacing (d), RQD %,
CR %, and core loss (CL %=100 — CR %) with
depth along the borehole profiles are presented
in Figure 15. Zones where the core loss is greater
than 30% are observed in three levels located at
the different depths of the boreholes (Figure 15).
These zones are located in the highly-weathered
gneisses. The increase of fracturing in these
zones (weakness zones) relative to the adjacent
rock is up two to three times (as revealed by
the core logs). These zones are as follows; in
the BH-1, zone-I: 0-8 m, zone-II: 14- 22 m, and
zone-III: 23.40-28 m; in the BH-2, zone-I: 0
-7.40 m, zone-II: 10.50-18.70 m, and zone-III:
25-30 m; in the BH-3, zone-I: 0 - 9.50 m, zone-
I1:1550-17.50 m, and zone-III: 21.50-25.50 m.
If these zones mentioned above are correlated,
they appear to exist in the three weakness-zones
in the gneisses trending in NE-SW direction. The
weakness zones both in the gneiss unit and in the
contacts between the geological units are shown
inthe A-A’, C-C’, and E-E’ cross-sections (Figure
4). It is determined that the geological structure,
which has a large lenticular mass similar to a salt
plug, rose towards the surface and the weakness
zones in terms of the fracture intensity. Weakness
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zones are in accordance with the geologic structure consisting of the weakness zones is also
structure (Figure 4). It should be noted that this determined by the geophysical survey.

20°

Great circN
of the shear
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foliation

270
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20° 180
Lower Hemisphere
BH-3  BH-2
Mica vein—1  Ac A

SE

Shear Zone : 70/110
Foliation : 36/250

BH-2:N70W/75NW
BH-3:N70W/45NW

Shear Zone

Shear Zone

Both inclined boreholes intersect the shear zone. The BH-3 borehole cut more numbered
discontinuity along the zone than the one of the BH-2 borehole.

Figure 13. The right drilling strategy for the shear zone and its lower hemisphere projection.

Sekil 13. Makaslama zonu i¢in dogru sondaj stratejisi ve onun alt yarim kiire projeksiyonu.
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BH-2 borehole does not cut the shear zone. It should be noted that the great circle of shear
zone (70/290) fall into the blind zone of BH-2 borehole (acute angle : 5°). BH-3 borehole
however, cut very few numbered discontinuity along the zone.
Figure 14. The wrong drilling strategy and its lower hemisphere (If the shear zone had been inclined to the NW
direction, BH-3 borehole would intersect very few numbered discontinuity).

Sekil 14. Yanlig sondaj stratejisi ve ona ait alt yarim kiire projeksiyonu (Makaslama zonu KB'ya egimli olsaydi BH-3
sondaji ¢cok daha az sayida siirveksizlik keserdi).
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Figure 15. (a) Variations of the RQD% values and ultimate bearing pressures (q,,) with depth (The zones which the
q,, 1s lesser than 5.0 MPa, is gray coloured), (b) Variations of the fracture frequency (}), spacing (d), and core loss
(%) with depth along the borehole profiles (The depth of platform in BH-3 on which the plant will be constructed is
6.63 m. These depths in BH-1 and BH-2 are 2.525 m. and 3.08 m, respectively).

Sekil 15. (a) Derinlikle nihai tasima giicii ve ROD degerlerinin derinlikle degisimi (quit< 5.0 MPa olan zonlar gri
renklidir), (b) sondaj profilleri boyunca karot kayb, siireksizlik araligi ve sikhginin derinlikle degisimleri (Uzerine tesisin
insa edilecegi platformun derinlikleri; BH-3, BH-1 ve BH-2 sondajlarinda siraswla 6.63 m, 2.525 m ve 3.08 m dir).
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Determination of this structure is of utmost
importance both for the mining operations and
for the determination of the bearing capacity
zone. It is thought that bearing capacity problems
will occur due to the existence of the tectonic
zone with heavily-jointed rock properties
(close spacing and poor quality rock) and the
contacts between the geological units including
the sheared surfaces. These surfaces are clearly
observed in the cut-slope face located in the
southern part of the plant area (Figure 5). As
expected, shear strength along the shear surfaces
are very low or nearly zero due to the lack of
cohesion along these surfaces. For BH-1, BH-2
and BH-3 boreholes, the results of computations
of the allowable bearing pressure of gneisses are

presented in Tables 8, 9, and 10, respectively.
The results obtained from different geotechnical
methods are also reported in these tables. The
foundation pressure of the bunker is 0.51 MPa on
the ground surface. The zones which are under
this value are given above in terms of the bearing
capacity: in the BH-1, 0-4.10 m; in the BH-2,
0-7.40 m; and in the BH-3, 15.50-17.50 m and
24.50-25.50 m. In these zones, core losses reach
the maximum values (Figure 15). The general
trend in the graph of the variation of RQD-values
with depth is similar to the graph of the normal
distribution. The variation of ultimate bearing
pressure with depth is also seen in this graph
(Figure 15).

Table 8. Bearing capacity values obtained from different equations along the BH-1 borehole

(z: 461.02 m, platform base of the plant: 458.15 m).

Cizelge 8. BH-1 sondaji boyunca farkl derinlikler i¢in farkli esitliklerden elde edilen tasima giicii degerleri.

q, (MPa)
Depth (m) RQD q, The methods considering the Sugges.ted Allowable
(%) (kg/cm?) RQD% value Bearing Pressure
(9,.=q,,/F)
(I\Sll‘i;‘a) a,,(MPa) g, (MPa) ) )
Depth (m) q, Peck et al. Bowles Bowles Fs=3 Fs=6
(1974) (1988) (2001)
4.10-4.80 61.0 - - 10.4 7.10 - 1.1 22
4.80-7.80 75.6 5.10 190 15.98 12.3 10.8 1.8 3.6
7.80-10.70 85.7 8.50 235 20.5 16.7 17.2 2.3 4.6
10.7-13.25 84.3 12.0 268 19.8 16.0 19.0 2.65 53
13.25-14.1 80.0 - - 17.9 14.0 - 2.33 4.67
14.1-17.20 67.7 - - 12.8 9.8 - 1.65 33
17.2-18.80 86.6 18.3 242 20.9 17.4 18.1 2.4 4.8
18.8-20.30 66.6 - - 12.4 9.5 - 1.6 32
20.3-21.75 35.8 - - 3.58 4.0 - 0.6 1.2
21.75-23.4 58.8 - - 9.6 7.7 - 1.3 2.57
23.4-26.50 52.9 25.4 150 7.8 6.5 4.90 0.81 1.63
26.5-28.10 46.2 - - 5.9 5.5 - 0.91 1.83

*:0.0-4.10 m: sediment sample.
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(z: 478.03 m, platform base of the plant: 475.00 m).
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Cizelge 9. BH-2 sondaji boyunca farkli derinlikler icin farkl: esitliklerden elde edilen tagima giicii degerleri.

q, (MPa)
Depth RQD q, The methods considering the Suggested
(m) (%) (kg/cm?) RQD% value Allowable Bearing
Pressure
q, q,

Depth (MPa)  (MPa) qg(fvl\v/[lzs) - -

(m) u Pecketal. Bowles (2001) s s

(1974) (1988)

225-4.0 27.0 - - 2.85 2.03 - 1.1 0.55
4.0-43 50.0 5.0 204 6.00 6.99 5.10 2.0 1.00
43-17.0 41.0 6.5 190 4.73 4.70 3.20 1.1 0.55
7.0-10.5 453 - - 5.34 5.74 - 1.8 0.90
10.5-12.5 63.7 11.5 218 8.80 11.35 8.84 2.4 1.20
12.5-145 63.3 - - 8.70 11.20 - 2.9 1.45
14.5-16.5 77.1 - - 12.82 16.62 - 4.3 2.15
16.5-18.5 50.5 - - 6.15 7.13 - 2.0 1.00
18.5-20.0 89.0 18.0 300 18.6 22.15 23.7 6.0 3.00
20.0 -22.0 74.5 - - 11.9 15.52 - 4.0 2.00
22.0-23.5 72.0 - - 11.09 14.50 - 3.7 1.85
23.5-25.0 74.4 25.0 230 11.87 15.48 12.7 4.0 2.00
25.0-27.0 68.5 - - 10.05 13.12 - 3.3 1.65
27.0 -30.0 71.1 26.8 188 10.80 14.14 9.50 3.2 1.60
30.0-31.5 84.0 - - 15.83 19.73 - 53 2.65
31.5-34.0 81.1 - - 14.45 18.40 - 4.8 2.40
34.0 -36.5 59.9 354 206 7.93 10.04 7.40 2.3 1.15

*: Loss of core in the marked zones is greater than the percent of 17. F : Factor of safety
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Table 10. Bearing capacity values obtained from the various equations along the BH-3 borehole (z: 472.04 m,

platform base of the plant: 462.50 m).

Cizelge 10. BH-3 sondaji boyunca farkl: derinlikler icin farkl: esitliklerden elde edilen tasima giicii degerleri.

_— MPa

Depth (m) i"QA)I)) q, (kg/em?) The met}}{lgci;(;)o\r:;gzrmg the Suggegi;efd allczwable

bearing pressure
Qi (MPa) A (MPa) A (MPa)
Depth (m) q, Pecketal. Bowles Bowles F =6 F =3
(1974) (1988) (2001)

0.00 - 6.0 39.25 - - 4.51 4.29 - 1.45 0.72
6.00 - 7.0 71.00 8.00 196 10.77 14.0 9.9 2.8 1.40
7.00-9.50 75.60 - - 12.25 15.90 4.0 2.00
9.50-12.50 55.70 - - 7.09 7.33 2.3 1.15
12.5-15.50 85.00 - - 16.34 20.10 5.4 2.70
15.50-17.5 17.00 - - 3.08 1.00 - 0.7 0.35
17.5-18.50 67.00 - - 9.63 12.50 3.2 1.60
18.50-21.50  88.30 - - 18.25 21.70 6.0 3.00
21.50-24.5  63.00 22.50 182 9.0 11.07 7.2 2.0 1.00
24.50 -25.5 16.00 - - 2.14 0.71 - 2.4 1.20

F_: Factor of safety

Bearing capacity values and stresses
induced by surcharge loads were determined for
the metamorphic rocks in the site. In addition,
the significant depth under the platform base is
very important from the bearing capacity point
of view. For this reason, the values of bearing
capacity in the depth known as the bearing
capacity zone, and generally changing from the
ground surface level to the depth of 0.0 - 6.0 m,
are of utmost importance for rock mass. If the
geologic and geotechnical data obtained from the
borehole BH-1 are considered, the results given
as follows regarding bearing capacity analyses
are reached: the platform of the plant at this
point is located at a depth of 2.85 m from the
ground surface level (the elevation of this depth
is +458.5 m). The minimum allowable bearing
pressure was determined as q, . = 590 kPa in the
zone between +440.7 and +439.2 m elevations
(Figure 4). This zone is located at 17.45 m below

the platform base of the plant. If the data from
the borehole BH-2 are considered, the results
related to the bearing capacity analyses given
as follows are reached: the platform of the plant
at this point is located at a depth of 3.08 m.
below the ground surface level (the elevation of
this depth is +475 m). The minimum allowable
bearing capacity value was determined as
d, .. = 930 kPa in the zone between +473.3 and
470.6 m elevations. If the data from the borehole
BH-3 are considered, the results of relations to
the bearing capacity analyses given as follows
are reached: the platform base of the plant at
this point is located at the elevation of +462.5
m. The minimum allowable bearing pressure
was determined as q, . = 350 kPa in the zone
between +465.5 and +454.5 m. elevations. This
zone starts 6.0 m. below the platform base, and
its thickness is approximately 2.0 m.
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Bearing Capacity Analysis Performed by
Using the Generalized Hoek-Brown Criterion

In order to determine the ultimate bearing
capacity of the rock mass, a homogeneous and
jointed rock mass model was generated in Phase?
v.07 finite element software (Rocscience, 2010)
(Figure 16).

Arastirma Makalesi / Research Article

the self weight of the rock unit. The jointed rock
mass was analysed by using the Generalized
Hoek-Brown Criterion (Hoek et al., 2002). The
required parameters for using Generalized Hoek-
Brown Criterion and the parameters used in the
numerical analysis are given in Table 11.

N
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Figure 16. The distribution of vertical stress (c,) in the model and vertical stresses at the depth of 2 m beneath the

foundation of the bunker.

Sekil 16. Kirici besleme noktasina ait temelin 2 m altinda ve tiim kesitte diisey gerilme dagilimlarinin modeli.

The main reason for performing numerical
analysis on the homogeneous model is that the
software detects irregular distribution of vertical
stress and displacement around the lithological
contacts which reduces accuracy for estimating
bearing capacity of the rock mass. Thus, the
weakest rock unit (tectonic zone) was selected to
be used in homogeneous model with three joint
sets dominant in the study area. Accordingly, the
bearing capacity of the rock mass was found by
the relationship between the vertical stress (o))
and the vertical displacement. The vertical stress
is originated from the plant unit construction and

Besides, the strength criterion for the joint
sets was selected as Mohr-Coulomb Criterion
considering the mechanical properties given in
Table 4. In order to simulate the worst conditions
in terms of settlement and bearing stress; pore
pressure is not considered due to its uplifting
effect and thus total stress is used. The plot of
vertical stress to vertical displacement was
constructed for the line at 2 m depth under the
foundation of bunker (Figure 17).
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Table 11. The input and output parameters used in numerical analysis by means of Generalized Hoek-Brown Criterion.

Cizelge 11. Genellestirilmis Hoek-Brown Olgiitii yardimiyla niimerik analizlerde kullanilan yazilim girdi ve ¢iktilart.

Intact Rock Properties Rock Mass Properties
Rock Type (Dilation parameter: 0 D .
(Poisson’s ratio: 0.23)
Unit Weight: 0.024 MN/m?)
m, 6, (MPa) GSI ] a m, E_ (MPa)
Tectonic Zone — 0.7
11 10 31 4.47x10°¢ 0.561 0.103 130

GSI: Geological strength index; m, Hoek-Brown constants for intact rock material; m, s, a: Hoek-Brown constants

for rock mass; D: disturbance factor
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Figure 17. The plot of vertical stress to vertical
displacement for the line at 2 m depth under the
foundation of bunker.

Sekil 17. Kwrict besleme noktasina ait temelin 2
m altinda hat boyunca diisey gerilme-diisey yer
degistirme iligkisi.

Figure 17 indicates that there is strong
polynomialrelationship betweenthevertical stress
and vertical displacement beneath the foundation
of the bunker. Fundamentally, this relationship
shows a linear trend until a point which the
trend becomes non-linear. Theoretically, this
point can be assumed to be the ultimate bearing
capacity of the rock mass. Consequently, it was

determined that the ultimate bearing capacity
of the rock mass is 500 kPa where the vertical
displacement is 0.092 m. The allowable bearing
capacity is therefore 167 kPa (F: 3) which is
significantly lower than the ones calculated from
geophysical and geotechnical data. The bearing
capacity of rock mass will not respond and thus,
settlement at a certain level (0.092 m) will occur
in the rock mass. It can also be revealed that the
allowable bearing capacity values derived from
the numerical analysis is more conservative than
the ones from other methods.

Geophysical Survey

Determination of the extent of the weakness
zones in the lateral direction into the metamorphic
rock mass was performed using the speed of
P-wave velocity (Vp) for the line-I (Figure 18).
The existence of four weakness-zones controlled
by the discontinuities with nearly vertical position
in this line was determined (Figure 18). Thus, a
dome-like geological structure developed in the
metamorphic rock mass was confirmed by the
geophysical survey.
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Figure 18. Determination of the weakness zones in lateral direction into the rock mass using v, determined from the
geophysical measurement line-1.

Sekil 18. Jeofizik olgiim hatti-1 igin v, degerleri kullamlarak kayag kiitlesindeki yatay yondeki zayiflik zonlarinin
belirlenmesi.
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This situation makes the study a little
interesting. A zone where \A is less than 900
m/sec exists in the upper elevations of the
topographic profile in Figure 18. The thickness
of the zone (the colour of which is red) increases
towards to the stream due to the water effect
and tectonic. This zone with low Vp—Velocity is
located in the gneiss unit. It is determined that
the yellow and red coloured zones with relatively
low P-wave velocities (Vp < 800 m/sec) and 5-7
m thicknesses are located at the western part of
line-I. This zone generally exists under + 490
and +485 m elevations. The green coloured zone
represents the rock mass that is stronger than the
others in terms of the bearing capacity (Figure
18). The graph showing the changes of Vs-
shear wave velocities with depth and the bearing
capacity zones for the geophysical measurement
line-I is given in Figure 19.

V -values in the line-I were measured at 825
and 940 m/sec. However, V -values decrease
slightly at the eastern part of the line-1. Although
a little difference in the V -values was obtained,
two bearing pressure zones were distinguished
in the line-I (Figure 19). A zone with relatively
low V -values (830 < Vs < 870 m/sec) at the
western part of the line-1I is determined from the
geophysical measurements. This zone is located
between +483 m. and +495 m. elevations in the
gneisses and the tectonic zone. The zone with
relatively low Vp-Velocities (1020 < V_ < 1130
m/sec) increases as it goes towards the stream,
Another zone exists as a pocket between +460 m
and +470 m elevations on the eastern side of line-
3. Minimum V -values (650 m/sec) and bearing
capacity values were measured in this zone (Table
12 and Figure 19). Allowable bearing pressures
for zone-I and zone-II (along line-I, line-1I, and
line-IIT) are computed using the values of V and
V, and their results are presented in Table 12.

Table 12. Allowable bearing capacity values (q,,) obtained using the P and S-wave velocities along the geophysical
measurement lines (I, II, and III). For the calculation of q_-values, Equation-9 was used.

Cizelge 12. Jeofizik 6l¢iim hatlari boyunca P ve S dalga hizlart kullanilarak elde edilen izin verilebilir tasima giicii

degerleri.
Section No Geophysical parameters Geophysical parameters Zone-II

Vpl (m/sec) 1540 - 1411 sz (m/sec) 1600

V,, (m/sec) 904-826 V,, (m/sec) 940

Section-I y,, (KN/m’) 24.1 Y, (KN/m’) 24.1
S, 0.956 S, 0.949

q.(MPa) 5.0 q.(MPa) 5.16

Vp1 (m/sec) 1651 sz (m/sec) 1899

V,, (m/sec) 965 V,, (m/sec) 996

Section- 11 Y, (KN/m®) 24.5 Y, (KN/m’) 24.7
S, 0.944 S, 0.938

q,(MPa) 5.25 q.(MPa) 5.54

Vi, (m/sec) 1253 Vo, (m/sec) 1565

vV, (m/sec) 720 - 650 V,, (m/sec) 910
Section-111 y,; (KN/m?) 22.8 Y, (KN/m?) 24.16
S, 0.983-0.99 S, 0.954

q,(MPa) 3.87-3.52 q,(MPa) 5.0

Average value X =4.70 MPa X=5.23 MPa
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Figure 19. The graphs showing the change of V -values with depth and the bearing capacity zones for the geophysical
measurement lines (line-1, line-II, and line-III).

Sekil 19. Jeofizik olgiim hatlari igin tasima giicii zonlart ve derinlikle S-dalga hizlarimin degisimini gosteren grafikler.
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DISCUSSIONS AND CONCLUSIONS

The geotechnical site investigation was
performed, considering the geotechnical data
acquired during the scan-line works, geophysical
survey, and three inclined boreholes. Based on
this data, it was confirmed by the current study
existing of the geological structure observed
at the plant site is a dome-like structure. This
structure has a large lenticular mass similar to
a salt plug that rose towards the surface, and
is laid along the NE-SW direction. In addition,
the ore body is covered as a strip by the tectonic
zone. This structure was also confirmed by the
geophysical survey.

The acute angles between the shear zone
and the axes of the drill holes BH-3, BH-2, and
BH-1 were determined as 65°, 35°, and 31°,
respectively using the stereographic projection
techniques. The acute angles for the foliation
planes were also determined as 16°, 40°, and 44°,
respectively. The plunge angle of borehole BH-3
is quite close to the dip angles (26° - 42°) of the
foliations. The acute angle between the strikes
of the foliations and the axis of the borehole
was determined as 16°. This case decreased
the probability of BH-3 borehole intersect the
foliation planes considerably. On the other
hand, foliations are intersected along the BH-1
and BH-2 boreholes mostly. It was determined
that BH-2 and BH-1 boreholes intersected the
shear zone mostly and to some lesser degree the
foliation planes. On the other hand, it was also
determined that the boreholes did not intersect
the discontinuity sets of 1, 2, and 3 due to the
acute angles among them.

RQD (%), CR (%), A (m™), s (m), and core
loss (%) were determined from the geotechnical
logs. Acute angles between the axes of the BH-2
and BH-1 drill holes and the foliation planes were
found to be as 40° and 44°, respectively. In order

to compute the true fracture frequency (A') for
each length of core advance along the boreholes,
the acute angles were used in the computations
(A = A x Cosa). On the other hand, the acute
angle between the strikes of the foliation and
the axis of the BH-3 borehole was determined
as 16°. It was seen that this case decreased the
probability of BH-3 borehole cut the foliation
planes as limited. However, it was found that
BH-3 borehole intersected the discontinuities
belonging to the joint set 4, and the shear zone.
For this reason, the acute angles between the axis
of the BH-3 borehole and other discontinuity
sets were not considered in the computations of
L. Number of discontinuity was directly counted
for each length of core advance and that value
was considered.

It was determined that the bearing
capacity values obtained from the geotechnical
computations (q, -values computed in the
case where the factor of safety is equal to 3)
almost agree with the ones acquired from the
geophysical measurements. Except the weakness
zones determined in this work, no significant
problem is predicted to take place at the site
(Figure 20). The average value of q, for the zone
at 16.2 m depth is obtained as 400 kPa when the
first 4.1 m and last 8 m are excluded in BH-1.
When the weakness zone in the first 7.4 m depth
is not taken into account, the q -value is derived
as 357 kPa at 28.9 m depth. The location of BH-3
is composed of highly weathered gneiss under
the influence of a stream bed. Therefore, the
weakness zones in BH-3 are more frequent than
those of the other boreholes. When the weakness
zones between 0-6.0 m and 15.5-17.5 m are not
considered, q, is obtained as 351 kPa. On the
contrary, the allowable bearing capacity values
obtained from the geotechnical computations
do not agree well with the one obtained from
numerical modelling by using factor of safety as
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3. However, if the factor of safety is used as 6
in ultimate bearing capacity obtained from the
geotechnical calculations, the results would be
more comparable with the numerical modelling.

> A q,-values obtained from the
geophysical measurements

6,0,

5
(=]
L

>
(=]
L
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Transition zone between
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> 900 m/sec. The value of 900 m/sec is nearly
the limit value of the rocky formations. The
Vs-values between 500 m/sec and 900 m/sec
can be admitted as “a transition zone” between

qu-values obtained from the
geotechnical measurements

weak rock and hard soil
material (produced due t0 oo e Rocky formations -

weathering and existing Gneiss
neiss, ore body etc.
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Figure 20. Relationships between the shear wave velocities (V) and q -values, and the variation of the g -values
based on the geotechnical measurements at depths where the geophysical measurements were performed.

Allowable bearing pressure (MPa)
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Sekil 20. Jeofizik ol¢iimlerinin yapildigi derinliklerdeki jeoteknik olgiimler iizerine temellendirilmis izin verilebilir

tasima giicii degerlerinin (q ) degisimi ve q, degerleriyle V - degerleri arasindaki iliskiler.

It is determined that the bearing capacity
problems may take place due to the existing
tectonic zone (shear zone) with heavily-jointed
structure. The contacts between the geological
units including sheared surfaces with nearly
vertical position may also adversely affect
bearing capacity. Some of the plant units such as
the bucker and concrete berm wall should not be
constructed onthese zones. The q -values obtained
from the V -values based on the geophysical
measurements and the geotechnical parameters
based on the geotechnical measurements within
the same depths are correlated with one another
(Figure 20). It is seen from the graph that as the
shear wave velocities of the rocks increase, q -
values also increase. Two lines seen on the graph
in this figure draw near to one another after V_

weak gneissic rocks and very hard to hard soil
materials produced by weathering and existing
sheared surfaces, and zones into the gneissic rock
mass. As a result, it was determined that the -
values based on the geotechnical works are more
conservative than the ones from the geophysical
measurements. When all results are considered,
the ratio between the bearing capacity values
acquired from geotechnical and geophysical
measurements is close to 0.65.

The maximum contact stress underneath
the foundations of the plant units is expected
to be on the order of 510kPa. This stress will
be transferred to the supporting rock by the
foundation of the bunker. The foundation of the
bunker is located on different rock units with
different varying properties. These units are:
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tectonic zone including sheared discontinuity
surfaces into the gneiss, and ore body. The
location of the bunker should be switched
to the BH-1 and/or BH-2 borehole locations
due to the above-mentioned reasons. Smaller
contact stresses are 0.43 MPa from the concrete
berm and 0.29 MPa from the mill. The above
mentioned units will be placed on the flat
platforms to be generated as a result of 2 to 26
m deep excavations. Therefore, near the ground,
highly-weathered zones that contain wide cracks
will be excavated. Considering the platform
elevations, the estimated safe bearing capacity
values were found to be generally satisfactory.
It was noticed that bearing capacity values could
be as low as 350 kPa in densely fractured zones
(i.e. tectonic zone), and in the zones containing
mica. Besides, the numerical analysis yielded
an allowable bearing capacity of 167 kPa for
the first 2 m depth below the ground surface
in the tectonic zone. The above mentioned
bearing capacity estimations are based on the
consideration that there would be no voids and
open fractures underneath the flat platforms to be
generated as a result of the projected excavation
work. On the other hand, it was determined that
the allowable bearing capacity values derived
from the numerical analysis performed by using
the software is more conservative than the ones
from other methods. As the vertical stress applied
on the rock mass by means of bunker considered,
the bearing capacity of the rock mass will not
respond and thus, settlement up to 0.092 m will
occur. For this reason, the material with 2 m
thickness under the foundation of bunker should
be excavated.
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oz

Jeotermal rezervuarlar igerdikleri yiiksek basing ve yiliksek entalpi nedeniyle ¢ok kiymetli yenilenebilir enerji
kaynagi olarak degerlendirilmektedir. Dogal siire¢ler sonucu rezervuar kayagta depolanan jeotermal akigkan elektrik
enerjisi iiretiminde, konut isitmaciliginda, seracilikta ve balneolojik amagli olarak kullanilmaktadir. Jeotermal
rezervuarlarin tiretimi dogal dengede bulunan hidrodinamik ve hidrotermal mekanizmalar1 harekete gecirmekte ve
bunun sonucu olarak rezervuar i¢inde akigkan hareketi ve 1s1 yayilimi/tasinimi olusmaktadir. Bu mekanizmalarin
matematiksel olarak tanimlanmast ile baglayan sayisal modelleme ¢alismalari degisik isletim kosullarinin rezervuara
etkisini arastirabilmekte ve dolayist ile jeotermal sistemlerin siirdiiriilebilir diizeyde iretilmelerine olanak
saglamaktadir. S6z konusu mekanizmalarin diferansiyel denklemlerle ifade edilmesi ve jeotermal rezervuarin
kavramsal modeline dayali olarak belirlenen fiziksel parametreler ve uygun sinir kosullarinin uygulanmas sayisal
modelleme galismalarimin temelini olusturmaktadir. 1970 li yillardan beri siirdiiriilen modelleme ¢aligmalari ile
diinya genelinde birgok jeotermal sistemde sayisal modelleme ¢alismasi yapilmis ve bu rezervuarlarin en uygun
ve stirdiiriilebilir iiretim ve igletim politikalarinin gelistirilmesi saglanmistir. Bu makalede jeotermal rezervuarlarin
sayisal modellenmesinin temel prensipleri anlatilmakta, ilgili denklemler tanitilmakta ve tarihsel gelisim aktarilmakta
ve hazir paket programlar olarak sunulan simulatérlerin/modellerin gizemleri agiklanmaktadir. Ayrica sayisal model
calismasi yapilan sahalar ve ilgili tilkeler tanitilarak bu ¢caligmalarin kaynaklar1 verilmektedir.

Anahtar Kelimeler: Jeotermal rezervuarlar, Sayisal modelleme/Benzesim, Simtilatorler

ABSTRACT

Geothermal reservoirs are renewable energy resources and they are treated as very valuable due to their high
pressure and high enthalpy contents. Geothermal fluid stored in the reservoir is used for electricity production,
central heating, greenhouse heating and for balyneological purposes. Fluid production from such reservoirs triggers
hydrodynamic and hydrothermal mechanisms and causes fluid movement and heat transfer in the reservoirs. Modeling
studies start with defining these mechanisms by differential equations and help investigating response of reservoirs
to alternative production scenarios and hence obtain sustainable management of such systems. Fundamental studies
for geothermal reservoir simulation require formulation of the mechanisms and application of boundary and initial
conditions and the physical parameters obtained from conceptual model of the geothermal system. Geothermal
reservoir modeling studies date back to 1970s and several geothermal reservoirs in the world have been simulated to
determine optimum and sustainable production policies. This paper summarizes the basic principles of geothermal
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reservoir modeling and introduces basic differential equations and explains mysteries of the reservoir simulators
nowadays widely used in the geothermal industry. The numerically simulated geothermal fields and the related

countries are also summarized together with the references.

Keywords: Geothermal reservoirs, Numerical modeling/Simulation, Simulators

GIRIS

Jeotermal sistemler dogal siiregler sonucu
olusan ve insanlik tarafindan oncelikle kaplica
amagli ve daha sonraki yillarda icerdigi yiiksek
basing ve entalpi zenginliginin farkedilmesiyle
enerji lretimi amagh kullanilan yenilenebilir
enerji kaynaklaridir. Bu sistemlerin hidromekanik
ve hidrotermal 0Ozelliklerinin  tanimlanmasi,
rezervuar kapasitelerinin belirlenmesi ve en
uygun kosullarla tretilerek siirdiiriilebilir olarak
degerlendirilmeleri agisindan son derece Gnem
arz etmektedir.

Jeotermal rezervuarlarin iiretime agilmasi
jeolojik  zaman i¢inde dengeye ulasan
hidrodinamik ve hidrotermal mekanizmalarin
harekete gegmesine ve tiretim kosullarina bagh
olarak basing ve sicaklik diigiimlerine neden
olmaktadir. Bu durum gercek kapasitesi tam
olarak belirlenmemis ve resarj/desarj dengesi
kurulamamis rezervuarlarda jeotermal sistemin
kaybedilmesine yol acabilmektedir. Jeotermal
rezervuarlarin {iretilmeleri esnasinda sicaklik
ve basing diisiimleri ile belirlenen olumsuz
gelismeler bilimsel c¢aligmalar yapilmasini ve
sistemin dengede tutulabilmesi i¢in en uygun
iretim  kosullarinin  belirlenmesini  gerekli
kilmigtir. Bu amagla yapilan aragtirmalar
jeotermal sistemde gelisen mekanizmalarin
matematiksel olarak tanimlanmasini saglamisg
ve Dbilgisayar teknolojisindeki gelismelerle
birlikte sayisal modelleme konusunda ¢aligmalar
yapilmasinin 6nii agilmigtir.

1970 li yillarda baglayan sayisal modelleme
caligmalar1 ile jeotermal sahalarin gercek

kapasitelerinin belirlenmesi ve en uygun {iretim
ve enjeksiyon kosullari ile degerlendirilmeleri ve
stirdiiriilebilir olarak iiretilmeleri saglanmistir.
Jeotermal sahalarin  sayisal modellemesi
konusunda ¢ok sayida arastirma yapilmig ve
sayisal modellemede kullanilan programlarin
gelistirilmeleri yaninda sayisal modellerin
jeotermal sahalara uygulanmasi yoniinde ¢ok
degerli bilimsel birikimler elde edilmistir.

Bu makalede jeotermal sistemlerin sayisal
modellemesi konusunun 6nemi vurgulanarak bu
konuda yapilan bilimsel arastirmalarin ayrintilari,
tarihsel gelisimi ve diinya genelinde yapilan
modelleme ¢aligmalar1 ve sayisal modellemede
kullanilan programlar sunulmaktadir. Diger
taraftan  jeotermal rezervuarlarin  sayisal
modellenmesi konusunun temel prensiplerinin
tanitildigt bu arastirmada {ilkemizde yapilan
modelleme  calismalart  hakkinda  bilgiler
verilmektedir.

TARIHSEL GELIiSiM

1970 li yillarda bilgisayar teknolojisindeki
hizli geligsmelerle birlikte arasgtirmacilar jeotermal
rezervuarlarin sayisal modellemesi konusuna
yonelmisler ve arastirmalarimi  jeotermal
rezervuarlarin ~ optimum  ve  siirdiiriilebilir
isletimini saglamak icin gelistirdikleri sayisal
modeller iizerinde yogunlastirmiglardir. Bu
konuda Gupta vd. (1974), Mercer vd. (1974),
Faust ve Mercer (1975), Garg vd. (1975),
Lasseter (1976), Bodvarsson vd. (1982), Pruess
vd. (1982) yaptiklar1 aragtirmalar 6ncii galismalar
olarak degerlendirilmektedir. Bu c¢aligmalarda
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kiitlenin ve enerjinin korunumu prensiplerinin
Darcy kanunu ile birlestirilerek jeotermal
sistemlerdeki mekanizmalarin  matematiksel
olarak ifade edildikleri goriilmektedir. Bu
yillarda gelistirilen matematiksel modellerde
kiitle denklemleri ile enerji denklemleri
birbirleri ile tam iletisimli (fully coupled) olarak
olusturulmus ve gerek gozenekli ortamdaki
akiskan (tek fazli/iki fazli) ve gerekse fiziksel
parametreler i¢in (degiskenlerden bagimsiz/
degiskenlere bagimli) degisik varsayimlar kabul
edilmistir. Rezervuar ortaminda gelisen akiskan
hareketi ve enerji yayilimi mekanizmalari
icin model denklemlerinin basing ve entalpi/
sicaklik degiskenleri i¢in olusturulmasi ve Sonlu
Elemenlar/Sonlu Farklar kullanilarak sayisal
olarak ¢oziilmeleri bir¢ok arastirmaci tarafindan
basarili olarak uygulanmistir (Brownell vd.,
1977; Toronyi ve Farouq Ali, 1977; Ertekin,
1978; Thomas ve Pierson, 1978; Faust ve
Mercer, 1979a; Faust ve Mercer, 1979b; Morris
ve Campbell, 1981; Bodvarsson vd., 1981;
Carradori vd., 1981; Nguyen ve Pinder, 1983;
Zyvoloski, 1983; Karahanoglu vd., 1984;
O’sullivan, 1985; Bodvarsson vd., 1986). Ornek
olarak Mercer ve Faust tarafindan gelistirilen
matematiksel modelin Yeni Zellanda’daki
Wairakei jeotermal sistemine uygulanisi ve
degiskenlerin (basing ve entalpi) gozlenen
degerleri ile modelden elde edilen sonuglarin
birbirleri ile uyumlu olduklarindan bahsedilebilir
(Mercer ve Faust, 1979). Bu donemde gelistirilen
sayisal modellerin degisik iilkelerdeki jeotermal
sahalara uygulandigi ve jeotermal sistemlerin
sayisal modeller yardimi ile degerlendirildikleri
ve gelistirildikleri izlenmektedir (Bodvarsson
vd., 1987a; Bodvarsson vd., 1987b; Aunzo
vd., 1989; Yasukawa ve Ishido, 1990; Pruess,
1990; O’Sullivan vd., 1990; Menzies vd.,
1991; Axelsson ve Bjornsson, 1993; Sakagawa
vd., 1994; Mc.Guinness vd., 1995; Arnorsson,
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1995; Parini vd., 1995a, b; Boardman vd., 1996;
Hanano vd., 1998). Takip eden yillarda {iretime
bagli olarak gelisen ylizey c¢okmesi problemi
konusunda da ¢aligmalar yapilmis ve hazirlanan
sayisal modeller basarili olarak uygulanmistir
(Lipmann vd., 1976; Morgan vd., 1980; Lewis
ve Karahanoglu, 1981; Bear ve Corapgioglu,
1981; Bodvarsson vd., 1981; Aboustit vd.,
1985; Karahanoglu vd., 1984; Lewis vd., 1989;
Rutqvist vd., 2002; Hu vd., 2013; Bromley vd.,
2013; Jing vd., 2014; Karrech vd., 2015).

1990 1 yillardan itibaren jeotermal rezervu-
arlarin sayisal modellenmesi konusunda yapilan
aragtirmalarda, modellerin gelistirilmesi ve je-
otermal sahalara uygulanmasi konusunda hizl
bir artis gézlenmektedir. TOUGH2 programinin
modelleme ¢alismalarinda kullanilmasi bu yil-
larda ortaya ¢ikmig (Cizelge 1) ve Pruess (1990)
sundugu makalesinde jeotermal rezervuarlarin
modellenmesi konusundaki temel prensipleri,
modelleme ¢alismalarinin ayrintilarini ve saha
uygulamalari hakkindaki ¢alismalar1 6zetlemek-
te ve zaman igerisinde yapilmasi diigiiniilen aras-
tirmalart anlatmaktadir.

Ik yillarda tek fazli (sicak su tipli) ve
sabit fiziksel parametrelerin kullanildig1 sayisal
modellerin yillar igerisinde gelistirildigi, iki
fazli (sicak su ve buhar) ve faz degisimlerinin
dikkate alindigi ve bir¢ok parametrenin basing
ve sicaklik/entalpi degiskenleri ile ifade edildigi
tic boyutlu modellerin jeotermal endiistrisine
sunuldugu  goriilmektedir  (Pruess, 1990;
Bodvarsson vd., 1990a; Finsterle vd., 1993;
McGuinnes vd., 1995; Hadgu vd., 1995; Suarez
vd., 1996; Kiryukhin, 1996; Pruess, 1997;
Hanano, 1998; Pruess, 1999; Pruess vd., 1999;
Mannington vd., 2000; Barmin ve Kondrashov,
2000; Rutqvist vd., 2002; Bataille vd., 2006;
Seol ve Lee, 2007; Driesner ve Geiger, 2007;
Croucher ve O’Sullivan, 2008; O’Sullivan vd.,
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2009; Kumamoto vd., 2009; Blocher vd., 2010;
Emoricha vd., 2010; Cerminara ve Fasano, 2012;
Jiang vd., 2013; Guerrero-Martinez ve Verma,
2013; Moridis ve Freeman, 2015).

Zaman igerisinde yapilan arastirmalarda
sayisal  modellerin  jeotermal  sahalarin
gelistirilmeleri ve optimum ve siirdiiriilebilir
olarak degerlendirilmesi i¢in kullanildiklart
izlenmektedir (Atmojo vd., 2000; Sakagawa
vd., 2000; Portugal vd., 2000; Fendekova ve
Fendek, 2000; Battistelli vd., 2002; Arellano
vd., 2003; Mannington vd., 2004; Fabbri ve
Trevisani, 2005; Zarrouk vd., 2007; Porras vd.,
2007; Vedova vd., 2008;; Arias vd., 2010; Yahara
ve Tokita, 2010; Kiryukhin vd., 2010; Itoi vd.,
2010; Barelli vd., 2010a, Barelli vd., 2010b;
Noorallahi ve Itoi, 2011; Gunnarsson vd., 2012;
Zaher vd., 2012; Lei ve Zhu, 2013; Pearson vd.,
2014; Canet vd., 2015; Farkhutdinov vd., 2015;
Bujakowski vd., 2016; Zhang vd., 2016; Turali ve
Simsek, 2017). Bu caligmalar arasinda Stanford
Universitesi Lawrence Berkeley Laboratuvari
ekibinin yaptigi arastirmalar ve program
yoniindeki ¢alismalar 6nemli bir yer tutmaktadir.
Bu calismalarin {iriinii olarak Finsterle (1993)
iTOUGH2 programinin kullanim klavuzunu
1993 yilinda sunmus (Finsterle, 1993) ve
programin ikinci versiyonu 1999 yilinda Pruess
tarafindan tamitilmigtir (Pruess vd., 1999).
Takip eden yillarda bu programin gelistirilmesi
yoniindeki arastirmalar1 ve jeotermal sahalarin
modellenmesi yoniindeki ¢aligmalart O’Sullivan
vd. (2001) hazirladiklar1 makalede sunmuslar
ve diinya genelinde yapilan modelleme
caligmalarini iilkeler bazinda Cizelge halinde
vermislerdir. Benzer sekilde Franco ve Vaccaro
(2014) o6rnek modelleme olarak Momotombo
(Nikaragua), Ngatamariki ve Wairakei (Yeni
Zellanda), Larderello ve Mt. Amiata (italya),
GroB  Schonebeck  (Almanya) jeotermal
sahalarinda yapilan calismalar1 ayrtili olarak

anlatmiglar ve bir¢ok jeotermal sahada yapilan
sayisal modelleme c¢aligmalarinin ayrintilarini
(modellenen donem, uygulanan program, sahanin
geometrisi, hazirlanan grid sistemi, kosullar ve
fiziksel parametreler ve kalibrasyon caligmalar1)
liste halinde sunmuslardir.

Ayrmtili ve ¢ok degerli bilgiler igeren bu
listelerde goze carpan en Onemli noktanin,
ilk yillarda ticari olmayan programlarin/
simiilatorlerin kullanildigr ve tarihsel siireg
icerisinde serbest kullanima kapali TOUGH
programimin etkin bir sekilde tercih edilmis
oldugu goriilmektedir. Son yillarda yapilan
calismalar ve arastirmalar eklenerek bu listeler
giincellestirilmis ve yeni hali ile Cizelge 1 de
sunulmustur.

2003 yilinda TOUGH yazilimi konulu
bir sempozyum diizenlenmis ve TOUGH
programinin  degisik modilleri tanitilarak
diger programlarla karsilastirilmasi yapilmistir
(Pruess, 2003).

Ug yilda bir tekrarlanan sempozyumlarda
TOUGH programi1 ile yapilan c¢aligmalar
sunulmakta ve program ile ilgili yeni gelismeler,
degisik arastirmalar paylagilmaktadir. Bu
tir sempozyumlarda TOUGH programinin
uygulandigi  karmasik jeolojik ortamlarda
yeraltisuyunun ve 1sinin hareketini arastiran
calismalar sunulmaktadir. Bu arastirmalar
yeraltisuyu  hareketi, jeotermal rezervuar
miithendisligi, cevresel degerlendirme
caligmalari, niikleer atik depolanmasi, CO,
depolanmasi, petrol ve gaz iretimi, ve
hidrojeolojik, biyojeokimyasal, termal, ve
jeomekanik siireglerin bulundugu tam etkilesimli
problemleri kapsamaktadir.

Finsterle vd. (2012) ve Finsterle vd. (2014)
TOUGH programu ile ilgili olarak, jeotermal
endiistrisinden ve kamu kurumlarindan gelen
istekler dogrultusunda yapilan gelismeleri
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anlatmakta ve programin ¢ok karigik problemleri
cozebilecek sekilde gelistirildigini ve karmasik
yeralti proseslerini modelleyecek o6zelliklere
kavusturuldugunu iletmektedir. Birinci
makalede TOUGH programmin  gelisimi
hakkinda bilgiler verilmekte ve TOUGH+,
TOUGHREACT, TOUGH2, iTOUGH2
kodlariin teknik Ozellikleri anlatilmaktadir.
Her iki makalede yaygin olarak kullanilan
TOUGH simulatorlerinin isimleri, ve
proseslerini tanitan bir Cizelge sunulmaktadir
(Cizelge 2). Temel denklem sistemlerinin ve
bu denklemlerin sonlu farklar yontemi ile
¢oziilmelerinin korundugu ana yazilimda yillar
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icerisinde iyilestirmeler yapildigi, yeni durum
denklemlerinin gelistirildigi ve programin ¢oklu
fiziksel kapasitesinin genisletildigi ve sayisal
performansini artirict gelismelerin elde edildigi
ve kuyu iletisimi, yiizey sularyla iligkiler ve
atmosfer ile olan iliskiler saglayan modiillerin
programa baglandig1r anlatilmaktadir. Cizelge
2 ilgili sempozyumda sunulan ¢alismalarin
TOUGH programmin gelistirilmesine katki
sundugu konular1 ayrintili olarak vermektedir.
Ayrica son gelismeler konusu ile ilgili olarak,
‘durum denklemi’, ‘reaktif tasimim’, ‘kaya
mekanigi’, ‘ters modelleme’ ve diger konularda
yapilan gelismeler anlatilmaktadir.

Cizelge 1. Jeotermal sahalarin sayisal modellenmesi konusundaki ¢aligmalar (O’Sullivan vd., 2001 ve Franco ve
Vaccaro, 2014'den diizenlenmis ve gilincellestirilmistir).

Table 1. Numerical modeling studies of Geothermal fields (modified and revised from O’Sullivan et al., 2001 and

Franco and Vaccaro, 2014).

Simulator Year Author or Company Field Country
Program Yil  Yazar veya Sirket Saha Ulke

1979  Gupta vd., 1979 Puga Hindistan

1979  Mercer ve Faust, 1979 Wairakei, Yeni Zellanda
SHAFT 78 1979  Pruess vd., 1979 Model rezervuar
SHAFT79 1982 Bodvarsson vd., 1982 Olkaria Kenya

1984 Karahanoglu vd., 1984 Kizildere Tiirkiye

1985 Ingebritsen ve Sorey, 1985 Lassen, Hollanda
HYDRO THERM 1985  Ingebritsen ve Sorey, 1985 Lassen, ABD

1987 Bodvarsson vd., 1987a Olkaria, Kenya

1988  Bodvarsson, 1988 Svartgensi, izlanda

1989  Aunzo vd., 1989 Ahuachapan, El Salvador

1990  Yasukawa ve Ishido, 1990 Onikobe, Japonya
TOUGH2 1990  O’Sullivan vd., 1990 Kamojang, Endonezya
TOUGH2 1990  Antunez vd., 1990 Mofete, Italya
TOUGH2 1990 O’Sullivan vd., 1990 Kamojang, Endonezya
THOR 1990  Yasukawa ve Ishido, 1990 Onikobe Caldera, Japonya
TOUGH2 1990 Bodvarsson vd., 1990a Nesjavellir, izlanda
TS&E 1990  Williamson, 1990 Geysers, ABD
TOUGH2 1990  Sanyal vd., 1990 Onikobe, Japonya
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TOUGH2
TOUGH2
STAR
TOUGH2
TOUGH2
TOUGH2
TOUGH2
TOUGH2
TOUGH2
TOUGH
TETRAD
TOUGH2?
TOUGH2?
TOUGH2
SING II
SING I, SING I
TOUGH2
TOUGH2
STARS
STAR
STAR
STAR
STAR

?

?
TETRAD
AQUA
TOUGH2
TOUGH2
GEOSIM6
TOUGH2
TOUGH2

TOUGH2
TOUGH2
TETRAD
TOUGH2
TETRAD

STAR
ROCK-FLOW-2

1990
1991
1991
1991
1991
1991
1992
1992
1993
1992
1993
1993
1995
1994
1994
1995
1995
1995
1995
1995
1995
1995

1995
1995
1995
1995
1996
1996
1996
1996
1996
1996
1997
1997
1997
1997
1998
1998
1998
1998

Bodvarsson vd., 1990b
Antunez vd., 1991
Pritchett vd., 1991
Menzies vd., 1991
Ripperda vd., 1991
Aunzo vd., 1989
Battistelli vd., 1992
Burnell, 1992
Amistoso vd., 1993
Hanano, 1992

Strobel, 1993 Bulalo,
Axelsson ve Bjornsson, 1993
Pham vd., 1995
Antunez vd., 1994
Sakagawa vd., 1994
Nakanishi vd., 1995
Todesco, 1995
McGuinness vd., 1995
Arihara vd., 1995
Bertani ve Cappetti, 1995
Yano ve Ishido, 1995
Pritchett ve Garg, 1995
Ariki (Mitsubishi Metals) *
Nakanishi vd., 1995
Tokita vd., 1995
Menzies ve Pham, 1995
Hu, 1995

Kiryukhin, 1996
Suarez vd., 1996

Pham vd., 1996
Kissling vd., 1996
Parini vd., 1996

Absar vd., 1996

White vd., 1997
Battistelli vd., 1997
Antics, 1997

Sanchez, 1997
O’Sullivan vd., 1998
Bloomfield vd., 1998
Ishido ve Tosha, 1998
Kolditz ve Klauser, 1998

Olkaria, Kenya

Cerro Prieto, Meksika
Sumikawa, Japonya
Zunil, Guatemala
Ahuachapan, El Salvador
Ahuachapan, El Salvador
Nagqu Tibet, Cin
Rotorua, Yeni Zellanda
Palinpinon, Filipinler
Matsukawa, Japonya
Filipinler

Botn, izlana

Uenotai, Japonya
Geysers, B

Mori, Japonya

Oguni, Japonya
Vulcano, Italya
Kakkonda, Japonya
Kakkonda, Japonya
Monteverdi, Italya
Kirishima, Japonya
Oguni, Japonya

Oguni, Japonya
Copahue, Arjantin
Hatchobaru, Japonya
Geysers, ABD
Yangbajian Tibet, Cin
Dachny, Rusya

Los Azufres, Meksika
Amatitlan, Guatemala
Wairakei, Yeni Zellanda
Miravelles, Kosta Rika
Puga Hindistan
Kawerau, Yeni Zellanda
Skierniewice, Polonya
Oradea, Romanya

Los Humeros, Meksika
Wairakei, Yeni Zellanda
Cove Fort Sulphurdale, ABD
Ogiri, Japonya
Rosemanowes, Ingiltere
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TOUGH2
TOUGH2
TOUGH2
TETRAD
TETRAD
ROCK-FLOW-3
TOUGH2
TOUGH2
GEO-CRACK 2D
STAR

TOUGH2
TOUGH2
AQUA
TOUGH2
AQUA

TETRAD
FIGS3C
ITOUGH2

TOUGH, ITIUGH2
SHEMAT
ITOUGH2, TOUGH2
ITOUGH2

SUTRA

ITOUGH2

SHEMAT 7.1
ITOUGH2, MINC Model
FEFLOW

FEFLOW

FEFLOW

MINC Model
TOUGH?2

TOUGH?2

TOUGH?2

TOUGH?2

TOUGH?2
HYDROTHERM 2.2
SHEMAT
HYDROTHERM 2.2

1998
1998
1999
1999
1999
1999
1999
1999
1999
2000
2000
2000
2000
2000
2000

2000
2000
2004

2005
2005
2006
2007
2007
2008
2008
2009
2009
2010
2010
2010
2010
2010
2010
2010
2011
2011
2011
2012

Battistelli vd., 1998
Antics, 1998

Sigurdsson *

Esberto ve Sarmiento, 1999
Sta.Ana vd., 1999

Kaiser *

Bjornsson *

Bjornsson, 1999

Swenson vd., 1999
Nakanishi ve Iwai, 2000
Antics, 2000

Sanyal vd., 2000

Fendek, 2000

Atmojo, 2000

Fendekova ve Fendek, 2000

Butler vd., 2000
Sakagawa vd., 2000
Mannington vd., 2004

Porras vd., 200

Ko6hn ve Stofen, 2005
Kiryukhin vd., 2006
Porras vd., 2007
Ozkaya, 2007
Kiryukhin vd., 2008
Vedova vd., 2008
Kumamotoa vd., 2009
Sonney ve Vuataz, 2009
Blocher vd., 2010
Magri vd., 2010

Itoi vd., 20100giri,
Emoricha vd., 2010
Romagnoli vd., 2010
Barelli vd., 2010a
Barelli vd., 2010b
Gunnarsson vd., 2011
Zaher vd., 2011
Mottagy vd., 2011
Zaher vd., 2012
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Tendaho, Etyopya
Nagyzszenas, Macaristan
Krafla, {zlanda

Mt. Apo, Filipinler
Tongonan, Filipinler
Soultz-sous-Forets, Fransa
Reykjanes, Izlanda
Svartsengi, izlanda
Hijiori, Japonya

Onikobe, Japonya
Tomnatic, Romanya
Wasabizawa, Japonya
Galanta, Slovak Cumbhuriyeti
Sibayak, Endonezya
Horna Nitra, Slovak

Cumbhuriyeti
Cerro Prieto, Meksika

Kakkonda Japonya
Wairakei-Tauhara,

Yeni Zellanda
SMomotombo, Nikaragua

Waiwera, Yeni Zellanda
Pauzhetsky, Rusya
Momotombo, Nikaragua
Kizildere, Tiirkiye
Pauzhetsky, Rusya
Larderello, Italya

Ogiri, Japonya
Lavey-les-Bains, Isvigre
Grof3 Schonebeck, Almanya
Seferihisar, Tiirkiye
Japonya

Mindanao, Filipinler
Larderello-Travale, Italya
Mt. Amiata, Italya
Larderello-Travale, Italya
Hengill, izlanda

Gulf of Suez, Misir

The Hague, Hollanda
Hammam Faraun hot spring,
Misir
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FEFLOW,GMS
FEFLOW
TCHEMSYS
AUTOUGH?2
TOUGH2
TOUGH2
TOUGH2
FRACTSIM-3D
TOUGH2
METIS
Open GeoSys (OGS)
STIMPLAN
METIS
AUTOUGH2,
TOUGH2
TOUGH2
TOUGH2
TOUGH2
TOUGH?2
TOUGH2
TOUGH?2
TOUGH2
TOUGH2
TOUGH2
TOUGH?2
TOUGH2
TOUGH2
TOUGH?2
TOUGH2
TOUGH2
TOUGH2
TOUGH2
TOUGH2
TOUGH2
TOUGH2
TOUGH2
TOUGH?2
TOUGH2
TOUGH2
TOUGH?2

2013
2013
2013
2013
2013
2013
2014
2014
2015
2015
2015
2015
2016
2016
2016
2016
2016
2017
2017
2017
2018

Sippel vd., 2013

Cherubini vd., 2013
G-Martinez ve Verma, 2013
Lei ve Zhu, 2013

Zeng vd., 2013

Bromley vd., 2013

Pearson vd., 2014

Jing vd., 2014

Llanos vd., 2015
Farkhutdinov vd., 2015
Blocher vd., 2015

Zang vd., 2015
Farkhutdinov vd., 2016
Ratouis vd., 2016
Bujakowski vd., 2016
Carlino vd., 2016

Zhang vd., 2016

Zeng vd., 2017

Feng vd., 2017

Turali ve Simsek, 2017
Quiono ve Zarrouk, 2018
CEL

CEL

U. of Auckland (O’Sullivan)
U. of Auckland (O’Sullivan)
U. of Auckland (O’Sullivan)
Tokita (WestJEC)

U. of Auckland (O’Sullivan)
ENEL

ENEL

Tokita (WestJEC)

Sato

U. of Auckland (O’Sullivan)
White *

Tokita (WestJEC)

Tokita (WestJEC)
Kiryukhin

Kiryukhin

Kiryukhin

Kiryukhin vd 2010

*

*

*

*

Berlin, Almanya

Grof3 Schonebeck, Almanya
Las Tres Virgenes, Meksika
Guanyao, Cin

Desert Peak, ABD
Wairakei, Yeni Zellanda
Tauranga, Yeni Zellanda
Hijori, Japonya

Habanero, Avustralya
Khankala, Rusya

Grob Schonebeck, Almanya
EGS KD Cin

Khankala, Rusya

Rotorua, Yeni Zellanda
Podhale, Polonya

Mofete Italya

Chingshui, Tayvan
Yangbajing, Tibet Cin

Pisa Plain, Italya

Sorgun, Tirkiye
Ngatamariki, Yeni Zellanda
Ahuachapan, El Salvador
Berlin, El Salvador
Darajat, Endonezya

Dieng, Endonezya
Lahendong, Endonezya
Hatchobaru, Japonya
Subiyak, Endonezya
Bagnore, italya
Piancastagnaio, Italya
Otake, Japonya
Yanaizu-Nishiyama, Japonya
Ohaaki, Yeni Zellanda
Tauhara, Yeni Zellanda
Wairakei, Yeni Zellanda
Palinpinon, Filipinler
Malkinsky, Rusya
N-Kurilsky, Rusya
Oceansky, Rusya
Pauzhetsky, Rusya
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TOUGH2
TETRAD
TETRAD
TETRAD
TETRAD

STAR and SING
PTSP

GEOSIM
GEOSIM
GEOSIM6
GEOTHERM IIE

U. of Auckland (O’Sullivan)
PNOC-EDC

CFE

Unocal

Bloomfield

Ariki (Mitsubishi Metals)
GSJ

Liguori

Liguori

*
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Mokai, Yeni Zellanda
Mahanagdong, Filipinler
Cerro Prieto, Meksika
Geysers, ABD

Geysers, ABD

Sumikawa, Japonya
Nigorikawa, Japonya

San Jacinto-Tizate, Nikaragua

Momotombo, Nikaragua

Tohuku Electric Power Co (Yamanobe) Yanaizu-Nishiyama Japonya

(Barragan R.)
Unocal
UOA Model 4a
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx
GeothermEx

GeothermEx

Cerro Prieto, Meksika
Awibengkok, Filipinler

Miravalles, Kosta Rika
Latera, Italya

Hakkoda, Japonya
Kokubu, Japonya
Minami Aizu, Japonya
Niseko, Japonya

Otake, Japonya
Takigama, Japonya
Yanaizu-Nishiyama, Japonya
MacBan, Filipinler
Tiwi, Filipinler
Boewawe, ABD

Coso Hot Springs, ABD
Desert Peak, ABD
Dixie Valley, ABD

East Mesa, ABD

Heber, ABD

Long Valley, ABD
Puna, ABD

Roosevelt Hot Spr., ABD
Salton Sea, ABD

Soda Lake, ABD

South Brawley, ABD
Steambot Springs, ABD

Stillwater, ABD

Not: * isaretli kaynaklara ulagilamamis olup bilgiler O’Sullivan vd. (2001) den alinmistir.
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Cizelge 2. TOUGH Programi hakkinda (Finsterle vd., 2012).
NAPL = susuz akigkan fazi, NCG = kondanse olmayan gaz, and VOC = ugucu organik bilesik.
Table 2. Overview of TOUGH simulators (Finsterle et al., 2012).
NAPL = non-aqueous phase liquid, NCG = noncondensible gas, and VOC = volatile organic compound.

Simulator Fazlar, Bilesenler ve Prosesler Kullanim durumu  Kaynaklar
Simiilator Phases, Components, and Processes Released Key references
MULKOM Newton ve Newton 6zelligi olmayan, ¢ok fazli ve Kullanima kapali ~ Pruess (1983)
cok bilesenli akiskanlar i¢in ve 1s1 degiskenli ortam No public release
i¢in gelistirilen arastirma kodu
Research code for nonisothermal multiphase,
multicomponent flows of Newtonian and non-
Newtonian fluids
TOUGH S1v1 ve gaz fazinda 1s1 degigkenli su ve hava akimi 1987 Pruess (1987)
Nonisothermal flow of water and air in aqueous
and gaseous phase
TOUGH2 S1vi ve gaz fazinda 1s1 degigkenli su ve NCG 1991 Pruess (1991)
(kondanse olmayan gaz) akimi1
Nonisothermal flow of water and NCG in aqueous
and gaseous phase
iTOUGH TOUGH ig¢in ters modelleme Kullanima kapali  Finsterle (1992)
Inverse modeling for TOUGH No public release  Finsterle vd 2012 den
alint1
T2VOC S1vi, gaz ve NAPL fazinda 1s1 degiskenli su, hava 1995 Falta vd (1995)
ve VOC (Ugucu organik bilesen) akimi
Nonisothermal flow of water, air, and VOCs
in aqueous, gaseous, and NAPL phase for
environmental applications
iTOUGH2 TOUGH2 (Pruess, 1991) i¢in ters modelleme, 1997 Finsterle
hassasiyet analizi ve belirsizlik yayilimi1 analizi ve (1997a,1997b,1997¢)
ayrica EOS (durum denklemi) modiilleri Finsterle vd 2012 den
Inverse modeling, sensitivity analysis, and alint1
uncertainty propagation analysis for TOUGH2
(Pruess, 1991) and additional EOS modules
TOUGH2 V2 Is1 degiskenli ¢ok fazli ve ¢ok bilesenli akim 1999 Pruess vd (1999)
Nonisothermal multiphase, multicomponent flow
TMVOC S1vi, gaz ve NAPL fazinda 1s1 degiskenli su, hava, 2002 Pruess ve Batistelli

¢oklu VOC ve NCG akimi
Nonisothermal flow of water, air, multiple VOCs,
and NCGs in aqueous, gaseous, and NAPL phase

(2002)
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TOUGHREACT Is1 degiskenli ¢ok fazli akim ve reaktif taginim 2004
(denge ve kinetik mineral disoliisyonu ve
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Xu ve Pruess (2001);
Xu vd (2004)

presipitasyonu, kimyasal aktif gazlar, siv1 i¢i ve
emme reaksiyonu kinetigi ve biyobozunma)

Nonisothermal multiphase flow and reactive
transport including equilibrium and kinetic mineral
dissolution and precipitation, chemically active
gases, intra-aqueous and sorption reaction kinetics,

and biodegradation
TOUGH+

jeolojik ortam simiilasyonu igin

TOUGH?2 simiilatoriiniin gelistirilmis ve
genisletilmis versiyonu, 6zellikle hidrat iceren

2008 Moridis (2003);
Moridis vd (2008)

Re-engineered and expanded version of TOUGH2
simulator, specifically for the simulation of

hydrate-bearing geologic media

TOUGH-FLAC Tam etkilesimli ¢ok fazli akim ve jeomekanik
prosesler i¢in arastirma kodu ; baglantilar

Kullanima Kapali  Rutqvist vd (2002)
No public release

TOUGH2 ve FLAC3D (Itasca, 1997 Finsterle vd

2012 den alint1)

Research code for coupled multiphase flow and
thermal-geomechanical processes; links TOUGH2
and FLAC3D (Itasca, 1997 Finsterle vd 2012 den

alint1)
TOUGH-MP TOUGH 2 nin parallel versiyonu 2008 Zhang vd (2008)
Massively parallel version of TOUGH2
ECO2M Sub ve siiperkritik CO, nin ¢ok fazli akimi 2011 Pruess (2011)
Multiphase flow of sub- and supercritical CO,
Gelistirilen sayisal modellerin 2012; Kuzevic vd., 2011; Suryadarma vd., 2010).

uygulanmasiyla diinyanin degisik bdlgelerindeki
jeotermal sahalari sayisal modellemesi yapilarak
bu sahalarin en uygun sekilde gelistirilmeleri
ve optimum ve sirdirilebilir isletilmeleri
saglanmaktadir. Bu konuda yakin zamanlarda
yapilan c¢aligmalara 6rnek olarak su makaleler
gosterilebilir (Jha ve Puppala, 2018; Quiano
ve Zarrouk, 2018; Zeng vd., 2017; Ansari vd.,
2017; Weijermars vd., 2017; Turali ve Simsek,
2017; Mroczec vd., 2016; Ratouis vd., 2016;
Farkutdinov vd., 2016; Canet vd., 2015; Blocher
vd., 2015; Zang vd., 2015; Llanos vd., 2015;
Moridis ve Freeman, 2015; Finsterle vd., 2014;
Lei ve Zhu, 2013; Zeng vd., 2013; Sippel vd.,
2013; Cherubini vd., 2013; Gunnarsson vd.,

Bunun yaninda jeotermal sahalardaki degisik
hidrodinamik kosullarin modellendigi ve sayisal
modellerin  gelistirilmeleri yoniinde yapilan
arastirmalar ve rezervuar ve akiskan fiziksel
parametrelerinin sayisal modellemeye etkilerini
arastiran ¢aligmalar da sunulmaktadir (Sonney ve
Vuataz, 2009; Blocher vd., 2010; Ingebritsen vd.,
2010; Kolditz vd., 2010; Pruess, 2011; Eckart
vd., 2011; Yeh vd., 2012; Cerminara ve Fasano,
2012; Ganguly ve Kumar, 2012; Geiger vd.,
2012; Finsterle vd., 2012; Bromley vd., 2013;
Hu vd., 2013; Carotenuto vd., 2013; Ostermeyer
ve Srisupattarawanit, 2013; Fusi vd., 2013; Jiang
vd.,2014; Hathorn vd., 2014; Pogacnik vd., 2014;
Dou vd., 2014; Jing vd., 2014; Magnusdottir ve
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Finsterle, 2015; Fairs vd., 2015; Chen vd., 2015;
Magliocco vd., 2015; Xu vd., 2015; Xing vd.,
2015; Gelet vd., 2015; Pan vd., 2015; Pratama
ve Saptadji, 2016; Abdelaziz vd., 2016; Cao vd.,
2016; Ansari vd., 2017; Soboleva, 2017; Feng
vd., 2017; Randi vd., 2017; Wijaya ve Purqon,
2017; Battistelli vd., 2017) .

Ik kez Brown (2000) tarafindan ileri siiriilen
jeotermal sistemlerde akiskan olarak CO,
kullanilmas1 6nerisi 2000 1i yillardan itibaren
gecirgenligi ¢ok diisiik rezervuarlarda ve kizgin
kuru kaya tipi jeotermal sistemlerde modelleme
caligmalarinda  uygulanmaya  baglanmustir.
Pruess (2006) konu ile ilgili olarak arastirmalarin
baglatildigini ve CO, akigan ile modelleme
caligmalarinin  gelistirildigini  aktarmaktadir.
Ayni aragtirmada CO, in suya gore farkh
termofiziksel parametrelere sahip oldugunu
ileri slirmekte ve enerji iretilmesi konusunda
CO, kullanimmin gesitli avantajlar sagladigini
belirtmektedir. Ayrica bunlara ek olarak CO,
akigskan olarak kullanilmasmin rezervuarlarda
Co, depolanmasini (sequestration)
saglayacagi ileri siiriilmiistiir. Bu durum diger
arastirmacilar tarafindan da arastirilmis ve CO,
ve su kullanimimin avantaj ve dezavantajlar
ayrintili sekilde tartisilmistir. Yakin zamanda
giiclendirilmis jeotermal sahalarin modellenmesi
ileilgili ayrintili aragtirmalar yapilmistir (Hayashi
vd., 1999; Pruess, 2006; Jiang vd., 2013; Pan vd.,
2015;Biagi vd., 2015; Xu vd., 2015; Magliocco
vd., 2015; Xing vd., 2015; Zhao vd., 2015; Chen
ve Jiang, 2016).

Tiirkiye’de Yapilan Modelleme Calismalari

Tiirkiye’de gegmisten itibaren kaplica
amach kullanilan jeotermal sahalarin enerji
tretmek amach kullanimi 1968 yilinda MTA
tarafindan Kizildere’de yapilan jeotermal sondajt
ile baglamistir. Kizildere sahasinin gelistirilmesi

amacl acilan kuyulardan elde edilen yaklagik
200 °C sicakliktaki akigskan kullanilarak 20
MWe kapasiteli santral ile elektrik tiretilmistir.
Yillar igerisinde MTA tarafindan bulunan
jeotermal sahalar kamu sektorii ve 6zel sektor
araciligr ile gelistirilerek enerji iiretimi, konut
isitmaciligl, seracilik  ve balneolojik  gibi
amaglarla kullanilmaktadir. Bu konuda yapilan
arastirmalar 6zellikle Ege Bolgesinde yogun bir
sekilde devam etmektedir.

Ulkemizde jeotermal sahalarin sayisal
modellemesi  konusundaki ilk  caligma
Karahanoglu tarafindan hazirlanan Doktora
Tez calismast ile literatiire kazandirilmistir
(Karahanoglu 1983; Karahanoglu vd., 1984).
Bu arastirmada Kizildere sahasiin sayisal
modellemesi  yapilarak Kizildere sahasinin
iretilmesi ile rezervuarda olusacak basing ve
sicaklik degisimlerinin neler olacagi yaninda
rezervuarda  gelisebilecek ylizey c¢okmesi
mekanizmasi da modellenmistir. Gelistirilen
matematiksel modelde jeotermal rezervuarlardaki
hidrodinamik (akim), hidrotermal (enerji) ve
mekanik (ylizey ¢okmesi) siireclerini tanimlayan
diferansiyel denklemler, sicak su tipi jeotermal
rezervuarlar icin birbirleri ile tam etkilesimli
(fully coupled) olarak olusturulmustur. Sonlu
Elemanlar sayisal modeli kullanilarak ¢oziilen
bu denklem sistemlerinin olusturdugu sayisal
model Kizildere sahasina uygulanmis gegmisteki
iretim degerleri kullanilarak model kalibre
edilmis ve o yillarda yapilan iiretim sonucu
rezervuar sicakliginda (sicaklik), basing (P)
degerlerinde ve yiizey ¢6kmesinde (deplasman)
iretim sonucu meydana gelebilecek degisimler
tahmin edilmistir.

Gok vd. (2005) Balgova Narlidere’deki sivi
baskin bir jeotermal sahanin {i¢ boyutlu sayisal
modellemesini TOUGH2 simulasyon kodu
kullanarak yapmistir. Bu sayisal model jeolojik,
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jeofiziksel, jeokimyasal verilerin yanisira
sondaj ve kuyu testlerinden gelen verileri
de icermektedir. Dogal durum modellemesi
baslangicta kuyularda 6l¢iilen sicaklik ve basing
verileriyle uyum saglanarak yapilmistir. Dogal
durum modellemesi daha sonra kuyulardaki
biitlin Uretim ve enjeksiyon verilerini (akis
orani, basing, sicaklik degerlerinin zaman ile
degisimi) yakalayabilmek i¢in kalibre edilmistir.
Model kalibre edildikten sonra toplam rezervuar
performansini ve ayri ayr1 kuyu performansini
belirlemek tizere 20 yillik tekrar caligtirilmis
ve bu 20 yillik siirecte kuyudibi basinci ve
sicakligi  cinsinden iretimin siirdirilebilir
oldugu gozlemlenmistir. Buna ek olarak iki
yeni kuyu agilmasi halinde ve ayni enjeksiyon
oranlartyla devam edilirse sistemin bir 20 yil
daha siirdiirtilebilir oldugu belirlenmistir.

Ozkaya (2007) yiiksek lisans tez
caligmasinda SUTRA programi ile Kizildere
sahasinin sayisal modelini ¢calismis ve gelistirdigi
sayisal modeli gecmisteki iliretim degerlerini
kullanarak jeotermal sahaya kalibre etmistir. Daha
sonra sahada mevcut tim kuyular1 kullanarak
degisik {tretim ve enjeksiyon senaryolarina
karsilik zaman igerisinde olabilecek sicaklik
ve basing degigsimlerini tahmin etmis ve farkli
enjeksiyon ve iiretim kosullarinin etkilerini
ortaya koymustur.

Can ve Budak (2008) hazirladiklart iki
boyutlu sayisal modeli Kizildere sahasina
uygulamislar ve rezervuari gozenekli ortam
olarak degerlendirmisler ve akiskan {iretimini tek
bir kuyudan yapiliyor seklinde varsaymislardir.
1984-1998 yillar1 arasindaki tiretim degerlerini
kullanarak modeli kalibre etmisler ve gézlenen
degerlerle uyumlu sonuglar aldiklarint ve
sonu¢ olarak mevcut kuyularn 20 MWe
elektrik tiretmek icin yeterli olmayacagini ifade
etmislerdir.
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Magri vd. (2010) yaptiklart c¢aligmada
Narlidere-Balgova derin jeotermal sistemindeki
jeotermal  akigkan  dinamigi ve  enerji
taginimini tam etkilesimli olarak modellemeyi
arastirmiglardir.  Yapilan arastirmada dogal
beslenim miktarlarinin, jeotermal sistemdeki
faylar boyunca gelisebilecek akiskan dinamigi
stireclerinin ~ degisik  jeotermal  rezervuar
olusumlarina neden olabilecegi ve deniz suyu
girigimi riskinin miimkiin olabildigi, dikey
yondeki faylarmm bu konuda etkili oldugu ve
derinlerde gelisip yiikselen sicak sularin dengesiz
oldugu ve dolayisi ile sicakliklarda salinimlara
neden oldugu ifade edilmistir. Yapilan bu
aragtirma sonunda Seferihisar-Balgova derin
jeotermal sistemindeki modelleme ¢alismalarinin
kalitatif olarak rezervuarda gelisen degisik akim
kosullarin1 modelledigi belirtilmistir.

Gilinay ve Karahanoglu (2015) Edremit
jeotermal sahasinin sayisal modelini yapmis ve
sahada yapilan degisik iiretim senaryolarinin
rezervuara  etkisini  aragtirmistir.  Edremit
jeotermal  sahasmmin  kavramsal = modeli
kullanilarak zamana bagli, iki boyutlu kesit sonlu
elemanlar modeli olusturulmus ve 1lik ve sicak
iki farkli seviyeden olusan jeotermal sistemin
dogal durum kalibrasyonunu takiben degisik
tretim ve enjeksiyon kosullarinda rezervuarlarin
davranisi arastirilmistir.

Yogurtcuoglu (2016) Edremit jeotermal
sahasinin ii¢ boyutlu sonlu elemanlar entegre
modelini gergeklestirmistir. Rezervuarda hidrolik
egim degerlerinin bulunmasi igin iki boyutlu
alansal model yapilmis ve sonraki asamada
bu degerler ii¢ boyutlu sonlu elemanlar modeli
ile entegre edilerek sayisal model caligsmasi
gergeklestirilmistir.  Sayisal modelin  sahaya
kalibre edilmesinden sonra farkli senaryolar
retilerek jeotermal sistemin siirdiiriilebilir
tretim ve enjeksiyon kosullarinin  etkisi
irdelenmistir.
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Turali ve Simsek (2017) yaptiklar
arastirmada TOUGH2 simiilatérii kullanarak
Sorgunda bulunan  jeotermal sistemi
modellemistir. Bu ¢alismada uygun sinir kosullar
ve fiziksel parametreler kullanilarak kavramsal
model hazirlanmis ve {iretim 6ncesi kuyularda
statik sicaklik degerleri kullanilarak dogal
rezervuar kosullart modellenmistir. Modellenen
ve gozlenen sicaklik degerleri arasinda iyi bir
uyum elde edildikten sonra 2007-2014 arasi
tiretim/enjeksiyon ve entalpi Uretim degerleri
kullanilarak sayisal modelin tarihsel kalibrasyonu
gerceklestirilmis ve gozlenen su seviyeleri ve
sicaklik degerlerinin hesaplananlarla iyi uyum
sagladig gorilmiistiir.

2007 yilinda ¢ikartilan Jeotermal Kaynaklar
ve Dogal Mineralli Sular Kanunu ile jeotermal
sahalarin 6zel sektorler tarafindan gelistirilmeleri
ve isletilmeleri konusu giindeme gelmistir. Bu
durum yiiksek sicakliga sahip jeotermal sahalarin
enerji amagli olarak lretilmelerini saglamis ve
dolayis1 ile mevcut sahalarin gelistirilerek enerji
santrallerinin  kurulmalarin1 gerekli kilmistir.
Halen bir¢ok sahada (Kizildere, Germencik
gibi) enerji santralleri kurulmustur ve jeotermal
rezervuarlar igletilerek elektrik {iretilmektedir.
Jeotermal sahalarin igletim haklarinin 6zel
sektorlere devredilmeleri neticesinde mevcut
rezervuarlarin kapasiteleri yeni kuyular agilarak
gelistirilmis ve yliksek kapasiteli santraller
kurularak elektrik enerjisi tiretimi saglanmustir.

Isletim  haklarmin ~ 6zel  sektorlere
devredilmeleri mevcut jeotermal sahalarin
gelistirilmeleri konusunda olumlu adimlarin
atilmasini saglamistir ancak bu sahalarda yapilan
sayisal modelleme ¢alismalar1 konusundaki bilgi
paylasimi asgari diizeye indirilmistir. Ruhsat
sahibi firmalarin ticari kaygi ile modelleme
caligmalart hakkindaki bilgileri kamuoyu ile
paylasmamalart durumu ortaya ¢ikmistir. Bunun

sonucu olarak iilkemizdeki sayisal modelleme
calismalar1  hakkinda yayimlanan bilgiler
kamuya acik sahalarda yapilan arastirmalarla
ve Jeotermal Kaynaklar ve Dogal Mineralli
Sular Kanunu ¢ikarilmadan 6nceki donemlerde
yapilan ¢aligmalarla sinirlt kalmistir.

Jeotermal enerji santrallerinin kurulmasi
oncesinde yapilmast gerekli olan sayisal
modelleme c¢alismalariin genellikle yurt dist
kaynakli profesyonel firmalarca yapildig
tahmin edilmektedir. Bu durum ise jeotermal
enerji kapasitesi agisindan diinyanin 6nde gelen
iilkeleri arasinda yer alan {ilkemizde jeotermal
sahalarin  sayisal modellemesi konusundaki
aragtirmalarin yapilabilmesinin son derece kisith
oldugu gercegini ortaya koymaktadir.

TEMEL PRENSIiPLER VE MODEL
DENKLEMLERI

Jeotermal rezervuarlarda akigskan hareketini
ve 1s1 yayilimini kontrol eden hidrotermal ve
hidrodinamik mekanizmalar etkilidir. Bu nedenle
jeotermalrezervuarlarisayisalmodellenebilmesi
icin bu iki mekanizmanin rezervuar ortaminda
ve rezervuar sinirlarinda matematiksel terimlerle
ifade edilmeleri gerekmektedir.

Matematiksel Model Denklemleri

Jeotermal rezervuarlarda akiskan hareketi
ve enerji taginimi mekanizmalart matematiksel
olarak kismi diferansiyel denklemler kullanilarak
ifade edilmektedir. Denklemler olusturulurken
kiitlenin ve enerjinin korunumu prensipleri
ve devamlilik kurami esas alinmaktadir. Bu
cercevede olusturulan denklemlerin ayrintilarina
Karahanoglu vd. (1984) ¢alismasinda ulagilabilir.
Model denklemlerinin son halleri asagida
verilmektedir:
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Akim Denklemi

Jeotermal rezervuarlarda akiskan
hareketinin matematiksel olarak ifade edilmesi
icin kiitlenin korunmasi ve akimin devamliligi
ilkeleri ve Darcy yasasi esas alinmistir. Bu ilkeler
dogrultusunda hazirlanan diferansiyel denklem

tek fazli akigkan icin agagida verilmektedir:
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oldugu ve mekan koordinatlar ile etkilendigi
goriilmektedir. Ayrica bu denklem iginde
sicaklik degiskenin de yer aldigi ve bdylelikle
tek denklem sistemi i¢inde iki adet bilinmeyen
degisken bulundugu izlenmektedir.

0 o} P oT ® oP
_kij— —— +H - CDBf—"' _
nf f
ox ox LY ot K ot O
oT 0 Qf
F1-0)pF — + — =0
ot ot

Bu denklemde P basing degiskenini ve T ise
sicaklik  degiskenini gostermektedir. Ayrica
k ortamin permeabilitesini, H belirli bir
seviyeden yiiksekligi, ® gozenekliligi, "Y'
akiskan birim agirligini, B° ve fB*akiskan ve kati
kismin 1sil genlesme katsayilarini, Q terimi
ise birim zamandaki akim miktarin1 ifade
etmektedir. Denklem dikkatli incelendiginde,
fiziksel parametrelerin sabit olduklari bir tarafa
birakilirsa, basing degiskeninin zamana bagh

Enerji Denklemi

Gozenekli ortamda 1s1 hareketi Enerjinin
korunumu prensibi kullanilarak asagidaki kismi
diferansiyel denklemle ifade edilmektedir
(Karahanoglu vd, 1984). Konvektif ve kondiiktif
1s1 taginim terimlerini iceren bu denklem
yazilirken akiskan yogunlunun sicaklik ve basing
degiskenlerine bagh oldugu varsayilmis diger

katsayilar sabit olarak alinmigtr.

oT 0 oT
{(1-49)95 Cs+ @ pr ¢t - P py chfT} — - — Ky —
ot oX; OX,- )
() Ps Cf oP oT th
+ T—+®ps v — -— =0
Ke' ot oX; ot
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Denklemde yer alan p_, ¢_ve p,, ¢, terimleri
kat1i ve akigkanlarin yogunluklarini ve birim
151 kapasitelerini gdstermekete ve K . ise 1s1
kondiiktivite matrisini ifade etmektedir. (1) ve (2)
nolu denklemler dikkatlice incelendiginde akim
denkleminde sicaklik degiskenine bagli terim,
enerji denkleminde ise basing degiskenine bagh
terim yer almakta ve bu durum her iki denklemin
birbirleri ile tam etkilesimli (fully coupled)
olduklarini gostermektedir. Diger taraftan akim
denkleminde oldugu gibi bu denklem sisteminde
de iki adet bilinmeyen degisken (P ve T)
bulunmaktadir ve boylelikle iki denklem sistemi
ile iki bilinmeyen degisken esitligi elde edilmis
olmaktadir.

Jeotermal rezervuarlarda akiskan ve 1s1
tasinimini ifade eden bu denklemlerin yaninda
smnir  kosullarinin  da  matematiksel olarak
yazilmasi gerekmektedir. Bu konudan hareketle
sinirda  akiskan  hareketinin = devamliliginin
saglanabilmesi

0 P 0 Qs
-nkj—— (—+H) - — =0 3)
ox, Y ot

ifadesi ile saglanmakta ve 0 q,./0 t ise siirda
birim alandaki akiskan bosalim  hizim
gostermektedir. Sabit sinir degerleri olarak P =
P® ve T = T® simirda bilinen basing ve sicaklik
degerleri kullanilmaktadir. Sinirdaki kondiiktif
1s1 akiminin devamliligi

oT 0 o
-nKj——-— =0 “4)
oX; ot

ifadesi ile gerceklestirilmekte ve yine sinirdaki
konvektif 1s1 akiminin devamliligi ise

T
-nikj— - h"(T=T)= 0 ®)
X,

seklinde yazilmaktadir ve denklemdeki h” terimi
konvektif 1s1 taginimu katsayisini, T, ise referans
sinir sicaklik degerini ve n. smira dik birim
vektori gostermektedir.

Smir  kosullarmin  belirlenmesi  ile
(1) ve (2) nolu denklemlerle jeotermal
rezervuarlarda tek fazli akiskan akimi ile enerji
tasimiminin matematiksel olarak modellenmesi
gergeklestirilmis olmaktadir. Sayisal
modellemenin yapilabilmesi i¢in yukarda yazilan
denklem sistemlerinin sayisal olarak ¢oziilmesi
ve boylece bilinmeyen degiskenlerin zaman ve
mekan boyutlarmdaki dagilimlarinin bulunmasi
gerekmektedir.

Sayisal Model

Onceki kisimda yazilan (1) ve (2) nolu
kismi diferansiyel denklemlerin (3), (4) ve (5)
nolu smir kosullartyla birlikte ¢6ziilmesi icin
Sonlu Elemanlar veya Sonlu Farklar yontemi
uygulanarak  denklemler Lineer Cebirsel
Denklem  sistemlerine  doniistiiriilmektedir.
Matriks yontemi ile ifade edildiginde sonlu
elemanlarda elemanlarin diiglim sayisi, sonlu
farklarda ise grid noktalar1 sayis1 kadar denklem
ve bir o kadar bilinmeyenden olugan denklemler
elde edilmektedir. Bu denklemlerin uygun
sinir  kosullart ve rezervuart en iyi sekilde
temsil eden fiziksel parametreler kullanilarak
¢oOziilmesi ile bilinmeyen degiskenlerin (basing,
sicaklik) rezervuar ortaminda ve zaman igindeki
dagilimlar1 bulunmaktadir. Elde edilen bu ¢6ziim
degerleri gozlenen degerlerle karsilastirilarak
gergek ¢Oziim degerlerinin  elde edilmesi
saglanmaktadir. Gozlenen degerlerle hesaplanan
degerler arasindaki farklar kalibrasyon denilen
yontemler kullanilarak minimum seviyeye
indirilmektedir.



Jeoloji Muhendisligi Dergisi 43 (1) 2019

115

4 3 e P; 2\
T
K < . > —
Pm
\ mxm _J . Tm _/
Bu denklem sisteminde K  matrisi

denklemdeki sabit katsayilardan olusmakta ve
sag taraftaki R vektorii ise denklemin bilinenlerini
icermektedir. Denklem sisteminin bilinmeyenleri
olan P ve T degiskenleri ilgili bilinmeyenler
vektorl i¢inde bulunmaktadir. Denklem sistemi
bu sekli ile bilinmeyenlerin rezervuar igindeki
dagilimlarint vermektedir ve zaman icindeki
degisimleri elde etmek icin asagidaki denklem
sisteminin ¢ozlilmesi gerekmektedir.

e N\ 4 P. T\ tk+Atk
Ti

\ mxm _J g

\ mxm) k Tm j

\
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R (6)

1xm/

Bu denklemde At zaman araligimm
gostermekte ve bilinmeyen degiskenlerin (P,
T) yeni zaman (t+ At) dilimindeki degerlerini
hesaplamak i¢in bilinmeyen degiskenlerin eski
zaman ( t) dilimindeki degerleri kullanilmaktadir.
Sonlu elemanlar yonteminde her bir eleman
icin yazilan bu denklemler eleman diigiim
noktalar1 icin birlestirilerek global denklemler
elde edilmekte ve denklem sistemlerinin sayisal
olarak c¢oziilebilmeleri i¢in sinir kosullarin

<R “
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tanimlanmas1 yani rezervuar sinirlarindaki

hidrodinamik  ve  hidrotermal siireglerin
matematiksel olarak ifade edilmeleri gereklidir.
Dinamik sayisal model olusturabilmek igin
ayrica baglangi¢  kosullarinin  belirlenmesi
gerekmektedir. Smir kosullar1 ve baglangig
kosullar1 belirlenirken bilinmeyen degiskenlerin
(P basing, T sicaklik) rezervuar sinirlarindaki
hidrodinamik ve hidrotermal davraniglarinin
sayisal modele tanitilmalari sarttir. Jeotermal
rezervuarin baglangi¢ kosullari olarak rezervuarin
dogal denge durumu (rezervuarin isletmeye
acilmadan Onceki durumu) degerlendirilmekte
ve basing ve sicaklik degerlerinin rezervuardaki
dagilimlaritahminedilmektedir. Sinirkosullarinin
belirlenmesi ise rezervuar sinirlarinda basing
ve sicaklik bilinmeyenleri degerlerinin veya bu
degiskenlerin tiirevlerinin matematiksel olarak

ifade edilmeleri ile gergeklestirilmektedir.

Baslangic ve sinir kosullarinin belirlenmesi
ile denklem sistemleri sayisal ¢oziime hazir
duruma getirilmekte ve bu denklemlerin
¢Oziilmesi sonucu degiskenlerin degisik zaman
dilimleri i¢inde jeotermal rezervuar ortamindaki
dagilimlari elde edilmektedir.

Genel olarak bu gergevede gergeklestirilen
ve sayisal modellemede kullanilarak sahalara
uygulanan  simiilatérler ~zaman igerisinde
gelistirilerek jeotermal rezervuarlarda gelisen her
tiirlii dogal stireglerin simiilasyonu yapilmaktadir.
Ancak bu tir simiilatorleri olusturan kaynak
programlara ulagim miimkiin degildir. Dolayisi
ile similatoriin ongdrdigi standart rezervuar
kosullar1 disindaki siireglerin modellenmesinde
sorunlar  olusabilmektedir. Ayrica kaynak
programa ulagim olmamasi nedeniyle sayisal
modelleme konusunda yer bilimcilerimizin
egitilmeleri ciddi anlamda kisitlanmaktadir.

GENEL DEGERLENDiRMELER VE
SONUCLAR

Jeotermal rezervuarlarin sayisal yontemler
kullanilarak  modellenmesi ve jeotermal
sistemlerin liretimi ile rezervuarlarda basing
ve sicaklik degisimlerinin bilimsel olarak
takip edilebilmesi 1970 1i yillardan beri
yapilan arastirmalarla gerceklestirilebilmektedir.
1960 I1 yillarda Jeotermal sistemlerdeki dogal
mekanizmalarin  matematiksel olarak ifade
edilmeleri seklinde baslayan arastirmalar 1970
lerde bilgisayar teknolojisinde gozlenen hizli
gelismelerle ivme kazanmis ve sayisal yontemler
kullanilarak ~ rezervuarlarin ~ modellenmesi
ve dolayisi ile sistemlerin bilimsel olarak ve
siirdiiriilebilir bir sekilde iiretilmelerine imkan
saglanmigtir. Onceleri iki boyutlu ve tek fazl
akiskanlar i¢cin hazirlanan sayisal modeller zaman
icerisinde ¢ok fazli (s1v1, gaz) akigskanlarin (sicak
su, buhar, hava, CO,) li¢ boyutlu rezervuarlardaki
hareketini modelleyebilecek duruma gelmis
ve akiskan hareketi ve enerji tasinimi
mekanizmalari 6tesinde ylizey ¢okmesi, kimyasal
reaksiyonlar, CO2 depolanmasi/gdémiilmesi,
cesitli jeomekanik prosesler, biyodejenerasyon
ve benzer mekanizmalarin degerlendirildigi
simiilatorler gelistirilmistir. ilk yillarda sabit
fiziksel parametreler kullanilarak hazirlanan
sayisal modeller zaman igerisinde basing ve
sicaklik degiskenlerine bagli parametrelerin
kullanildig1 modellere doniistiiriilmiistiir.

Sayisal modelleme konusunda yapilan
calismalarin  zaman igerisindeki  evrimine
bakildiginda ilk yillarda ticari olmayan ve
kullanima agik kodlarin kullanildigr ve model
caligmalarinin bilimsel ortamlarda paylasildig
gorlilmektedir. Ancak zaman igerisinde yapilan
caligmalarda program c¢abalarmin paylasiimasi
yerine bilinen programlarin degisik sahalara
uygulandig1 ve karsilagilan sorunlarin tartigildigi
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toplantilar  yapilarak malum programlarin
iletilen sorunlar1 ¢6zme yoniinde gelistirildikleri
anlagilmaktadir.

Sayisal modelleme c¢alismalarinin 6nemli
bir asamasini jeotermal rezervuarlarin kavramsal
modelinin hazirlanmas1 ve sistemin fiziksel
ozelliklerinin bilgisayar ortamina aktarilmasi
olusturmaktadir.  Matematiksel = denklemler
kullanilarak ifade edilen 1s1 tasinimi ve akiskan
hareketi mekanizmalarinin modeli yapilan sahaya
uygulanabilmesi ilgili sahanin tim 6zelliklerinin
simiilatore tanitilmasi ile miimkiin olmaktadir.
Denklemlerde yer alan c¢esitli parametrelerin
arazi ortamindaki degerlerinin belirlenmesi ve bu
degerlerin dagilimlarinin bulunmasi hazirlanan
sayisal modelin basarisi agisindan son derece
onemlidir. Diger taraftan rezervuarin sinir ve
baslangi¢ kosullarinin yani ilgili mekanizmalarin
sinirlardaki davranislariin matematiksel olarak
ifade edilmesi ve rezervuarin tliretime agilmadan
onceki dogal durumunun (basing ve sicaklik
dagilimlarinin) gercekg¢i olarak belirlenmesi
model basarisim1 etkileyen ¢ok Onemli bir
husustur.

Dogal ortamda cesitli etmenler altinda ve
uzun yillar i¢inde olusan jeotermal sistemlerdeki
karmagikligin, ve jeotermal sistemlerin yapisal
unsurlarinin - ve tiim fiziksel &zelliklerinin
kavramsal modeller yardimi ile sayisal modellere
aktarilmas1 s6z konusu fiziksel parametrelerin
rezervuar ortamini en iyi sekilde temsil etmesi
ile gerceklesmektedir. Bu durum bahsedilen
fiziksel = parametrelerin, ve  denklemlerde
bulunan katsayilarm belirlenmesinde ¢ok titiz
arastirmalarin (arazi ve laboratuvar galismalari)
yapilmast gerekliligini ortaya koymaktadir.
Benzer sekilde jeotermal sistemlerin sinir ve
baslangi¢c kosullarinin arazi kosullarini temsil
edecek tiirde belirlenmesi yapilacak modelleme
caligmalarmin  basarisint  en st diizeyde

Review Paper / Derleme

etkilemektedir. Boylelikle dogadaki jeotermal
sistem/rezervuar bilgisayar ortamina aktarilarak
sayisal model olusturulmakta ve model sistem/
rezervuar simiilator kullanilarak degisik {iretim
ve enjeksiyon senaryolarmin sisteme yapacagi
etkiler arastirilabilmektedir.

Sayisal modelleme c¢alismalarinin zaman
icerisindeki gelisimi ve bu konuda diinya
genelinde yapilanlar gozden gegirildiginde
simiilasyon ¢aligmalarinin ¢ok basarili oldugu ve
bubaglamdajeotermal rezervuarlarindahaverimli
ve siirdiiriilebilir sekilde degerlendirildikleri
anlagilmaktadir. Hemen hemen her tiirlii karmasik
mekanizmalarin ~ modellenebilir  olmasinin
yaninda ¢ok farkli jeolojik yapilarm kavramsal
model seklinde tanimlanabildigi sayisal modeller

olusturulabilmektedir.

Son yillarda yapilan arastirmalar {ilkemizin
tektonik yapisinin jeotermal sahalarin olusumu
icin ¢ok elverigli oldugu gergegini ortaya
koymaktadir. Ege bdlgesinde mevcut yiiksek
entalpili jeotermal sahalarin elektrik enerjisi
elde etmek ic¢in iiretildikleri ve bu sahalarin
gelistirilmeleri yOniinde aragtirmalarin
devam  ettigi  bilinmektedir. Jeotermal
enerji acisindan belli bir zenginlige sahip
iilkemizin bu kaynaklarinin verimli bir sekilde
kullanilabilmesi i¢in bu sahalarin bilgisayar
teknolojisi ~ kullanilarak  degerlendirilmesi
gereklidir. Bu konuda elde edilen teknoloji
ve bilgi birikiminden yararlanma anlaminda
yerbilimcilerin  egitilmesinin  6nemli oldugu
vurgulanmalidir.

Ulkemizde bulunan jeotermal sahalarin
sayisal modellemesi konusunda yapilan bilimsel
arastirma ve calismalar ¢ok az sayida olup
genelde bilinen programlarin 1ilgili sahalara
uygulamasi seklinde gerceklesmektedir.
Sayisal modelleme caligmalarinda saha verisi
zenginliginin O6nemi bilinmekle beraber son
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yillarda yapilan igletim politikalari nedeniyle veri
paylasiminin ¢ok kisitlandigi ve bu durumun soz
konusu arastirmalart olumsuz yonde etkiledigi
bir gergektir.
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ABSTRACT

In this study research methods are assessed to determine the spatial distribution of petroleum hydrocarbon
contamination in the coastal aquifers and to develop a groundwater flow and transport model that can be used
to evaluate the level of natural attenuation that has occurred. The stages of this study include: 1) preliminary
assessment and conceptual model including hydrogeologic characteristics of the site, the history of the site, and any
past or current remedial activities, 2) field and laboratory investigations including soil and groundwater sampling
techniques such as soil borings, multi-level monitoring well installation, aquifer tests and water quality sampling.
Parameters to be measured, their measurement methods and use of these data should be explained in detail, 3)
physical and geochemical characterization of the study area with the results of the field and laboratory investigations,
4) development of the groundwater model with selected software, 5) evaluation of monitored natural attenuation
according to primary and secondary lines of evidence established during the investigation. The primary lines
of evidence, which is a stable or shrinking plume rather than an expanding plume, will be the benzene, toluene,
ethylbenzene and xylene (BTEX) contour maps prepared as a result of the groundwater sampling. Secondary lines
of evidence, which include geochemical data that serve as indicators of naturally occurring biodegradation and
estimates of natural attenuation rates, will be based on electron acceptor/reduction product concentrations measured
within the BTEX plume. The results of the groundwater modeling are used to help decide whether the monitored
natural attenuation process results in BTEX contaminant levels declining to acceptable levels within a specified time.
If projections of contaminated levels indicate that natural attenuation is not enough for remediation, then additional
remedial alternatives can be recommended for further investigation.

Keywords: BTEX, Groundwater, Monitored Natural Attenuation, Numerical Modeling, Petroleum contamination

0z

Bu ¢alismada, kiyi akiferlerinde petrol kirliliginin yayilimini belirlemek ve bir akim ve taginim modeli olusturarak
dogal giderimin derecesini belirlemek icin uygulanacak arastirma yéntemleri degerlendirilmistir. Boyle bir ¢calisma
bes asamadan olusur; 1) Bolgenin hidrojelojik karekteristiklerini iceren kavramsal modelinin olusturulmasi ve

mevcut ve gecmisteki iyilestirme aktivitelerinin belirlenmesi 2) Detayli saha arastirmalar ile ¢ok seviyeli gozlem
kuyularimin kurulmasi, zeminden karot alinmasi yontemleri kullanilarak arazi ve laboratuvar analizleri i¢in zemin
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ve yeraltisuyu ornekleri alinmasi. Olgiilecek parametreler, élciim yontemleri ve bu parametrelerin hangi amagla
kullanilacagi ayrintili olarak belirtilmeli, 3) Arazi ve laboratuvar ¢alismalart ile elde edilen sonuglara gore fiziksel
ve jeokimyasal karakterizasyon 4) Secilen yazilim ile yeraltisuyu modelinin olusturulmasi 5) Arastirma sirasinda
elde edilen birincil ve ikincil kanitlara gére gozlenen dogal giderimin degerlendirilmesi. Kirlilik bulutunun durayl
veya biiziiliiyor oldugunu gosteren birincil kanitlar yeraltisuyu orneklemesi sonucu olusturulan benzen, toliien,
etilbenzen, ve ksilen (BTEX) kontur haritalaridir. Dogal biyolojik par¢alanmanin belirtegleri olan ve dogal giderim
hizimin belirlenmesinde kullanilan jeokimyasal verileri kapsayan ikincil kanitlar ise BTEX kirlilik bulutu igindeki
elektron alici/vericilerin derisimleridir. Yeraltisuyu modelleme sonuglari, dogal giderim siirecinin BTEX kirletici
diizeylerinin belirli bir siirede kabul edilebilir seviyelere gerileyip gerilemeyeceginin belirlenmesi icin kullanilir.
Bu sonuglar dogal giderimin yeterli olmadigini gésterirse bu durumda yeraltisuyunun iyilestirilmesi igin alternatif
iyilestirme yontemleri onerilir.

Anahtar Kelimeler: BTEX, Yeraltisuyu, Izlenen Dogal Giderim, Sayisal Modelleme, Petrol Kirliligi

INTRODUCTION Human activities centered on oil production,
transportation, and storage result in oil spillage
into freshwater sources in the world. (Zheng et
al., 2016; Raynould et al., 2016; Mukhopadhyay
et al., 2017; Indumathi et al., 2017; Zhang et al.,
2017; Ruggieri et al., 2017). With a widespread
increase in contamination of water systems,
effective contamination control and remediation

is becoming a major technical problem (Mirzaee

Flat topography, good transportation
facilities and availability of water resources make
coastal regions preferred areas for settlement and
industrial activities. These characteristics have
contributed to a rise in population density of
coastal areas increasing the negative impact on
the quality and quantity of groundwater. Due to
the high population density, the use of petroleum
hydrocarbons has also increased and become a
major contamination source for groundwater
(Mirzaee et al., 2017; Raynauld et al., 2016;
Fiori and Zalba 2003; Teng et al., 2013; Van
Stempvoort and Biggar 2008; Yu et al., 2003;
Maric et al., 2015; Chiu et al., 2013; Banerjee
et al., 2016). Hydrocarbons are toxic and hence
cause to serious health and environmental
problems (Chiu et al., 2013; Zheng, et al,
2016; Chiu et al, 2017). Monoaromatic
hydrocarbons benzene, toluene, ethylbenzene
and the three isomers of xylene which are
abbreviated as BTEX have greatest interest

et al., 2017). Some technologies for control of
environmental pollution have been described by
various authors and have been converted into
products that are being marketed for control of
pollution. These technologies vary considerably
in their cost and efficiencies and include the
pump and treat method (considered to be cost-
effective), in-situ soil vapor extraction, thermal
enhancement systems, air stripping (Caetano et
al., 2017), reactive barrier technology (Mcmurty
and Elton, 1985; Guerin et al., 2002) and natural
attenuation (Wiedemeier et al., 1996; U.S. EPA,
1999; Khan et al., 2004).

from the environmental viewpoint, because of
their mobility and toxicity (Coresuil et al., 2011;
Fernandes et al., 2014). BTEX are commonly
found together in crude petroleum and petroleum
products such as gasoline (Chen et al., 2008).

The remediation and control of pollution
using natural attenuation process involves
employing various mechanisms that may be
biological, chemical or physical and include
sorption, biodegradation, chemical decay,
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dilution, dispersion, volatilization, contaminant
destruction, and  biological stabilization
(Wiedemeier et al., 1996; U.S. EPA, 1999;
Neuhauser et al., 2009; Chen et al.,, 2010;
Kamath et al., 2011; Declercq et al., 2012; Chui,
et al., 2013; Chui 2017). Biodegradation is the
exclusive natural process that can remediate
contaminated soil and groundwater environment
by transforming organic pollutants into
inorganic substances (Wiedemeier et al., 1999b;
Zheng et al., 2016). Biodegradation is also an
attractive approach because of several other
reasons. It is energy saving, economical, and an
environmentally friendly method for reducing
the impact of pollution for sites polluted by
hydrocarbon products (Godeke et al., 2006; Chiu
et al., 2017; Azubuike et al., 2016). Intrinsic
biodegradation is a vital aspect in the removal
of contaminants (Stasik et al., 2015; Davis et al.,
2009) and breakdown of pollutants into products
that are less harmful to the environment such
as H,0, CO,, biomass, and salt (El-Naas, 2014;
Chui, 2017).

This type of study includes a detailed site
investigation for physical and geochemical
characterization of the region. Soil and
groundwater sampling techniques including soil
borings, multi-level monitoring well installation
and sampling are used to collect data for field
and laboratory analyses. With soil sampling in
the unsaturated zone and capillary fringe, mobile
and residual light non-aqueous phase liquids
(LNAPLs) that serve as source areas for the
dissolved benzene, toluene, ethylbenzene and
xylene (BTEX) contaminants in the underlying
water-table aquifer are located. Soil samples
are analyzed for total volatile and extractable
hydrocarbons; aromatic hydrocarbons (benzene,
toluene, ethylbenzene, and xylene (BTEX); total
organic carbon (TOC), and moisture content. The
subsurface distribution of hydro-stratigraphic
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units are determined. Multi-level monitoring
wells are constructed to determine the three-
dimensional characteristics of the BTEX and
other plumes and the vertical distribution of
chlorides and total dissolved solids (TDS),
particularly in the vicinity of the seacoast.
Groundwater samples are analyzed for total
volatile and extractable hydrocarbons, aromatic
hydrocarbons (BTEX), dissolved oxygen,
nitrate, manganese, iron (II) (Fe), sulfate
(SO,?), methane, alkalinity, oxidation-reduction
potential (Eh), pH, temperature, conductivity,
chloride, and total dissolved solids (TDS). Two
cycles of wet season-dry season sampling for a
total sampling period of approximately 18 months
is convenient. Slug tests, an aquifer pumping
test, and permeameter tests can be conducted
to determine the hydraulic conductivity of the
water-table aquifer in the study area. The results
of the field and laboratory investigations are
used to prepare a physical and geochemical
characterization of the site.

Monitored natural attenuation can be
simulated using a solute fate and transport
model. Based on the results of the physical and
geochemical characterization of the area, RT3D
(Clement, 1997; Lu et al., 1999) and other
suitable codes such as PHWAT (Mao et al., 2006)
can be considered for the groundwater model.
The determination of whether natural attenuation
can be considered appropriate for the study area
are based on primary and secondary lines of
evidence established during the investigation.
The primary line of evidence is whether the
BTEX plume is stable or shrinking, rather
than expanding. Secondary lines of evidence,
which include geochemical data that serve as
indicators of naturally occurring biodegradation
and estimates of natural attenuation rates, are
based on electron acceptor/reduction product
concentrations of oxygen, nitrate, manganese

Journal of Geological Engineering 43 (1) 2019
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(II), iron (II), sulfate, and methane measured
within the BTEX plume. For example, depletion
in dissolved oxygen, nitrate, and/or sulfate and
increases in dissolved manganese, iron, and
methane in the groundwater would indicate that
biodegradation is occurring. The groundwater
modeling results are used to help decide whether
the monitored natural attenuation process will
result in BTEX contaminant levels declining
to acceptable levels within a specified time. If
projections of contaminated levels based on the
model results indicate that this objective cannot
be met, then additional remedial alternatives can
be recommended for further investigation.

DISTRIBUTION OF PETROLEUM
HYDROCARBONS IN THE SUBSURFACE

Contaminants for sites contaminated by
petroleum products occur in four different states
(Beck and Mann 2010; Konecny et al., 2003) as
shown in Figure 1. These states are;

1. Volatilized in soil vapors: in the unsaturated
zone of the soil, hydrocarbons in volatile
states decompose into gaseous phase as
organic soil vapor and migrate into vapor
phase,

GROUND
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Figure 1. Schematic demonstration of how petroleum hydrocarbons distribution in a subsurface occurs after a site
spillage (Department of Environmental Protection, 2004; Beck and Mann, 2010).

Sekil 1. Bir dokiintii sonrasi ortaya ¢ikan petrol hidrokarbonlarimin yeraltinda dagilimimin sematik gosterimi
(Department of Environmental Protection, 2004, Beck ve Mann, 2010).



Jeoloji Muhendisligi Dergisi 43 (1) 2019

135

2. Dissolved in groundwater: in vadose zone,
petroleum compounds which are dissolved
in percolating precipation, migrate into
groundwater table with a concentration
below the free phase solubility of the
compound,

3. Sorbed onto matrix particles: the aquifer
or the vadose zone matrix sorbs dissolved
petroleum compounds into their matrix
which has native organic carbon,

4. Non-aqueous phase liquids (NAPLs); these
are organic, nondissolved liquids in the
subsurface.

The majority of petroleum compounds in
contaminated groundwater exist in the form of
NAPLs. Introducing petroleum hydrocarbon
NAPLs into unsaturated zone causes their
movement
When reached at the water table, petroleum

down to the saturated zone.
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hydrocarbon NAPLs float on the water table as
they are less dense than water and form a thin
layer that spreads across the water table and
capillary fringe. The resulting product is referred
to as light NAPLs which are usually found as a
mixture of chemicals although they also exist
as single chemical (Wiedemeier et al., 1999a).
More soluble aromatic hydrocarbons including
benzene, toluene, ethylbenzene, and xylenes,
popularly referred to as BTEX compounds
dissolve from LNAPLs. Non-aqueous phase
liquids that are denser than water are referred
to as DNAPL. DNAPLs, unlike LNAPLs, after
entering the saturated zone, descend vertically
until residual saturation formation exhaust
their volume. The presence of aquifer zones
with lower permeability might disturb the
vertical migration process and thus cause lateral
migration (Konecny et al., 2003).

Dispersivity

Volatilization

Sorption l<-|

for Hydrocarbons

Natural Chemical
Attenuation Reaction
Processes

I1

Biodegradation I

Figure 2. Schematic demonstration of how petroleum hydrocarbons are attenuated naturally (UK, EA, 2000; Beck

and Mann, 2010).

Sekil 2. Petrol hidrokarbonlarimin dogal gideriminin sematik gosterimi (UK, EA, 2000; Beck ve Mann, 2010).
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The natural fate and transport process
of soluble contaminants found in many areas
contaminated with petroleum hydrocarbons
includes dispersion, biodegradation, advection,
sorption, chemical reactions, and volatilization
(Figure 2) (Wiedemeier, et al., 1996; Kao and
Wang 1999; Chen et al 2005; Bauer et al., 2008;
Ugankus and Unlii 2008; Beck and Mann 2010;
EPA, 2012; Chiu et al., 2017). Dispersion is
the process, which a solute is diluted and thus
reducing its concentration. Sorption refers to
the process of partitioning of dissolved phase
hydrocarbons into solid phase sorbents leading
to their temporary or permanent immobilization
through attachment to sites or sorption on solid
surfaces in the subsurface matrix. On the other
hand, volatilization is a mass-transfer process that
causes the partitioning of dissolved constituents
into vapor phase.

Biodegradation refers to mass transformation
process in which petroleum hydrocarbons are
broken down by microbially-facilitated chemical
reactions and thereby reducing the concentration
of contaminants and the amount of dissolved
hydrocarbon in groundwater. Under some
conditions, petroleum hydrocarbons may be
broken down by some chemical reactions without
the assistance of microorganisms. However,
in dissolved phase biodegradation remains the
dominant mass reduction process (Beck and
Mann, 2010).

BIODEGRADATION OF BTEX

Biodegradation refers to the process by
which chemical compounds are broken down
by subsurface microorganisms. Through a
biological activity, microorganisms break down
hydrocarbons into water and carbon dioxide
(Wiedemeier et al., 1996; ASTM 2010; U.S. EPA
2012; Banerjee et al., 2016). Once petroleum

hydrocarbons intruduced into groundwater,
an increase in the amount of organic carbon
content will occur and the microorganisms in the
contaminated environment will try to gradually
adapt to this new environment (Su et al., 2013;
Anderson and Lovely, 1997). The biodegradation
intensity of contaminants by microorganisms is
influenced by several factors that include oxygen,
contaminant concentration and composition,
nutrients, pH value, physical and chemical
characteristics,and the history ofthe contaminated
environment regarding pollution (Margesin and
Schinner, 2001). By transforming hydrocarbons,
microorganisms get energy and carbon which
is crucial for their growth, reproduction, and
survival. Microorganisms employ a series of
catalyzed reactions by oxidative-reduction
enzymes resulting to metabolic intermediates
or water and carbon dioxide. Additionally, the
oxidative reactions provide energy for growth
and maintenance of microorganism cells. For
the electrons to be passed through the steps
that lead to the generation of energy, sink of an
electron is required. Normally, the electron sink/
acceptor is molecular oxygen and this process is
referred to aerobic respiration. However, when
molecular oxygen is lacking or insufficient, other
compounds such as (NO,), manganese (Mn™),
ferric iron (Fe™), sulfate (SO, ?) or carbon dioxide
(CO,) act as terminal electron acceptors and this
process is referred to as anaerobic respiration.
The choice of these compounds occur in the
order presented above (Wiedemeier et al., 1996;
Skubal et al., 2001; Khan et al., 2003; Dyer,
2003;2007; ASTM 2010; Su et al., 2013; Chiu et
al., 2013; Chiu et al., 2017).

Aerobic and anaerobic metabolism of BTEX
equations and resulting products are shown in
following equations (Wiedemeier et al., 1999b):
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Benzene oxidation/aerobic respiration
7.50, + CgHg = 6C0, , + 3H,0 (1)

Benzene oxidation/denitrification

6 NO3 + 6H* + CgHg — 6CO4 4 + 6H,0 + 3N, g )

Benzene oxidation/manganese reduction

30H* + 15Mn0, + CHy — 6C0,,4 + 15 Mn** +18H,0  (3)

Benzene oxidation/iron reduction

60H™ +30Fe(OH);3 + CeHg = 6C0, +30 Fe* +78H,0 (4)

Benzene oxidation/sulfate reduction

75H* +3.75 S07™ + CoHg ~ 6C0;,g +3.75 HyS® +3H,0 (5)

Benzene is used in the equations, but the
reactions can apply to all BTEX compounds.
As illustrated in equations, while oxygen is
consumed, the products of aerobic respiration
are water and carbon dioxide. On the other
hand, in anaerobic respiration, BTEX react
with an electron acceptor and produces
water, carbon dioxide, and a reduced electron
acceptor. However, water is not produced in
methanogenesis. For both aerobic and anaerobic
processes lead to the attenuation of BTEX,
the disappearance of dissolved oxygen and/or
electron acceptors or the generation of electron-
acceptor reduction products are indicators
of biodegradation (Hunkeler et al., 1997;
Van Stempvoort et al.,, 2008; ASTM, 2010;
Robertson et al., 2012; Thapa et al., 2012; Yeung
et al 2013; Chiu et al., 2013; Cassidy et al, 2015;
Banerjee et al., 2016; Chiu 2017). Depletion
of dissolved oxygen, nitrate and sulphate
concentrations and increasing ferrous iron and
methane concentrations indicate that anaerobic
degradation is occurring (Naidu et al., 2012).
However, the rate of degradation of BTEX under
anaerobic respiration is slower as compared to
that under aerobic respiration (Moreels et al.,
2004; Kao et al., 2008; Kao, 2010; Silva and
Corseuil, 2012).

Review Paper / Derleme |

The majority of electron acceptors and
their products including O,, NO,, SO,, Fe (II),
Mn (II), CH, as illustrated in equations 1, 2, 3, 4
and 5 can easily be measured in water samples.
By measuring these parameters, the impact of
biodegradation on solute plume can be evaluated
(ASTM, 2010).

Oxygen

Oxygen is the most favorable electron
acceptor, and its presence facilitates rapid
growth of aerobic bacteria given the availability
of nutrients in polluted groundwater (Prommer
et al, 1999; Wisconsin Department of
Natural Resources, 2014). In zones where
the concentration of BTEX is high, dissolved
oxygen is depleted very fast as microorganisms
use the oxygen to breakdown BTEX. Any
oxygen that enters this zone is rapidly depleted
as biodegradation of highly concentrated BTEX
and other constituents requires a a high amount
of oxygen. For this reason, an indication of
biodegradation can be based on the inverse
relationship of low dissolved oxygen and high
hydrocarbon concentration (ASTM, 2010). For
the degradation of the petroleum hydrocarbon
using anaerobic reaction, electron acceptors such
as nitrate, sulfate, ferric ions, and manganese
are used by microorganisms (Washington State
Department of Ecology 2005; Beck and Mann
2010).

Nitrate

Upon the depletion of dissolved oxygen
in groundwater zone or the decreasing of its
concentration to <0.5 ppm, nitrate will be
used as an electron acceptor for anaerobic
biodegradation (U.S. EPA 1999; ASTM 2010;
Da Silva and Corseuil, 2012; Thapa et al., 2012;
Fuentes et al., 2014). In groundwater zones
with a high concentration of BTEX, the demand

Journal of Geological Engineering 43 (1) 2019
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f nitrate by microorganisms that biodegrade
BTEX may be high, and therefore this will lead
to the decreasing of nitrate as compared to its
concentrations outside the plume and upgradient
zone. It is thus expected that there will be an
inverse relationship between the concentration of
BTEX and that of nitrate concentration (ASTM
2010).

Manganese

When oxygen and nitrates are depleted,
microorganisms make use of manganese (Mn**)
as a terminal electron acceptor to breakdown
BTEX and generate reduced water soluble
manganese (Mn'?). In BTEX contaminated
anaerobic groundwater zone, if Mn™ (MnO,) is
available, it is expected that a positive relation
between the concentration of BTEX and
concentration of Mn*?, which can be used as
biodegradation indicator. Dissolved manganese
(Mn™?) has high sensitivity to oxidation (Zeeb
and Wiedemeier, 2007; ASTM 2010; Beck and
Mann 2010; Wisconsin Department of Natural
Resources, 2014).

Iron

Microorganisms may also use ferric
iron (Fe™) as electron acceptors and they
produce water-soluble ferrous iron (Fe™). In
BTEX contaminated groundwater zones, it is
expected that a positive relationship between
the concentration of BTEX and concentration
of Fe*?, which can be used as a biodegradation
indicator (Zeeb and Wiedemeier 2007; ASTM
2010; Chiu et al., 2017).

Sulfate

When oxygen, nitrates, and ferric iron
are depleted (strongly reducing conditions),
microorganisms make use of sulfate as a

terminal electron acceptor to breakdown BTEX
to produce sulfide or ferrous sulfide precipitate.
In groundwater with a high concentration of
BTEX, the demand for sulfate by microbes that
biodegrade BTEX may be high, and therefore
this will lead to the depletion of sulfate as
compared to its concentrations outside the plume
and upgradient. In overall, it is expected that
there will be an inverse relationship between
the concentration of BTEX and that of sulfates
in sulfate-reducing zones (Kao and Wang, 2000;
Da Silva et al., 2005; ASTM 2010; Cassidy et al.,
2015; Chui et al., 2017).

Methane

Methanogens produce methane under
strongly reducing conditions by using CO, or
cleave acetate as terminal electron acceptor.
Methane, which is not found in fuels, can
therefore be used as biodegradation indicator.
The production of methane can be significant
in high concentrations of BTEX and under
methanogenic conditions. In these conditions
it is expected that there will be a positive
correlation between the concentration of BTEX
and concentration of methane (Wiedemeier et al,
1996; Zeeb and Wiedemeier, 2007; ASTM 2010;
U.S. EPA, 2012).

Oxidation-Reduction (Redox) Potential

The measure of relative tendency of a
solution to accept or donate electrons is referred
to as oxidation-reduction (redox) potential.
Microorganisms act as important mediators of
redox reactions in groundwater. For this reason, a
biodegradative process strongly influences redox
potential and vice versa. Redox potential in
groundwater is between —400 and 800 mv. In this
range, only specific biodegradative processes can
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operate as illustrated in Table 3. The zones where
anaerobic biodegradation processes reduce the
value of redox potential can be identified by
measuring redox values of upgradient and within
the plume (Wiedemeier 1999b; Washington State
Department of Ecology, 2005; ASTM, 2010;
Chiu et al., 2017). Table 3 presents a typical
sequence of electron acceptors from both aerobic
and anaerobic conditions (Washington State
Department of Ecology, 2005; Beck and Mann,
2010).

GROUNDWATER PETROLEUM
CONTAMINATION RELATED STUDIES
IN TURKEY

There are very few studies about petroleum
hydrocarbon contamination in groundwater
in Turkey. Ucankus and Unlii (2008) used
numerical simulation techniques for defining
relationship between aquifer heterogeneity
and the biodegradation rate of BTEX. Visual
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MODFLOW/RT3D was used for modelling
of dissolved BTEX plume transport within
heterogeneous aquifers. Kara (2006) evaluated
the movement of petroleum plumes for city
of Batman. The numerical simulations were
performed using the BIOPLUME III program.
Potential effects of the movement of petroleum
plumes on drinking water quality simulations
were explored. Akbulut (2009) measured
physicochemical  (pH, oxygen,
Eh, temperature and electrical conductance)
parameters in 212 wells and determined spatial
distribution of natural attenuation indicators for
Karaduvar (Mersin) aquifer which is heavily
contaminated with petroleum hydrocarbons.
She also determined BTEX concentrations,
and designed a funnel and gate type permeable
reactive barrier for remediation of the existing
petroleum hydrocarbon pollution for the
Karaduvar (Mersin) area, using MODFLOW
software.

dissolved

Table 3. Microbial reactions and geochemical indicators evaluation (|| = decreasing concentration, { = increasing
concentration) (Washington State Department of Ecology, 2005; Beck and Mann, 2010).

Cizelge 3. Jeokimyasal indikatéorlerin ve mikrobiyal reaksiyonlarin degerlendirilmesi (= azalan konsantrasyon,

f = artan konsantrasyon) (Washington State Deparment of Ecology 2005; Beck ve Mann 2010).

Type of
Microbial Electron Metabolic Geochemical Redox Potantial Eh
Respiration Acceptor By-Product Indicator Response (mV @ pH, 25°C)
Aerobic Oxygen Co, o, | Co, f 4820 Most
(Oxidation) preferred
Nitrate (NO,’) N, NO, | Co, f+ +720
) Manganese (Mn*") Mn?* Mn* Co, ft +520
Anaerobic o ) 5
(Reduction) Ferric iron Ferrous iron Fe? { co, f -50
(Fe) (Fe)
Sulphate (SO,*) H,S SOx| co, f -220 Least
eas
Carbon Dioxide Methane (CH,) CH, 1 Co, f -240 Preferred

(CO,)
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Babaarslan  (2001) investigated the
biodegradation of BTEX compounds in a mixed
culture obtained from the formation water
which was produced from the petroleum wells
of Turkey Petroleum Corporation (TPAO) in
Adiyaman region (south-eastern Turkey).

PROCEDURES AND GUIDELINES

In a widely accepted guide for remediation
of ground water by natural attenuation
at petroleum release sites, ASTM (2010)
describes typical site characterization, sampling
parameters, methods, and special considerations
for evaluating remediation by natural attenuation
in groundwater for petroleum release sites.
Wiedemeier et al. (1999b) prepared a technical
protocol for support of intrinsic remediation
of groundwater, contaminated with petroleum
hydrocarbons. In this protocol, data collection
and analyses are described for restoration of
groundwater. Beck and Mann (2010) presented
a technical guidance for the demonstrating
of monitored natural attenuation for dealing
with groundwaters impacted by petroleum
hydrocarbons. Also, Wilson (2011) described
a statistics-based approach for evaluating the
progress of natural attenuation during long term
monitoring and site characterization.

MODELING STUDIES

Clement et al. (1998) developed RT3D, a
general purpose three-dimensional multispecies
reactive transport code that uses MODFLOW
to simulate groundwater flow and several
MT3D sub-programs to simulate advection and
dispersion. Modules of reaction are included in
the code to simulate various types of multispecies
reactive transport. Subsequently, Lu et al. (1999)
used RT3D to model the natural attenuation of

BTEX compounds dissolved in the groundwater
migrating from a light nonaqueous phase liquid
(LNAPL) source at Hill Air Force Base in Utah,
USA. Suarez and Rifai (2004) simulated the fate
and transport of fuel hydrocarbons in groundwater
using the two-dimensional BIOPLUME III
code (Rifai et al., 1996) code to model natural
attenuation of BTEX and benzene. Prommer et
al. (2003a) described the steps that are most often
involved in numerical modelling of petroleum
hydrocarbon contaminated sites and some of the
most commonly used biogeochemical transport
models and pre- and post-processing tools. As an
example, the MT3DMS-based multicomponent
transport code PHT3D was used to simulate the
natural attentuation of a BTEX plume originating
from a NAPL source. As described by Prommer
et al. (2003b), PHT3D couples the transport
simulator MT3DMS and the geochemical
modeling code PHREEQC-2  (Parkhurst
and Appelo, 1999) based on a split-operator
technique. The PHT3D model was also used to
simulate the mobilization of native metals in an
aquifer, arsenic, under changing geochemical
conditions, predominantly reduced dissoved
oxygen (Wallis et al., 2011). Mao et al. (2006)
described the development of PHWAT, which
simulates multi-component reactive transport in
variable density groundwater flow, by coupling
the geochemical reaction model PHREEQC-2
with the density-dependent groundwater flow
and solute transport model SEAWAT (Guo and
Langevin, 2002) also using the split-operator
technique. PHWAT was tested successfully for a
one-dimensional case of freshwater flushing into
a soil column saturated with brackish water and
a two-dimensional case where seawater intrudes
into a soil tank initially filled with freshwater and
also was used to study a series of flow instability
cases. In studies relevant to the saltwater intrusion
that apparently has occurred at the Karaduvar



Jeoloji Muhendisligi Dergisi 43 (1) 2019

141

site, Motz and Sedighi (2009 and 2013) used
MODFLOW, MT3DMS, and SEAWAT to
represent the coastal boundary condition and
investigate saltwater intrusion and recirculation
of seawater at a coastal boundary. Also, Cobaner
et al. (2012) used SEAWAT to model seawater
intrusion that occured in the Goksu Delta along
the Mediterranean Coast at Silifke.

METHOD

Research of natural attenuation and modeling
of petroleum hydrocarbon contamination can be
divided into six tasks to achieve the purpose of
the research:

Task 1. Preliminary Assessment and
Conceptual Model

Task 2.  Field and Laboratory Investigations

Task 3. Physical and Geochemical
Characterization of the Study Area

Task 4. Development of the Groundwater
Model

Task 5. Evaluation of Monitored Natural
Attenuation

In the first three tasks, the hydrogeological
structure and groundwater quality of the
region is determined, and a realistic conceptual
hydrogeological model is developed. In the
fourth task, a groundwater flow and contaminant
transport model representing dissolved BTEX
compounds in the aquifer is developed. In the
last two tasks, the groundwater modeling results
are used to help decide whether the monitored
natural attenuation process is resulted in BTEX
contaminant levels declining to acceptable
levels within a specified time. If the model
results indicate that this objective cannot be
met, then additional remedial alternatives can be
recommended for further investigation.
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In this context, the methodologies and
procedures detailed below were compiled from
Wiedemier et al. (1999b) and ASTM (2010). The
proposed monitoring well network is based on
Beck and Mann (2010).

Task 1. Preliminary Assessment and
Conceptual Model

A preliminary conceptual model of the site
is developed, including a preliminary assessment
of the potential for monitored natural attenuation
to occur. This includes describing hydrogeologic
characteristics of the site, the history of the
site, and any past or current remedial activities,
based on reviewing existing literature, technical
reports, and available site data.

Task 2. Field and Laboratory Investigations

A detailed investigation of the site is
performed to determine the nature and extent of
contamination and the potential for monitored
natural attenuation to occur. Soil and groundwater
sampling techniques including conventional soil
borings, monitoring well installation, and water
quality sampling, is used to collect data for field
and laboratory analyses.

Soil Sampling

Soil sampling is carried out to determine of
hydrostratigraphic units and mobile and residual
distribution of LNAPLs in the unsaturated zone
that serve as source areas for the dissolved
BTEX contaminants in the underlying water-
table aquifer. Soil samples are analyzed for total
volatile and extractable hydrocarbons, aromatic
hydrocarbons (BTEX), organic carbon content
of saturated zone soils, and moisture content.
Continuous soil sampling can be conducted with
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a soil coring kit for soil characterization and
determining the location of LNAPLs.

Use of the collected data is as follows:

Total volatile and extractable hydrocarbons:
Location, concentration, distribution and total
mass of total petroleum hydrocarbons (TPH)
sorbed to soils and mobile NAPL are used for
contaminant partitioning calculations into
groundwater from these phases. Knowledge
of NAPL plume location is important to model
applications for determinations of contaminant
source area and boundary conditions of model.

BTEX: Data is used for determination of
extent of soil contamination, presence of the
contaminant mass, and thus the continuity of the
BTEX plume and the necessity of source removal
(Wiedemeier 1999b).

Moisture content: It is used for correction of
soil sample analytical results such as dry weight
of soil. (Wiedemeier 1999b).

Organic carbon content of saturated zone
soils: These data is used to determine retardation
factors of dissolved plume components and
estimate transport rates (ASTM 2010).

Groundwater Sampling

Multi-level monitoring
wells are constructed to determine the three-
dimensional characteristics of the BTEX and
other plumes and the vertical distribution of
chlorides and total dissolved solids (TDS),
particularly in the vicinity of the seacoast.

groundwater

Groundwater samples are analyzed for total
volatile and extractable hydrocarbons, aromatic
hydrocarbons (BTEX), dissolved oxygen,
nitrate, manganese, iron (II) (Fe*?), sulfate (SO,?),
methane, alkalinity, oxidation-reduction potential

(Eh), pH, temperature, conductivity, chloride,
and total dissolved solids (TDS). Two cycles
of wet season-dry season sampling for a total
sampling period of approximately 18 months
can be carried out. Groundwater sampling is
conducted using the multi-level observation wells
in contaminated area. Groundwater is sampled at
a single level outside of the contaminated area.
Use of the collected data during the groundwater
sampling is as follows (compiled from ASTM,
2010):

BTEX: data of historical BTEX plume,
which is a primary lines of evidence is utilized
directly for the determination of whether plume
is expanding, stable or shrinking.

Dissolved oxygen: the occurrence of
aerobic biodegradation is indicated by an inverse
correlation between the concentrations of
dissolved oxygen to BTEX concentrations. The
complete consumption of dissolved oxygen is
expressed as depressed or nondetectable levels
of dissolved oxygen throughout the plume.

Nitrate: the use of nitrate as an electron

receptor for anaerobic  breakdown  of
hydrocarbons will reduce the concentration of

nitrate in the anaerobic portion of the plume.

Ferrous iron: the utilization of Fe (III) as an
electron acceptor for anaerobic biodegradation
of petroleum hydrocarbons will lead to increase
in concentrations of Fe (II).

Manganese: increase in the level of Mn (1)
is an indication of the utilization of Mn (IV) as
a terminal electron receptor during anaerobic
biodegradation.

Sulfate (SO,?): the use of sulfate as an
electron receptor for anaerobic breakdown of
hydrocarbons will reduce its concentration in the
anaerobic part of the plume.
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Methane: the use of carbon dioxide as an
electron acceptor for the anaerobic breakdown
of hydrocarbons will elevate the concentration of
methane.

Heavy metals: the presence of heavy metals
such as selenium and zinc is important for the
occurrence of biological processes. However,
a high concentration of these metals is toxic
to microorganisms that break down petroleum
hydrocarbon compounds (Beck and Mann, 2010).
Microbiological processes can also be impaired
or eliminated by the presence of toxic metals
such as cadmium and mercury. At sites where
they occur naturally or develop anthropogenic
impacts, inhibitor assessment is required.

Alkalinity: carbonate alkalinity is the
major contributor to total alkalinity. Therefore,
alkalinity can be considered as a measure of
dissolved carbonate and bicarbonate.

Oxidation-reduction potential (Eh): Plume
regions undergoing oxidation or reductions is
defined using redox data. Redox data is also
important for validating measurements of
dissolved oxygen concentrations and evaluating
the potential for biologically mediated redox
reactions.

pH: the occurrence of biological activity
may be indicated by the difference in pH between
contaminated and uncontaminated groundwater.

Temperature: Groundwater temperature
influences the solubility of oxygen, and therefore
the rate of biodegradation is also affected by
temperature. Within the plume of the solute,
there may be an increase in temperature.

Conductivity: Conductivity can be used
to indicate that samples are from the same
hydrogeological zone though taken from
different sampling points.
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Chloride: concentration of chloride can be
used as a proxy for fluid density and salinity.

Total dissolved solids (TDS): It can be used
as the level of seawater intrusion.

Aquifer Test

Hydraulic conductivity is a significant
parameter for the transport of the contaminants.
Slug tests and aquifer pumping tests can
be conducted to determine the hydraulic
conductivity of the water-table aquifer in the
study area. Hydraulic conductivity can also be
measured in the laboratory with a permeameter
on soils samples.

Observation Wells

The 3D characterization of petroleum
contaminants in an aquifer is appropriately done
using reliable and defensible data. Drilling of
observation wells is needed for plume delineation
(Figure 3). The properties of these observation
wells are defined as follows (Beck and Mann
2010) (Figure 3):

1. Background well: For potential attenuation
capacity and background groundwater
chemistry, one or more wells can be chosen or
drilled upgradient site of the contamination
source. Natural hydrochemistry and
concentrations of electon acceptors such
as DO, NO,, SO, in groundwater can be
determined.

2. The maximum potential width of the plume
can be established through the lateral
delineation monitoring wells by drilling
perpendicular to the flow direction of
groundwater. In heterogeneous anisotropic
system, lateral delineation can be highly
variable.
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Figure 3. 3D delineation of the impact of petroleum hydrocarbon on groundwater sources using a typical observation
well network (Beck and Mann, 2010).

Sekil 3. Petrol hidrokarbonunun yeralti suyu kaynaklari iizerindeki etkisinin tipik bir gézlem kuyu agi kullanilarak 3
boyutlu olarak belirlenmesi (Beck ve Mann, 2010).

3.

Plume centerline monitoring wells can be
drilled from source to increasing distances
on groundwater flow direction to assess
changes of contaminant concentrations on
down-gradient site of the source. These
wells are located along the middle of the
contamination plume, where the highest
concntrations are expected.

Several source monitoring wells are drilled
across the water table to allow screening
and assessment of changes in mass loading
and changes between trapped phase and free
phase. This is controlled by several factors
that include the velocity of the groundwater
flow, product

area, hydrogeochemical

conditions, and mass loading and weathering.

The best location for drilling longitudinal
delineation monitoring wells is contaminant
plume toe in the direction of groundwater
flow for determination of plume geometry
changes and down gradient expands of the
plume.

The best installation point for sentinel
monitoring wells is near receptors, site
boundaries or other designated compliance
points. The implementation of the active
remediation plans is made based on
continuous detection of contaminant plume
in these wells.

In case plume is suspected of sinking,
vertical delineation monitoring wells can be
drilled. This can be achieved using multi-
level monitoring wells.
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Other observation wells outside the
contaminated area can be drilled for purposes
of determining aquifer characteristics,
groundwater sampling, and for groundwater
level measurements.

Parameters and Their Measurement Methods

Slug tests, pumping tests and permeameter
tests for determining aquifer hydraulic
characteristics;

Grain size distribution analyses. Sieve
analyses and hydrometer methods are used
for determination of grain size distribution.

Groundwater levels can be measured in
observation wells at least for 4 rounds
at approximately 6 months apart for
fluctuations in groundwater elevation and
flow direction.

Major ion analyses of groundwater: These
analyses can be conducted using Ion
Cromotography.

Heavy metals: These analyses can be
conducted on selected samples using ICP-
MS.

Determination methods of following parameters
are compiled from ASTM 2010 and Wiedemeier,
1999b):

Physical parameters of groundwater:
Temperature, pH, electrical conductance
(EC), dissolved oxygen (DO), and oxidation-
reduction potential can be measured in the
field in a flow-through cell which is a closed
container with groundwater flowing in at the
bottom and out at the top in such a way that
no air is trapped inside (Weaver et al., 2007).

Alkalinity: Alkalinity field test kit can be
used.
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Background concentrations of electron
acceptors: Mn**, NO,, and SO, is determined
in the field with colorimetric field kit.

Metabolic byproduct Fe™ is determined in
the field with colorimetric method.

Hydrocarbon analyses of groundwater
and soil (BTEX): Purge and Trap Gas
Chromotography is used for hydrocarbon
analysis.

Total organic carbon (TOC) of the soils
aquifer matrix: Modified Mebius Procedure
can be used for TOC.

Methane: GC/FID method can be used for
determination of methane contents.

Sorption and retardation calculations:
Organic carbon partitioning coefficient (K )
and total organic carbon (TOC) content of
the aquifer matrix are used for contaminant
sorption and retardation calculations.

Contaminant sorption calculations can be
made based on retardation coefficients (R ),
bulk density ofthe aquifer matrix, distribution
coefficients (K,) of contaminants, and
aquifer porosity.

Retardation coefficients (R): is determined
based on bulk density, distribution
coefficients K, and porosity.

Bulk density: Bulk density of the aquifer
matrix is determined based on laboratory
samples and used in calculating retardation
coefficients.

Distribution  coefficients (K) can be
estimated from octanol-water partition
coefficients (K ) and total organic carbon
(TOC) content of the aquifer matrix.

Octanol-water partition coefficients (K )
can be estimated from published values for
individual contaminants.
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*  Porosity of the aquifer matrix is determined
from laboratory samples and wused in
calculating retardation coefficients. Porosity
will also be an input parameter in analytical
and numerical models.

* Moisture content: can be measured using
ASTM D-2216 method.

Task 3. Physical and Geochemical Character-
ization of the Study Area

The results of the field and laboratory
investigations (Task 2) are used for physical and
geochemical characterization of the site. Physical
characteristics include topography and surface-
water features, man-made features, and regional
geology and hydrogeology. Site geology and
hydrogeology will include lithology, stratigraphy,
and grain-size distributions. Groundwater hy-
draulics will include water-table maps, flow di-
rections and gradient, hydraulic conductivity, ef-
fective porosity, and specific yield for transient
models, groundwater velocity, preferential flow
paths, and groundwater use in the vicinity of
the site. Climatological characteristics include
evapotranspiration and rainfall for the site.

Geochemical  characterization  include
delineating mobile and residual-phase LNAPLs
that serve as sources of contamination dissolved
in the groundwater. Groundwater chemistry
includes dissolved-phase BTEX contaminants
and inorganic and geochemical indicators of
biodegradation. This include contour maps of
BTEX, electron acceptors (dissolved oxygen,
nitrate, manganese, and sulfate), metabolic by
products (ferrous iron and methane), reduction/
oxidation potential, alkalinity, pH, temperature,
chloride, and total dissolved solids.

Calculations are made to investigate
processes that affect contaminant concentrations

and total mass of contaminants in the groundwater
system. If LNAPLs remain at the site, fuel/water
partitioning calculations is made to account for
the partitioning from this phase into groundwater.
Groundwater velocity calculations are made to
account for the advective transport of dissolved
contaminants. The mixing, i.e., hydrodynamic
dispersion, that occurs downgradient from
source areas in the direction of the advective
velocity and also laterally and vertically to the
direction of groundwater flow is investigated
based on the plumes of BTEX contaminants and
inorganic chemicals and geochemical indicators
of biodegradation. Contaminant sorption and
retardation calculations are based on aquifer
matrix total organic carbon (TOC) content
and the organic carbon partitioning coefficient
(K,) for each contaminant. Biodegradation
calculations are based on decay rates for aerobic
respiration, denitrification, reduction of ferric
(IT) iron, sulfate and methanogenesis.

Task 4. Groundwater Model

Monitored natural attenuation can be
simulated and evaluated using a solute fate
and transport model. Analytical and numerical
models that include the transport processes
advection,  dispersion,  retardation,  and
biodegradation is used for this task. Appropriate
analytical solutions is used for preliminary
analysis of BTEX concentrations in the
groundwater at the site; this involve consideration
of one-dimensional (e.g., Bear, 1972; Van
Genuchten and Alves 1982, and Wexler 1992),
two-dimensional (Wilson and Miller, 1978), and
three-dimensional (Domenico, 1987) analytical
solutions to the contaminant transport equation.
A three-dimensional numerical code such as
RT3D (Clement, 1997) can be selected to develop
a model of contaminant transport for the site.
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This code was originally developed to support
transport of contaminant modeling at natural
attenuation demonstration sites (Lu et al., 1999;
Clement et al., 2000), and the current version
of this code is fully supported by the Pacific
Northwest National Laboratory in Richland,
Washington, USA. However, if it is determined
that the advection and dispersion processes have
been significantly affected by saltwater intrusion
at the coastal boundary, resulting in a variable-
density groundwater velocity flowfield, it may be
necessary to consider using a more complex code
such as PHWAT (Mao et al. 2006), which couples
the wvariable-density transport code SEAWAT
(Guo and Langevin, 2002) and PHREEQC-2
(Parkhurst and Appelo, 1999).

The hydrogeologic setting at the site is
conceptualized and the groundwater model is
constructed based on the conceptual model that
was developed according to the characterization.
Starting values for the groundwater model
parameters is based on the field and laboratory
investigations (Task 2) and the physical and
geochemical characterization of the study area
(Task 3). The three-dimensional distribution of
mobile and residual LNAPLs will be delineated to
define the source area(s) for the plume of BTEX
contaminants dissolved in the groundwater.
The groundwater model is calibrated by
comparing observed and calculated values for
hydraulic heads and plumes for BTEX and other
constituents such as dissolved oxygen, nitrate,
ferrous iron, sulfate and methane. A sensitivity
analysis is conducted to determine the effects
of the uncertainties in aquifer and geochemical
parameters, particularly hydraulic conductivity
and reaction rates, have on concentrations of
BTEX and the other constituents.
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Task 5. Evaluation of Monitored Natural
Attenuation

The determination of whether natural
attenuation is occurring at the aquifer is based
on primary and secondary lines of evidence
established during the investigation (ASTM,
2010). The primary line of evidence, which
is a stable or shrinking plume rather than an
expanding plume, will be the BTEX contour maps
prepared as a result of the groundwater sampling.
Secondary lines of evidence, which include
geochemical data that serve as indicators of
naturally occurring biodegradation and estimates
of natural attenuation rates (Wiedemeier et
al.,1996), is based on electron acceptor/reduction
product concentrations of oxygen, nitrate,
manganese (II), iron (II), sulfate, and methane
measured within the BTEX plume. For example,
depletions in dissolved oxygen, nitrate, and/or
sulfate and increases in dissolved manganese,
iron, and methane in the dissolved plume will
indicate that biodegradation is occurring (Beck
and Mann, 2010). The groundwater modelling
results is used to help decide whether the
monitored natural attenuation process results in
BTEX contaminant levels declining to acceptable
levels within a specified time. If projections of
contaminant levels based on the model results
indicate that this objective cannot be met, then
additional remedial alternatives is recommended
for further investigation. Along with continued
intrinsic remediation, these additional alternatives
would include options such as excavation of
contaminated soils, complete LNAPL recovery,
pumping and treating, bioslurping (vacuum-
enhanced recovery), enhanced bioremediation
(inducing air or oxygen into the unsaturated zone),
air sparging (injecting air into contaminated
groundwater), bioventing, and installation of
reactive barriers.
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CONCLUSION

Coastal regions have high population
density which increase the use of petroleum
products. The uses of petroleum products in these
areas cause the contamination of groundwater
sources and therefore posing a serious health
and environmental problem. To address the
pollution problem, several technologies have
been developed. This paper focused on natural
attenuation process.

Natural attenuation makes use of biological,
chemical or physical processes to mitigate
pollution by transforming organic pollutants
into inorganic substances. Natural attenuation is
energy saving, economical and environmentally
friendly. Natural attenuation of BTEX
compounds involves biodegradation in which
petroleum hydrocarbons are broken down by
microbially-facilitated chemical reactions to
reduce their concentration in groundwater.
Biodegradation involves either aerobic or
anaerobic respiration. In aerobic respiration,
the electron sink or acceptor is molecular
oxygen. When molecular oxygen is lacking or
insufficient, other compounds such as (NO,),
manganese (Mn™), ferric iron (Fe™), sulfate
(SO,?) or carbon dioxide (CO,) act as terminal
electron acceptors and facilitate anaerobic
respiration of BTEX in the prescribed order. In
aerobic respiration, BTEX react with oxygen and
produces water and carbon dioxide only while
in anaerobic respiration, BTEX react with an
electron acceptor (NO, Mn*, Fe™*, SO,? or CO,)
to produce water, carbon dioxide, and a reduced
electron acceptor. Biodegradation of petroleum
hydrocarbons in groundwater sources is
influenced by other factors such as contaminant
concentration and composition, nutrients, pH
value, physical and chemical characteristics,
and the history of the contaminated environment
regarding pollution.

The paper describes the stages to determine
the spatial distribution of petroleum hydrocarbon
contamination and modeling. First stage includes
realistic development of conceptual model of the
site including hydrogeologic characteristics and
contamination history of the site and applied
past or current remedial activites. Second stage
includes field and laboratory investigations to
collect data for field and laboratory analyses
with soil and groundwater sampling techniques
including conventional soil borings, monitoring
well installation, and water quality sampling to
determine nature and extent of the contamination.
Third stage includes physical and geochemical
characterization of the site according to the
result of the field and laboratory investigations.
Site geology and hydrogeology is determined
in detail. Dissolved phase BTEX contaminants
and inorganic and geochemical indicators of
biodegradation are defined. Calculations is made
to investigate processes that affect contaminant
concentrations in groundwater; fuel/water
partitioning calculations is made to account
for the partitioning; groundwater velocity
calculations is made to account for the advective
transport of dissolved contaminants, contaminant
sorption and retardation calculations are made.
Hydrodynamic dispersion is investigated
based on the plumes of BTEX contaminants
and inorganic chemicals and geochemical
indicators of biodegradation. Fourth stage
includes groundwater model. This stage
describes simulation of the monitored natural
attenuation using a solute fate and transport
model. Analytical and numerical models are
used including the transport processes advection,
dispersion, retardation, and biodegradation.
At the last stage monitored natural attenuation
is evaluated. Primary and secondary lines of
evidences are used for the determination of
whether natural attenuation is occurring at the
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aquifer. BTEX contour maps are used for primary
lines of evidence. If the plume is shrinking or
stable, it indicates that biodegradion is occurring.
Geochemical data is used for secondary lines
of evidence. Depletions in dissolved oxygen,
nitrate, sulfate and increases in dissolved
manganese, iron, and methane in the dissolved
plume indicate that biodegradation is occurring.
The groundwater modeling results are used for
whether the BTEX contaminant levels declining
to acceptable levels with natural attenuation. In
other case other remedial techniques should be
considered.
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YAYIN AMACLARI VE KURALLARI, YAYINA KABUL iLKELERi

AMAC

JEOLOJI MUHENDISLIGI DERGISI

e Insan ile Yerkiire arasindaki etkilesimlere iliskin bilgi ve
deneyimleri dogal ¢evreyi de gozeterek daha giivenli ve rahat
bir yasam ortami saglamak amaci ile insanligin hizmetine
sunmay1 hedefleyen Jeoloji Miihendisligi mesleginin, giinliik
yasamdaki yerini ve dnemini daha etkin bir sekilde yansitmak,

eBu alanda wulusal ve uluslararasi gelismeleri Jeoloji
Miihendisleri’nin bilgisine sunmak,

e Konu ile dogrudan veya dolayli etkinliklerde bulunan
biliminsanlari, arastirmacilar, miithendisler ve diger uygulayicilar
arasindaki bilgi ve deneyim paylagimini gliglendirecek ve
hizlandiracak, kolay erisilebilen, genis katilimli bir tartisma
ortami saglamak ve bunlari yayma olanag: yaratmak,

o Tiirkiyenin toplumsal ve ekonomik kalkinmasini yakindan
ilgilendiren jeolojiye iliskin sorunlarin daha etkin bir sekilde
¢oziime kavusturulmas: agisindan biiyik Onem tasiyan
kurumlararast isbirliginin baslatilmasina ve gelistirilmesine
katkida bulunmak,

o Tiirkge’nin Jeoloji Mithendisligi alaninda bilim dili olarak
gelistirilmesini  ve  yabanci  sozciiklerden — arindirilmasini
6zendirmek amaglarina sahiptir.

KAPSAM VE NITELIiK

JEOLOJI MUHENDISLIGI DERGISI, ulusal ve uluslararasi
platformlarda, yerbilimlerinin uygulamaya yonelik alanlarinda
caligmalar yapan herkesin katkisina agiktir. Bu gergevede;

o Insanlarm yasamini etkileyen jeolojik siiregler ile mithendislik
yapilar ve bunlara iligkin sorunlar ve ¢éziimler

o Jeolojik kaynaklarin yonetimi ve ekonomik agidan
degerlendirilmesi

o Dogal ve yapay kirleticiler ve ekosisteme etkileri

o Jeolojik anitlarin korunmasi

e Jeolojik sorunlarin ¢oziimiine katkida bulunan arazi ve
laboratuvar yontemlerinin ve tekniklerinin gelistirilmesi

ile ilgili kuramsal ve uygulamali ¢alismalari kapsayan iiriinler, Yaym
Kurulu'nun degerlendirmesinden gegtikten sonra Jeoloji
Miihendisligi Dergisi’nde yayimlanir.

Jeolojinin uygulama alanlarma iligkin her tiirlii ¢alisma Jeoloji
Miihendisligi Dergisi’nin yaym amaglarma uygundur. Bununla
birlikte, ¢aligmaya konu olan sorunun kullanilan teknik ne olursa
olsun, bilimsel yontemlerle ele alinmast ve jeolojinin uygulama
alanlarma iliskin olmasi aranan temel nitelikler arasindadir.
Calismanin daha once Tirk¢e yayimlanmamis olmasi
gerekmektedir. Jeoloji Miihendisligi Dergisi’'nde, yeni yapisiyla
bes tiir yazi yayimlanacaktir:

1- ELESTIREL iNCELEME (Review Paper):  Editoriin
daveti lizerine veya bilgisi dahilinde hazirlanan, Jeoloji
Miihendisligi’nin herhangi bir alaninda halen kullanilmakta olan
teknik, yontem ve yaklasimlari gilinlimiiz teknolojik
gelismeleri ve kendi deneyimleri 1518inda inceleyen, bu agidan
oneriler gelistiren yazidir. Yazi uzunlugu konuya bagh olarak
degisebilir. Yaym Kurulu incelemesi zorunlulugu yoktur.

2- ARASTIRMA MAKALESI (Research Article): Ozgiin bir
caligmanin sunuldugu yazidir. Kuramsal temel, yeterli miktar
ve nitelikte veriye dayali bulgu ve sonuglarin ayrintilariyla

degerlendirildigi  bolimleri i¢ermelidir.  Yazmmn toplam
uzunlugu 6000 sozcik esdegerini (10 JMD  sayfasi)
asmamalidir. En az iki Yayin Kurulu iyesi tarafindan
incelendikten sonra yayimlanir.

3- TEKNIK NOT (Technical Note): Herhangi bir siireci veya
teknigi, kuramsal temel, yeterli veri ve ayrmtil
degerlendirmeye dayanmadan sunan ve amaci, bu siireci veya
teknikleri kullanabilecek yerbilimcilere duyurmak olan 6zgiin
yazidir. Yazmin uzunlugu 5000 sézciik esdegerini (5 JMD
sayfas1) asmamalidir. En az iki Yayin Kurulu iiyesi tarafindan
incelendikten sonra yayimlanir.

4- ARASTIRMA NOTU (Research  Note): Heniiz
tamamlanmamis, eksik veri ve bulgularla ylizeysel
degerlendirmelere dayali, kendi icinde tutarh, Ozgiin,
deneysel, uygulamali veya kuramsal arastirmalarin
6nsonuglarmim veya bulgularinin sunuldugu yazidir. Amag,
okuyucuya giincel bir konuya iliskin bir ¢aligmanm 6n bulgu
ve sonuglarmi duyurarak konu {izerinde tartisma ortami
yaratmak, konunun gelismesine diger arastirmacilarin
katkilarin1 saglamaktir. Yazi uzunlugu 5000 sozciik esdegerini
(5 JMD sayfas1) asmamalidir. En az iki Yaym Kurulu iiyesi
tarafindan incelendikten sonra yayimlanir.

5- GORUS-YORUM ve YANITLAR (View, Comment and
Reply): Dergide yayimlanan yazilar hakkinda her tirlii goris,
yorum ve bunlara iliskin yanitlar igerir. Editériin uygun
gordiigii uzunlukta yayimlanir.

YAZILARIN DEGERLENDIRILMESi VE
YAYINA KABUL iLKELERI

JEOLOJI MUHENDISLIGI DERGISI Editérliigi'ne 2 _satir

araliginda 12 punto harflerle yazilmis ve 1 niisha halinde *.doc
veya *.docx formatinda hazirlanarak e-posta ile gonderilen
yazilar, oncelikle icerik, sunum, yayim kurallari, vd. yonlerden
Editorliik tarafindan incelenir ve daha sonra degerlendirilmek tizere
en az iki Yayin Kurulu iiyesine ve/veya Kurul disindan segilecek
uzmanlara gonderilir. Yaym Kurulu iiyelerinden gelecek goriisler
dogrultusunda yazinin dogrudan, az veya Onemli olgiide
diizeltilmesi kosuluyla yayimlanmasina veya reddine Editorce
karar verilir ve sonug yazarlara bildirilir.

Yaymm Kurulu iyelerinin birbiriyle g¢elisen goriis bildirmeleri
durumunda, Editor’tin bir karara varabilmesi igin yazi, liglincii bir
Yaymn Kurulu iiyesine veya yazi konusundaki uzmana gonderilir.
Yaymm Kurulu {iiyeleri gerekli goriirlerse yazilar1 diizeltilmis
haliyle tekrar goriip degerlendirebilirler.

Yazarlar, Yayin Kurulu iyelerinin ve Editor’iin yaptig1 elestiri,
6neri ve diizeltmeler arasinda katilmadiklar1 hususlar oldugunda
bunlar ayr bir sayfada gerekgeleriyle birlikte agiklamalidir.

Gonderilen yazilar, JEOLOJI MUHENDISLIGI DERGISI'nde
yayimlansin veya yayimlanmasin yazarlara iade edilmez.

YAZIM DiLi

JEOLOJI MUHENDISLIGI DERGISI'nde yaymn dili olarak
"Tiirkge" ve "Ingilizce" kullamilmaktadir. Derginin oldukga genis bir
yurt digt aboneligi ve siirimii oldugu i¢in, Tiirk¢e makalelerin,
kabulden sonra "Genisletilmis bir Ingilizce Ozeti"nin yazilmasi
gerekmektedir. Dergide; ayrica yazilarin basliklari, 6zetleri ve tim
cizelgeler ile sekillerin agiklamalar1 Tiirkge ve ingilizce olarak iki
dilde birlikte verilmelidir.



YAZIM KURALLARI

JEOLOJI MUHENDISLIGI DERGISI'nde yayimlanmasi_kabul
edilen yazilarin basim Oncesi dizgi islemleri Editorliikge
yazarlara gonderilecek olan "Makale Yazim Formati"na gore
yazarlar tarafindan yapilir. Zaman tasarrufu, ekonomiklik ve
yazilarin son seklinin yazarlar tarafindan da kontrolinii saglamak
acisindan tercih edilen bu yontemde, yazarlar yazilarini baskiya
girecek sekilde bilgisayarda formata uygun bir sekilde dizerler ve
birakilan bosluklara da sekil ve gizelgeleri yerlestirerek (camera-
ready uygulamasina benzer sekilde) basim asamasina getirerek
Editorlige gonderirler.

Metin Boliimii

1- Metin; A4 boyutunda (29.7 x 21 cm) kagitlarin lizerine
bilgisayarda, 1.5 satir aralikla, 10 punto ve Times New
Roman yazi karakteri ile yazilmalidir. Sayfa kenarlarinda
3'er cm bosluk birakilmali ve sayfalar numaralandirilmalidir.

2- Bashk; konuyu en iyi sekilde belirtecek ve 12 kelimeyi
gecmeyecek sekilde kisa segilmeli ve Tiirk¢e bashgin (tamami
biiyiik harflerle ve koyu yazilmis) yanisira, ingilizcesi (italik
ve normal biiyiik harflerle) de yazilmalidir. Eger yazi
ingilizce yazilmig ise, énce Ingilizce sonra Tiirkge baslik
verilmelidir.

3- Oz; yazinin baslangicinda 200 kelimeyi gegmeyecek sekilde
hazirlanmis Oz/Abstract (Tiirkge ve Ingilizce) bulunmalidir.
Bu Dbolim, yaymin diger bdolimlerinden ayri1 olarak
yayimlanabilecek diizende yazilmis, yazinin tiimiinii en kisa,
ancak 0z bigimde yansitir nitelikte (Ozellikle caligmanin
amacini ve sonuglarini yansitarak) olmalidir. Yazi Tirkge
yazilmigsa Abstract’'mn, Ingilizce yazilmugsa Oz'iin bashgi ve
metin kismi italik karakterle yazilmalidir. Ayrica, Oz ve
Abstract boliimlerinin altinda bir satir bosluk birakilarak
Anahtar Kelimeler ve Key Words (en az 2, en ¢ok 6 kelime
alfabetik siraya gore) verilmelidir. Eger yazi Ingilizce
hazirlanmis ise, 6nce Abstract sonra Oz verilmelidir.

4- Yazmm genel olarak asagida belirtilen diizene gore
sunulmasina 6zen gosterilmelidir:

a) Baslik (Tiirkge ve Ingilizce)

b) Yazar ad(lar)1 ve adres(ler)i (yazar adlar1 koyu karakterle
ve soyadlart biiyiik harflerle, adresler normal italik
karakterlerle)

¢) Oz (anahtar kelimeler eklenerek)

d) Abstract (key words eklenerek)

e) Giris (amag, kapsam, ¢alisma yontemleri, vd.)

f) Metin bolimii (yontemler, c¢alisilan malzeme, saha
tanimlamalari, vd.)

g) Tartismalar

h) Sonuglar ve Oneriler

i) Katki belirtme (gerekiyor ise)

j) Kaynaklar

5- Metin i¢inde ana boliim basliklari disinda en fazla tig alt baslik
olusturulmali ve basliklara numara verilmemelidir. Bunlarin
yazim sekli asagidaki gibi olmalidir:
oz
ABSTRACT
GIRiS
ANA BASLIK

Birinci Derece Alt Bashk
ikinci derece alt bashk
Uciincii derece alt baslik
TARTISMALAR
SONUCLAR VE ONERILER
KATKI BELIRTME
KAYNAKLAR

6- Metrik sistem veya SI birimleri (kPa, kN/m® vb.) kullanilmalidur.

7- Gerek metin ig¢inde ve cizelgelerde, gerekse sekillerde

rakamlarin ondalik boliimlerinin ayrilmasi i¢in nokta kullanilmalidir

(3.1 gibi).

Kaynaklar
a) Metin i¢inde kaynaklara deginme yapilirken asagidaki
orneklerde oldugu gibi, bibliyografya arastirict soyad: ve tarih
sirastyla verilir.
....Ford (1986) tarafindan.....
....baz1 arastirmacilar (Williams, 1987; Gunn, 1990; Sarag ve
Tarcan, 1995)

b) Birden fazla sayida yazarli yaymlara metin i¢inde deginilirken
ilk soyadi belirtilmeli, diger yazarlar i¢in vd. Ibaresi
kullanilmahdur.

....Doyuran vd. (1995)....
....Smart vd.(1971)....

¢) Ulasilamayan bir yayma metin i¢inde deginme yapilirken bu

kaynakla birlikte alintinin yapildig: kaynak da asagidaki
sekilde belirtilmelidir. Ancak Kaynaklar Dizininde sadece
alintinin yapildig: kaynak belirtilmelidir.

....Dreybrodt(1981; Schuster and White, 1971)....

d) Kisisel goriismelere metin i¢inde soyadi ve tarih belirtilerek
deginilmeli, ayrica “Kaynaklar Dizini’nde de yer
verilmelidir. (Soyadi, Ad1, Tarih. Kisisel gorisme. Goriisiilen
kisinin/kigilerin adres(ler)i)

e) Kaynaklar, yazar soyadlar1 esas alinarak alfabetik sirayla
verilmeli ve metin i¢inde deginilen tiim kaynaklar, “Kaynaklar
Dizini”’nde eksiksiz olarak belirtilmelidir. Kaynaklarin
yazilmasinda asagidaki Orneklerde belirtilen diizen esas
alinmalidir:

Siireli yayinlar ve bildiriler

Yarbasi, N., Kalkan, E., 2009. Geotechnical mapping for alluvial
fan deposits controlled by active faults: a case study in the
Erzurum, NE Turkey. Environmental Geology, 58 (4), 701-
714.

[Yazar ad(lar);, Tarih. Makalenin Bashgi Sireli Yaymm Adi
(kisaltilmamus), Cilt No. (Say1 No.), Sayfa No.]

Altindag, R., Sengiin, N., Giiney, A., Mutlutiirk, M., Karagiizel,
R., Onargan, T., 2006. The integrity loss of
physicomechanical properties of building stones when
subjected to recurrent cycles of freeze-thaw (F-T) process.
Fracture and Failure of Natural Building Stones-
Applications in the Restoration of Ancient Monuments
(Editors: Stavros and Kourkoulis), 363-372.

[Yazar ad(lar)i, Tarih. Bildirinin Basligi. Sempozyum veya
Kongrenin Adi, Editorler), Basimevi, Cilt No. (birden fazla
ciltten olusuyorsa), Diizenlendigi Yerin Adi, Sayfa No.]

Kitaplar

Palmer, C.M., 1996. Principles of Contaminant Hydrogeology (.
Edition). Lewis Publishers, New York, 235 p.

Ketin, 1., Canitez, N., 1972. Yapisal Jeoloji. ITU Matbaas,
Gilimiissuyu, Say1:869,520 s.

ond

[Yazar ad(lar)i, Tarih. Kitabm Adi (ilk harfleri biiyiik). Yaymevi,
Basildig1 Sehrin Adi, Sayfa Sayisi.]

Raporlar ve Tezler

Demirok, Y., 1978. Mugla-Yatagan linyit sahalar1 jeoloji ve rezerv
6n raporu. MTA Derleme No:6234, 17 s
(yayimlanmamus).

Akin, M., 2008. Eskipazar (Karabiik) travertenlerinin bozunmasmin
aragtirlmasi. Ankara Universitesi Fen Bilimleri Enstitiisii,
Ankara, Doktora Tezi, 263 s (yayimlanmamus).

[Yazar ad(lar)i, Tarih. Raporun veya Tezin Bashgi. Kurulusun veya
Universitenin  Adi, Arsiv No. (varsa), Sayfa Sayist
(yayimlanip, yayimlanmadig)]

NOT: Tum kaynaklarda ilk satirdan sonraki satirlar 0.7 cm igeriden
baslanarak yazilmalidir.

Egitlikler ve Formiiller

a)  Esitlikler elle yazilmamali ve bilgisayardan yararlanilmalidir.
Esitliklerde, yaygin olarak kullanilan uluslararasi simgelere yer
verilmesine 6zen gosterilmelidir.

b)  Her esitlige sirayla numara verilmeli, numaralar parantez i¢inde
esitligin hizasinda ve sayfanin sag kenarmda belirtilmelidir.

¢)  Esitliklerde kullanilabilecek alt ve st indisler belirgin sekilde
ve daha kiigiik karakterlerle yazilmalidir (Iy, x* gibi).

d) Esitliklerdeki sembollerin agiklamalart esitligin  hemen
altindaki ilk paragrafta verilmelidir.

e)  Karekok isareti yerine parantezle birlikte iist indis olarak 0.5
kullantmalidir (Gepss— 0 ** gibi).



f) Bolme isareti olarak yatay ¢izgi yerine "/" simgesi
kullanilmalidir. Carpma isareti olarak genellikle herhangi bir
isaret kullanilmamali, ancak zorunlu hallerde "*" igareti tercih
edilmelidir (y=5 * 107 gibi).

g)  Kimyasal formiillerde iyonlarm gdsterilmesi amactyla Ca™ veya
O gibi ifadeler yerine Ca™ ve CO5” kullaniimalidir).

h)  izotop numaralar, “"*O” seklinde verilmelidir.

Cizelgeler

a)  Yazarlar, derginin boyutlarim1 dikkate alarak, ¢izelgeleri
siirlamali ve gerekiyorsa metinde kullanilana oranla daha
kiigiik karakterlerle yazmalidir. Bu amacla ¢izelgeler tek
stituna (7.5 cm) veya ¢ift siituna (16 cm)
yerlestirilebilecek sekilde hazirlanmalidir. Tam sayfaya
yerlestirilmesi zorunlu olan biiyiik ¢izelgelerin en fazla (16 x
21) cm boyutlarinda olmasi gerekir. Bu boyutlardan daha
biiyiik ve katlanacak ¢izelgeler kabul edilmez.

b) Cizelgelerin hemen altinda gerekli durumlarda aciklayici dip
notlara veya kisaltmalara iliskin agiklamalara yer verilmelidir.

¢) Cizelgelerin baglklari, kisa ve 6z olarak se¢ilmeli, hem Tiirkge
(normal karakterle ve ilk harfi biiyiik digerleri kiigiik harfle)
hem de ingilizce (ilk harfi biiyiik digerleri kiigiik italik harflerle)
"Cizelgeler Dizini" bashg: altinda ayr bir sayfaya yazilmalidir.
Ingilizce olarak hazirlanmis yazilarda énce Ingilizce sonra
Tiirkge ¢izelge basligr verilmelidir.

d) Cizelgelerde kolonsal ayrimi gosteren diisey cizgiler yer
almamali, sadece ¢izelgenin iist ve alt sinirlari ve gerek goriilen
diger boliimleri i¢in yatay ¢izgiler kullanilmalidir.

e) Her cizelge, sirali olarak ayri bir sayfada olmali ve ¢izelge
bagliklar1 ¢izelgenin iizerine yazilmalidir.

Sekiller (Cizim, fotograf ve levhalar)

a)  Sekiller, uygun bir bilgisayar yazilim kullanilarak
hazirlanmali, degerlendirmeyi kolaylastiracak  bigimde
yiksek kalitede, metin sonunda verilmelidir. Ancak bu
durum, elektronik dosya boyutunu fazla biiylitmemelidir.

b) Tim c¢izim ve fotograflar sekil olarak degerlendirilip
numaralandirilmalidir. Sekil alti yazilari "Sekiller Dizini"
bashig altinda hem Tiirkge (normal karakterle ve ilk harfi biiyiik
digerleri kiigiik harflerle) hem de Ingilizce (ilk harfi biiyiik
digerleri kiigiik Italik harflerle) ayri bir sayfada verilmelidir.
Yazi Ingilizce olarak hazirlanmigsa, sekil alti yazilari
once Ingilizce sonra Tiirkge verilmelidir.

¢) Her sekil, ayr bir sayfada yer alacak bi¢cimde siraya dizilerek
“Sekiller Dizini” sayfasiyla birlikte cizelgelerden sonra
sunulmalidir.

d)  Sekiller, ya tek siituna (7.5 cm), ya da ¢ift siituna (en fazla 16
cm) yerlestirilebilecek boyutta hazirlanmalidir. Tam sayfaya
yerlestirilmesi zorunlulugu olan biiyiik sekillerin, sekil alti
aciklamalarina da yer kalacak bigimde, en fazla (16 x 21
cm) boyutlarinda olmas: gerekir. Belirtilen bu boyutlardan
daha biiyiik ve katlanacak boyuttaki sekiller kabul edilmez.

e) Harita, kesit ve planlarda sayisal 6lgek yerine ¢ubuk (bar)
tiirii 6lgek kullanilmalhidir.

f)  Sekiller yukarida belirtilen boyutlarda hazirlanirken, sekil
itizerindeki aciklamalarin (karakterlerin) okunabilir boyutlarda
olmasina 6zen gosterilmelidir.

g) Fotograflar, sekiller icin yukarida belirtilen boyutlarda
basilmis olmalidir. Fotograflarin iizerinde gosterilecek olan
simgeler okunakli olmahdir. Ozellikle koyu tonlarm egemen
oldugu bolgelerde simgelerin beyaz renk ile gosterilmesi
tavsiye edilir. Yaygin olarak kullanilan uluslararasi
simgelerin kullanilmasina 6zen gosterilmelidir.

Ek A¢iklamalar ve Dipnotlar

a) Ana metnin ig¢ine alindiginda okuyucunun dikkatinin
dagilmasma yol agabilecek, hatirlatma niteligindeki
bilgiler, yazinin sonundaki "Ek Agciklamalar" bashigi altina
konulabilir ~ (Istatistik ~ bilgilerin ~ verilisinde, ~formiillerin
¢ikariminin  gdsterilmesinde,  bilgisayar  programlarinin
verilmesinde, vb. konularda bu yol izlenebilir).

b) Dipnotlar, yerlestirme ve yazilma agisindan giigliiklere neden
oldugundan, ¢ok gerekli durumlar diginda kullanilmamalidir.
Eger dipnot kullanilirsa, yildiz (*) isareti ile gosterilmeli ve
miimkiin oldugunca kisa tutulmalidir. Dipnotta eger deginme
yapilirsa bibliyografik

bilgiler dipnotta degil, “Kaynaklar Dizini’nde verilmelidir.

YAZILARIN GONDERILMESI

JEOLOJI MUHENDISLIGI DERGISI'nin “Yaymn Amaglari ve
Kurallar;, Yayma Kabul ilkeleri’nde belirtilen ilkelere uygun
olarak elektronik ortamda hazirlanmis yazilar, e-posta ile
gonderilmelidir.

E-posta adresi: topal@metu.edu.tr

JEOLOJi MUHENDISLiIGI DERGISI EDITORLUGU
TMMOB Jeoloji Miihendisleri Odasi

Hatay Sokak No: 21 Kocatepe/Ankara

Tel :(312)4323085/(312) 43436 01
Faks  :(312)4342388
E-posta :topal@metu.edu.tr

AYRI BASKILAR

Dergide yayimlanmasi kabul edilen yazilarm ayri baskisindan on
adet yazarina veya birden fazla yazarli yazilarda yayim igin
bagvuruyu yapan yazara olanaklar cergevesinde ticretsiz olarak
gonderilir. Ondan fazla ayri baski talebinde bulunulmasi halinde,
Jeoloji Mithendisleri Odast Yonetim Kurulu tarafindan belirlenen
ticret, her ayri baski i¢in yazarlar tarafindan 6denir.
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