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c

: Cohesion

ϕ

: Angle of internal friction

Cu

: Undrained shear strength

γ

: Unit weight of soil

γ′

: Effective unit weight of soil

E

: Elasticity or Young’s modulus

γdry, γsat

: Dry and

K, Ky

: Coefficient of horizontal effective stress

R

: Radius of the tunnel,

D
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Dexc
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: Effective earth force

Gs

: Overburden weight on wedge

Gw

: Effective weight of the wedge
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: Tunnel axis depth from surface
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: Elevation of water table

hw
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: Piezometric head
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: Leca and Dormieux (1990) load factors

P

: Unsupported face length

P0

: Pore water pressure at rest
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: Surcharge load

d10

: Characteristic size of the soil

σT
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σv

: Vertical pressure
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: Horizontal pressure
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PARAMETRIC STUDIES ON PREDICTION METHODS OF FACE
SUPPORT PRESSURE AND SURFACE SETTLEMENT FOR SOFT
GROUND TUNNELING WITH EPB TBMs
SUMMARY
Throughout history, tunnelling has been done for war, mining, transportation and
various other purposes. Nowadays due to the rapid growth of technology and industry,
the population is increasing rapidly especially in cities where have limited space. In
recent years there has been a big necessity for new infrastructure systems in urban
areas because of rapid increase of population. Highway tunnels, metro tunnels, water
tunnels are the most common infrastructure system types in tunnelling application
areas. The number of tunnels excavated for transportation purpose has been increasing
rapidly in urban areas all around the world. Tunneling demand in urban also requires
high-quality work in limited space at limited times.
The methods of underground excavations have changed with the development of
technology. By using developed Tunnel Boring Machines (TBMs) which enable full
face excavation, it is possible to make faster and quieter excavations with lower
vibration compared to the traditional methods. In this way, tunneling induced surface
settlement is minimized. One of the most important problems in urban tunnelling is
the displacements occurring in the surrounding buildings (surface) due to the
excavation. For this reason, most of the urban tunneling is performed with soft ground
TBMs. Since most of the tunnels are shallow in urban areas and soil is mostly poor
quality, effects of underground excavation may reach to surface easily. Especially in
this type of soil, applying correct face pressure is one of the most significant factors in
excavations carried out with soft ground TBMs. Therefore, it is very important to
determine the face support pressure to be applied, and estimate the surface settlement
amount accordingly for safety of tunnel and not to damage the structures on surface.
There are empirical, analytical and numerical methods to predict both face support
pressure and surface settlements in feasibility stage of a tunnel project. These empirical
and analytical methods have some restrictions, and their applicability may vary
depending on excavation methods, soil properties, tunnel diameters and overburden
height. In such cases, the numerical methods having less restrictions are more
appropriate, since more input parameters are enabled in numerical methods. In
particular, finite difference and finite element methods are among the most widely
used numerical methods in recent years. It is stated in many studies that the numerical
analysis give more realistic results compared to analytical and empirical methods.
The aim of this thesis study is to investigate the methods developed for predicting both
face support pressure and surface settlement with parametric studies. Methods used to
calculate face support pressure in this study are: (i) empirical methods based on
empirical formulas, mostly derived from limited previous tunnel case studies and field
observation and measurements (Broms and Bennemark, 1967; Davis et al. 1980;
Kimura and Mair, 1981), (ii) analytical (theoretical and/or semi-theoretical) methods
xxiii

(Atkinson and Potts, 1977; Krause, 1987; Leca and Dormieux, 1990; Jancsecz and
Steiner, 1994; ITA 2000; Carranza-Torres, 2004) and (iii) numerical methods (finite
element method, RS2 software). Methods used to calculate maximum undrained
surface settlement in this study are: (i) empirical methods (Arıoğlu & Schmidt (after
Çopur et al. 2007); Herzog (after Schmidt, 1985), (ii) analytical (theoretical and/or
semi-theoretical) methods (Limanov, 1957) and (iii) numerical methods (finite
element method, RS2 software). The results obtained from these empirical, analytical
and numerical methods are compared. At the same time, it is examined that how
sensitive these methods are to the change of parameters within themselves. The results
obtained are intended to guide future studies.
Numerical models used in this study are created by RS2 two dimensional software
using Finite Element Method (FEM). There are two types of analysis in RS2 which
are axisymmetrical and plain strain analysis. An axisymmetric analysis allows that
analyze a 3-dimensional model which is rotationally symmetric about an axis.
Although the input is 2-dimensional, the analysis results apply to the 3-dimensional
problem. While axisymmetric analysis is used to predict face support pressure, plane
strain analysis is used to predict surface settlement in this study.
The reference model and variables to be used in parametric studies are first determined.
Some of the methods proposed to determine face support pressure are valid for
cohesive soils while some methods are valid for granular soils. For this reason,
geotechnical properties of reference models are assumed by taking the literature into
consideration. Two different soil models such as granular and cohesive are created for
face support pressure analyzes. Within the scope of this study, investigated soil
parameters are internal friction angle, cohesion, unit weight, Young’s modulus and
Poisson’s ratio. Tunnel diameter, tunnel depth (overburden) parameters, and thus the
ratio of depth to diameter, are technical parameters used in the study.
Another reference model is created to use in parametric studies on surface settlements.
Same soil parameters such as internal friction angle, cohesion, unit weight, Young’s
modulus and Poisson’s ratio and technical parameters which are tunnel diameter and
tunnel depth are investigated on parametric studies to calculate maximum undrained
surface settlement in this study.
In all parametric studies, variables are changed in their value ranges and results are
obtained for each approach. The results obtained are firstly evaluated within
themselves, and then these results are compared with similar studies in the literature.
A number of methods which include parameters mentioned above have been
developed for both face support pressure and surface settlements so far. In this study,
only some of these are investigated in parametric studies.
Main results of the study can be summarized as below:


It is not possible to apply some empirical and analytical methods to every
project and it is necessary to pay attention to sensitivity of parameters within
the used methods.



The method of Broms & Bennemark (1967) includes a number of parameters
but it is very important to determine the cohesion value correctly in this
method.



Using the ITA (2000) method in cohesive soils may be misleading.
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Krause (1987) and Carranza-Torres (2004) methods do not contain tunnel
depth parameter while this is the most influential parameter in other methods.
Therefore, there is a concern about the reliability of these methods.



Result of parametric studies belong to Krause (1987) give the lowest results in
analysis of cohesive soil. Obtained values of face support pressure for granular
soil calculations from method of Leca & Dormieux (1990) are compatible with
method of Jancsecz & Steiner (1994). Results of these two methods have the
lowest values in calculations for granular soil.



Herzog (1985) method used for estimation of maximum surface settlement
gives higher results compared to the other methods.



Information of only increasing or decreasing C/D ratio is not sufficient for
making an inference to determine its effect on surface settlement or face
support pressure. The result may vary depending on which parameter changes.
Tunnel depth, internal friction angle and cohesion of soil are the most
important parameters in calculating face support pressure considering all
methods examined in this study. On the other hand tunnel depth and tunnel
diameter are the most effective parameters for analytical and empirical
methods to determine maximum surface settlement.





Especially using of sensitive parameters incorrectly in estimations may cause
results to be far from the actual field values.

It should be emphasized that these parametric studies are performed with parameters
assumed. In particular, the sensitivity of the methods to the varying parameters are
directly related to the accepted range of the variables. There are other parameters such
as surface surcharges, underground water condition, having different geological layers
that are not investigated in this study. It should be noted that different results can be
obtained by taking these parameters into account.
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ZAYIF ZEMİN KOŞULLARINDA EPB-TBM İLE KAZILAN TÜNELLERDE
AYNA BASINCI VE YÜZEY OTURMASI TAHMİNİ İÇİN PARAMETRİK
ÇALIŞMALAR
ÖZET
Tarih boyunca madencilik, ulaşım, savaş gibi bir çok farklı amaçlarla tünelcilik
faaliyetleri sürdürülmüştür. Günümüzde özellikle teknoloji ve sanayinin hızla
büyümesi ile şehirlerdeki nüfus artmaktadır. Şehirlerdeki artan nüfus dikkate
alındığında, bazı faaliyetlerin olabildiğince yer altına taşınması önemli hale gelmiştir.
Karayolu tünelleri, metro tünelleri ve su tünelleri son yıllarda en fazla ihtiyaç duyulan
altyapı sistemleridir. Ülkemizde olduğu gibi tüm dünyada da özellikle şehir içlerinde
ulaşım amaçlı açılan tünellerin sayısının hızla arttığı görülmektedir.
Teknolojinin gelişmesi ile birlikte yer altı kazılarına ait yöntemler de değişiklik
göstermiştir. Geliştirilen tam cepheli tünel açma makineleri ile geleneksel yöntemlere
kıyasla daha hızlı, daha sessiz ve daha az titreşimli kazılar yapmak mümkün olmuştur.
Bu yöntemle açılan tünellerde tünel kazısı ile yeryüzü arasındaki etki de minimize
edilmeye çalışılmaktadır. Boş bir arazinin altında sürdürülecek olan tünelcilik
faaliyetlerinde, yüzeyde meydana gelen hareketler tolere edilebilir olsa da, özellikle
şehiriçi tünelciliğinde, yüzeyde yapıların bulunduğu durumlarda tünelcilikten kaynaklı
yüzey deformasyonlarının kontrol altına alınması çok önem kazanmıştır. Bu nedenle
şehiriçi tünelciliğinin çok büyük bir kısmı tam cepheli tünel açma makinaları ile
sağlanmaktadır. Şehir içinde tüneller genellikle düşük örtü kalınlığında ve zayıf
jeomekanik özelliklere sahip ortamlarda açılmaktadırlar. Bu tür kazılarda zemin kolay
deforme olabilmektedir. Özellikle böyle ortamlarda, yumuşak zeminler için
geliştirilen tam cepheli tünel açma makineleri ile gerçekleştirilen kazılardaki en önemli
faktörlerden biri, arazi ve yeraltı suyu basınçlarını dengelemek amacıyla doğru ayna
basıncı uygulamaktır. Bu nedenle uygulanması gereken ayna basıncını belirlemek ve
buna bağlı olarak gerçekleşmesi muhtemelen arazi hareketlerinin önceden tahmini
yüzeydeki yapılara zarar vermemek ve tünel güvenliği açısından çok önemlidir.
Bu tez çalışmasının amacı hem ayna basıncı hem de yeryüzü oturmalarının tahmini
için parametrik çalışmalar yapıp, ampirik, analitik ve sayısal yöntemlerden elde edilen
sonuçları kıyaslamak ve bu yöntemlerin kendi içerisinde hangi parametreye ne kadar
duyarlı olduğunu saptayıp, ileriki çalışmalara rehberlik etmesini sağlamaktır. Ayna
destek basıncı tahmini için yapılan parametrik çalışmalarda: (i) ampirik yöntemler
(Broms ve Bennemark, 1967; Davis ve diğ. 1980; Kimura ve Mair, 1981), (ii) analitik
(teorik ve/veya yarı-teorik) yöntemler (Atkinson ve Potts, 1977; Krause, 1987; Leca
ve Dormieux, 1990; Jancsecz ve Steiner, 1994; ITA 2000; Carranza-Torres, 2004) ve
(iii) sayısal yöntemler (sonlu elemanlar yöntemi, RS2 yazılımı) kullanılmıştır. Kısa
dönem (drenajsız) maksimum yüzey oturması tahmini için ise: (i) ampirik yöntemler
(Arıoğlu & Schmidt (Çopur ve diğ. 2007 sonrası); Herzog (Schmidt, 1985 sonrası),
(ii) analitik (teorik ve/veya yarı-teorik) yöntemler (Limanov, 1957) ve (iii) sayısal
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yöntemler (sonlu elemanlar yöntemi, RS2 yazılımı) kullanılmıştır. Hesaplamalar kuru
zemin koşulları için yapılmıştır.
Tünellerde ayna basıncı ve yeryüzü oturmalarının belirlenebilmesi için geliştirilen
ampirik ve analitik yöntemler kendi içlerinde bazı kısıtlamalara sahiptir ve
uygulanılabilirlikleri farklı kazı yöntemlerine, farklı zemin özelliklerine, farklı tünel
çaplarına ve farklı örtü kalınlıklarına göre değişiklik gösterebilmektedir. Bu gibi
durumlarda daha çok girdinin mümkün kılındığı ve daha az kısıtlama barındıran
sayısal yöntemler daha uygun görülmektedir. Özellikle son yıllarda en çok kullanılan
sayısal yöntemlerin başında sonlu farklar ve sonlu elemanlar yöntemi gelmektedir.
Yapılan bir çok araştırma göstermiştir ki, analitik ve ampirik yöntemlere kıyasla,
sayısal yöntemler ile yapılan analizler gerçeğe daha yakın sonuçlar vermektedir. Bu
çalışma kapsamında sayısal yöntem olarak RS2 yazılımı kullanılmıştır. Sonlu
elemanlar yöntemi ile çözümleme yapan bu yazılım, 2 boyutlu analizler
gerçekleştirmektedir. Eksenel simetri ve düzlemsel gerinim olmak üzere 2 farklı analiz
tipi olan bu yazılımda, ayna basıncı hesaplamaları eksenel simetri, yeryüzü oturmaları
hesaplamaları ise düzlemsel gerinim analizleri ile gerçekleştirilmiştir.
Öncellikle referans değerler ve değişkenler belirlenerek, parametrik çalışmalar bu
değerler ile yapılmıştır. Ayna basıncını belirlemek için önerilen yöntemlerin bazıları
kohezif (ağırlıklı olarak kil ve silt içeren zeminler), bazı yöntemlerin ise taneli
zeminler (ağırlıklı olarak kum ve çakıl içeren zeminler) için önerilmektedir. Bu
nedenle ayna basıncı hesaplamalarına ilişkin kohezif ve taneli olmak üzere 2 farklı
model için lüteratür verileri gözetilerek, yöntemlerin kısıtlamalarına da dikkat ederek
referans değerler kabülünde bulunulmuştur. Bu çalışma kapsamında ayna destek
basıncı ve yüyeryüzü oturma miktarı hesaplamalarına etkisinin inceleneceği
parametreler olarak; Zemin parametreleri olarak içsel sürtünme açısı, kohezyon, birim
hacim ağırlık, Young modülü ve Poisson oranı seçilmiştir; teknik-geometrik parameter
olarak ise tünel çapı ve tünel derinliği, dolayısı ile derinlik/çap oranı dikkate alınmıştır.
Literatürdan yararlanılarak her bir parametre için değişken değerler belirlenmiş ve
değişkenliğin sonuçlara nasıl etki ettiği incelenmiştir. Yine aynı şekilde yeryüzü
oturmalarına ilişkin parametrik çalışmalarda kullanılması için başka bir referans model
belirlenmiştir ve bu değişkenler de, farklı değer aralıklarında değiştirilip, her bir
yaklaşım için kısa dönem (drenajsız) yeryüzü oturması hesabı yapılmıştır. Elde edilen
sonuçlar öncelikle kendi içerisinde değerlendirilip, ardından literatürde yapılmış
benzer çalışmalardan elde edilen sonuçlarla karşılaştırılmıştır.
Yukarıda belirtilmiş olan parametreleri kullanarak günümüze kadar bir çok araştırma
yapılmış ve hem ayna basıncı hem de yeryüzü oturmaları için yöntemler
geliştirilmiştir. Bu çalışmada bunlardan sadece bazıları parametrik çalışmalara dahil
edilmiştir. Çalışmaya dahil edilen zemin özellikleri ve irdelenen değişken aralıkları
dikkate alınarak ampirik, analitik ve sayısal yöntemler ile analizler gerçekleştirilmiş,
elde edilen sonuçlar aşağıda özetlenmiştir.



Kohezif zeminler için yapılan ayna basıncı hesaplamalarında Broms &
Bennemark (1967) yönteminin diğer yöntemlere kıyasla genellikle daha
yüksek sonuçlar verdiği görülmüştür.
Taneli zeminlerde gerçekleştirilen analizlerde Leca & Dormieux (1990) ve
Jancsecz & Steiner (1994) yöntemleri kullanılarak elde edilen sonuçların
birbirleri ile oldukça uyumlu olduğu ve diğer yöntemlere kıyasla daha düşük
sonuçlar verdği görülmüştür.
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Taneli zemin özellikteki model parametreleri kullanılarak yapılan analizlerde,
içsel sürtünme açısının, tünel çapının ve birim hacim ağırlığının değişiminin
incelendiği çalışmalarda Atkinson & Potts (1977), Jancsecz & Steiner (1994),
Leca & Dormieux (1990) ve Carranza-Torres (2004) yöntemlerinden elde
edilen ayna basıncı değerleri benzer oranda değişmektedir.
Kohezif ve taneli zeminler için gerçekleştirilen ayna basıncı analizlerinde, ITA
(2000) ve sayısal yöntem kullanılarak elde edilen sonuçların oldukça uyumlu
olduğu görülmüştür, ancak kohezif zeminlerde ITA yönteminin kullanılması
yanıltıcı (gerçekleşen değerlere göre çok yüksek) sonuçlar verebilmektedir.
Ayna basıncı hesaplamalarında ITA (2000) yönteminde kemerlenme zonu
etkisi önemli ölçüde katkı sağlamaktadır.
Yeryüzü oturması tahminleri için yapılan analizlerde Herzog (1985) yöntemi
diğer yöntemlerden oldukça yüksek sonuçlar vermektedir.
Limanov (1957) yöntemi ve sayısal yöntem kullanılarak yapılan yeryüzü
oturması hesaplarında elde edilen sonuçların birbirine yakın olduğu
görülmüştür.
Yeryüzü oturması tahmini için yapılan analizlerde değiştirilen parametrelerin
Arıoğlu & Schmidt (Çopur ve diğ. 2007 sonrası) yöntemine ve sayısal yönteme
etkileri benzerdir. Arıoğlu & Schmidt (Çopur ve diğ. 2007 sonrası) yönteminin
sürşarj yükü, ayna basıncı gibi parametreleri de içermesi, bu yöntemi güvenilir
kılmaktadır.
Örtü tabakasaı kalınlığı/tünel çapı (C/D) oranın değişmesi hem ayna basıncını
hem de yüzey oturmalarını etkilemektedir. Ancak tünel çapının (D)
artmasından kaynaklı C/D oranının azalması yeryüzü oturmalarını ve ayna
basıncını arttırırken, örtü kalınlığının artmasından (C) kaynaklı C/D oranının
artması da yine hem yüzey oturmalarını hem de ayna basıncını arttırmaktadır.
Bu nedenle tek başına C/D oranının artıp azalmasına bakılarak ön görüde
bulunmak doğru olmayacaktır.

Kullanılan yöntemlerden elde edilen sonuçların karşılaştırılması ile birlikte bu
yöntemlerin hangi parametrelere karşı ne kadar hassas olduğu da incelenmiştir. Ayna
basıncı hesaplamalarında tünel derinliği, içsel sürtünme açısı ve kohezyon değerlerinin
sonucu en çok etkileyen parametreler olduğu görülmüştür. Diğer yandan ise, ampirik
ve analitik yöntemlerde, yüzey oturmalarını etkileyen faktörlerin başında tünel
derinliği ve tünel çapının geldiği sonucuna varılmıştır. Nümerik yöntem kullanılarak
yeryüzü oturması hesaplandığında ise içsel sürtünme açısı, tünel çapı ve birim hacim
ağırlık en etkili parametrelerdir ve etki oranları birbirlerine yakındır.
Bu parametrik çalışmaların değerlendirilmesi bazı kabüller üzerinden yapılmıştır ve
özellikle incelenen parametrelerin, yöntem için ne kadar hassas olduğu bulgusu, yine
değişkenler için kabul edilen değer aralıkları ile doğrudan etkilidir. İncelenen bu
parametrelerin dışında, yeraltı suyu varlığı, sürşarj yükü, ve zeminin farklı jeolojik
birimler içermesi de hem ayna basıncını hem de yeryüzü oturmasını etkileyen önemli
faktörlerdir. Bu faktörlerin de sisteme dahil edilmesi ile yapılacak yeni çalışmalarda,
elde edilen bu sonuçlar farklılık gösterebilir.
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1. INTRODUCTION
Throughout history, tunnelling has been done for war, mining, transportation and
various other purposes. While the tunnelling was sometimes a way to overcome the
obstacles of nature, sometimes it was a method of carrying the facilities to
underground. Tunnel applications have a wide range. In the past, tunnels are excavated
for water, sewage, drainage, military, material storage, transportation, worship, as well
as hiding and protection. Today, the transportation is one of the areas where tunnelling
is used mostly. The fact that both the expropriation costs are too high and the planners
do not prefer rail transport systems that go above ground in the urban increase the
demand for the construction of underground structures for transportation purposes.
Tunnel application is required in transportation systems for many reasons. Especially
in recent years there has been a big necessity for new infrastructure systems in urban
areas because of rapid increase of population. Highway tunnels, metro tunnels, water
tunnels are the most common infrastructure system types in tunnelling application
areas.
Tunneling demand in urban also requires high-quality work in limited space at limited
times. Moreover, during the design of tunnels, the designers are faced with serious
restrictions on critical issues such as construction safety and surface settlement in the
urban areas. One of the most important problems in urban tunnelling is the
displacements occurring in the surrounding buildings (surface) due to excavation. A
secure support system should provide the stability of the excavation face and walls,
regardless of the tunnelling method, and therefore ensure the safety of people and
equipment that work against collapse that may occur during tunnelling. Not only
tunnel excavation, but also all underground constructions might cause serious damages
to surface and existing structures on the surface.
The highest dangerous risks to be considered in all tunnelling methods applied in urban
areas are the tunnel face instability and potential surface settlement in parallel. Since,
most of the tunnels are projected as having low overburden (shallow tunnel) in urban
areas and soil in these depths is mostly poor quality, effects of underground excavation
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may easily reach to the surface. These types of soils are generally soft, plastic and
under the underground water table. Figure 1.1 shows the importance of tunnel face
stability and prediction of surface settlement in urban areas.

Figure 1.1: Surface damages in urban areas caused by tunnel excavations.
During tunnel excavation, it is necessary to forecast the effect of the underground
openings to buildings and structures in urbans regardless of which method to use for
excavation. Many different tunnelling methods are applied depending on the purpose
of tunnel, the difference of soil/rock properties or the length and the geometrical
properties of the tunnel. Tunnelling with TBMs is the most common method in urban
areas especially for metro line excavations. TBMs are classified mainly in two groups
such as “open TBMs” and “shielded TBMs”. While open TBMs are suitable in rock
masses, shielded TBMs are designed for ground having worse geological conditions.
Shielded TBMs includes two types which are hard rock shields including single and
double shield TBMs and soft ground TBMs including mainly Earth Pressure Balance
(EPB) TBMs and Slurry Pressure Balance (SPB) TBMs. EPB and SPB TBMs differ
principally in the method of stabilizing the excavated face. The face pressure control
is simpler with EPB TBMs, it is more elaborate for SPB TBMs (Çopur & Balcı 2015).
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In order for the project to be successful, it is not only necessary that the construction
is suitable, but also to minimize its effects on the environment and to keep them under
control during construction. It is imperative that the surface settlements, that would
occur during the construction phase and service life of the tunnels to be excavated in
urban areas having intense structures, should remain within the limits that would not
damage the structures. In order to predict surface settlement and required face support
pressure, there are a lot of effective geotechnical and geometrical parameters that
should be considered. These approaches for estimation do not give results on precise
values, but many research studies are carried out to reach the most accurate result.
Several methods such as numerical, empirical and analytical (theoretical and/or semitheoretical) methods are found in literature to investigate the effects of these
parameters on surface settlement and required face support pressure. In the modern
tunnelling concept, the features to be used for design can be created more digitally as
a result of the advancement of computer technology and software developed such as
such as finite element and finite difference analysis. There are a number of limitations
in the solutions to be made with the help of computers due to the complexity of the
mechanism and the high number of influencing parameters. Sometimes application of
various empirical methods is more practical and economical in the light of correct
geotechnical parameters. For this reason, field observation should be done clearly and
geotechnical parameters must be determined carefully and accurately. On the other
hand, fast and practical results can be obtained in many of the models created with
finite elements. Since the number of parameters used in empirical or theoretical
methods are limited, the effects of these parameters on the methods should be
established clearly.
1.1 Objective and Scope of Thesis
The basic aim of this study is to give a point of view to the face support pressure and
surface settlements in terms of metro tunnelling with EPB TBMs. There are many
researches to predict surface settlement and face support pressure. Some approaches
have specific restrictions and these approaches should be considered within their
limitations. In order to take into account more approaches within these limitations, two
different ground types such as granular and cohesive have been chosen and
investigations are performed on them. In this study, numerical modelling, empirical
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and analytical (theoretical and/or semi-theoretical) methods are used to examine
effects of different parameters on surface settlement and face support pressure.
Investigated soil parameters are internal friction angle, cohesion, unit weight, Young’s
modulus and Poisson’s ratio. Tunnel diameter and tunnel depth (overburden)
parameters, and thus depth to diameter ratio, are technical parameters used in the study.
Methods used to calculate face support pressure in this study are: (i) empirical methods
mostly derived from limited previous tunnel case studies, field observations and
measurements (Broms and Bennemark, 1967; Davis et al. 1980; Kimura and Mair,
1981), (ii) analytical (theoretical and/or semi-theoretical) methods (Atkinson and
Potts, 1977; Krause, 1987; Leca and Dormieux, 1990; Jancsecz and Steiner, 1994; ITA
2000; Carranza-Torres, 2004) and (iii) numerical methods (finite element method, RS2
software). Methods used to calculate maximum undrained (dry) surface settlement in
this study are: (i) empirical methods (Arıoğlu & Schmidt (after Çopur et al. 2007);
Herzog (after Schmidt, 1985), (ii) analytical (theoretical and/or semi-theoretical)
methods (Limanov, 1957) and (iii) numerical method (finite element method, RS2
software). Numerical models are created by RS2 two dimensional software which uses
the finite element method. In RS2, there are two types of analysis which are plane
strain and axisymmetric. While plane strain analysis is used for surface settlement
parametric studies, axisymmetric analysis is used in parametric studies in order to
determine face support pressure. In analyzes, Mohr-Coulomb is chosen as a failure
criterion. Segments are defined as a liner in RS2. Tunnel is modeled with mesh of 3
noded triangular elements and graded type. Field stress is calculated for every model
depending on the changing parameters.
The reference parameters are first determined based on literature review and
restrictions of empirical and analytical methods. In order to examine the effect of each
parameter separately, only the parameter being analyzed is incrementally changed
while the rest of parameters are kept constant. All parameters are individually
examined individually in order to see how these parameters affect the results for both
required face support pressure and maximum short term surface settlement. The
studies carried out in this context are presented below;


Literature on the empirical, analytical and numerical methods for
determination/prediction of the required face support pressure and surface
settlement is reviewed in detail,
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The effective parameters for estimation of the face support pressure and
maximum short term surface settlement are defined,



Calculations are performed with different range of values of the parameters
examined for analytical, empirical and numerical methods to investigate these
effective parameters,



The results obtained from estimations are evaluated and compared with similar
studies found in the literature, thus it is aimed to contribute to the literature in
order to obtain more accurate results in future studies.

Organization of this study is summarized as a diagram in Figure 1.2.

5

Tunneling in urban area
(EPB Tunnelling)

Literature review

Classification
of TBM
Tunneling

Mechanized Tunneling
and Specific
Challenges of Urban
Tunneling

Face Support
Pressure

Determination
of face support
pressure

Surface
Settlement

Field
Stress

Numerical
Methods

Prediction of
maximum surface
settlement

Efective Parameters

Tunnel
Depth

Tunnel
Diameter

Cohesion

Internal
Friction
Angle

Poisson's
Ratio

Unit
Weight

Young's
Modulus

Parametric Study with Numerical
Modelling

Comparison with empirical
and analytical results

Comparison with
literature

Contribute to the literature in order to obtain more accurate results in future studies
about face support pressure and surface settlement in urban areas

Figure 1.2: The diagram for the way of study on this thesis.
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2. LITERATURE REVIEW
2.1 Mechanized Tunnelling in Urban Areas
Urban populations are increasing rapidly all over the world and transportation becomes
a big problem. The uncontrolled increase in the population causes problems such as
transportation in these cities with limited areas. For this reason, the need for efficient
use of these limited areas has arisen.
Cities having limited areas is not the only reason for the necessity of tunnelling.
Another main reason to carry these typical urban functions underground is to protect
the surface environment and reduce their visual and acoustic impact.
Underground spaces have been created in urban areas are used not only for
transportation and infrastructure, but also for purposes such as shelter, trade, storage,
energy production and various other purposes. Some of the ground facilities have been
moved underground as much as possible, and transportation is one of them. In recent
years the subway transport is rapidly increasing all over the world. It offers a faster
and more economical alternative, under favor of carrying the transportation planning
to underground especially for long distance metro tunnels.
Assis (2003) analyzed the increasing demand perspectives of underground structures
worldwide and focused on construction methods. It has been stated that there will be
an increasing demand for the use of the underground area, typical urban functions such
as transportation (metros, highways, motorways, railways) and utilities in terms of
large-scale use of the underground area in the future.
2.2 The Specific Challenges of Urban Tunnelling
Urban tunnelling has some major limitations compared to tunnelling in open-space
rural areas. Some of these limitations are listed below;
 Tunnel structures should be considered integrated with surface structures. In other
words, the influence of tunnel excavation is an important issue. Therefore, the
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effects that may occur on the surface due to tunnel excavation should be taken under
control throughout the entire construction process.


Because of the functional and cost reasons, urban tunnelling is generally
carried out at a shallow depth. If tunnelling close to surface, it leads to work
mostly in loose soils, alluvial deposits, or filling grounds. Poor quality of soil
makes it difficult to keep the ground under control.



In many parts of the world, the cities have an important historical background.
Attention should be paid to the historical remains underground and these
existing underground structures should be preserved.



Infrastructure lines which were previously placed such as water and sewer pipe,
electric cable may be deformed during the urban tunnelling.



The tunnelling projects in cities also have a political significance. Therefore,
during project design (before starting the construction), it should be calculated
and designed clearly within the scope of duration and cost of the project.



The surface settlements and damages on structures which are occurred by
tunneling to should be evaluated meticulously considering all possible
situations

Despite all difficulties listed above, it is possible to excavate tunnels rapidly in loose
ground with short overburden, under a groundwater table. In addition, surface
settlements are minimized while excavating rapidly. Developments in mechanized
excavation technologies achieved in the last decades enable faster and safer
excavations even in urban tunnelling. This development continues through the ability
to analyze the challenges well and to produce correct approaches to solve them.
Pelizza (1996) emphasized that “going underground is not an obligation: it is a
reasonable choice from among the various solutions, and one that is influenced by a
multiplicity of social and economic factors, the perfecting of which should lead to an
improved quality of life”.
As excavation of tunnels in unfavorable geotechnical conditions and in heavily
populated urban environments is becoming prevalent, the importance of maintaining
tunnel face stability is reaching more importance (Mohammadi et al. 2011). In
tunnelling, tunnel face stability is provided in many different ways. Methods in order
to ensure face stability according to the tunnelling method and soil conditions varies.
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2.3 Classification of TBM Tunnelling
During the industrialization at the start of the 19th century, innovations that provide
convenience in many fields have been developed and tunnelling is one of these field
too. In order to improve transportation and infrastructure opportunities with the
developing technology, the importance of structures such as subway and tunnel has
become more of an issue. During the opening, the more vibration-free, less noise
pollution, fast and safe excavation opportunity has been provided by means of TBM
developed as an alternative to drilling and blasting method or conventional excavation
method. There are different types of TBM for different demand as it is seen in Figure
2.1;

TBM Classification

Main Beam
Open TBMs

Kelly Type
Open Gripper
Single Shielded
Double
Shielded

Shielded TBMs

Soft Ground
TBMs

Slurry TBMs

EPB TBMs

Figure 2.1: TBM Classification (Çopur & Balcı 2015).
TBMs are generally classified according to the formations they excavate it. There are
two main groups; hard rock and soft ground formations. The structural properties of
TBM change significantly as the formation changes from hard to soft. While tunnelling
with full-face excavation machines in soft formations, tunnel excavation is carried out
mostly with Slurry TBM balancing face pressure with bentonite mixture or Earth
Pressure Balanced TBM which is balancing tunnel face pressure with compressed air
instead of liquid.
The process of TBM types in history is described briefly as follows;
The tunnelling shield developed very slowly over the following 60 years until
John Bartlet patented the bentonite tunnelling machine in England in 1964. The
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1964 patent started a revolution in the tunnelling industry. The Japanese began
experimenting with slurry machines in the mid-1960s, the British in the early
1970s and the Germans with hydro-shield in the mid1970s. Difficulties in
excavating ground containing boulders, and cleaning the slurry established
limitations to the slurry method. In response the Japanese started developing
the Earth Pressure Balanced (EPB) tunnelling machine in the mid-1970s. The
predominant ground conditions in the coastal areas of Japan suited the early
development of EBP technology. (Avunduk, 2011, p. 20)
Earth pressure balanced (EPB) TBM tunnelling
The stability problem is unavoidable during advances with under groundwater levels
in soil having low geotechnical properties. In the excavation of the material that cannot
even provide stability of itself for a short time after excavation, generally tunnel boring
machines which are produced for soft ground are used in such areas.
Earth Pressure Balanced (EPB) TBM is one of the soft ground TBMs which is
designed as shielded. The EPB tunnel is designed to reduce ground loss as much as
possible around the entire excavation areas such as ahead, above and behind the TBM.
In this way, displacements and surface settlements might be maintained within
acceptable limits. The schematic view of an EPB TBM is shown in Figure 2.2.

Figure 2.2: Schematic of an EPB TBM System. (Bilgin et al., 2013).
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The basic working principle of EPB TBMs can be defined as counterbalancing face
pressure given by thrust cylinders to the excavated material under the influence of
water and earth pressure (sometimes with surcharge loads) and continue excavation in
a controlled way. The excavated material is processed usually by different foaming
agents and polymers in EPB TBMs. By using a rotating screw conveyor this processed
(conditioned) muck/ground/soil is carried from the excavation chamber (front of the
TBM) to the tail conveyor (back of the TBM). As it is emphasized by Çopur et al.
2007, “the rotational speed of the screw conveyor and the opening of screw conveyor
discharging gate/door can be adjusted to control face (excavation chamber) pressure.
In this way, excessive muck removal leading to face instability and settlement, and
over pressures leading to compression and heaving of the ground, as well as high
cutterhead torques are all avoided.” It is crucial that control the amount of excavated
material by either a weighing or a laser scanning system since the muck discharge rate
and rotational speed of the screw conveyor should be equivalent to the advance rate of
the machine in order to control face stability without hazardous problems. Applying
of proper tunnel face stability is directly related to the safe and successful construction
of a tunnel. The correct evaluating of face pressure to enable to avoid face instability
and displacement on ground correspondingly.
2.4 Face Support Pressure
As the number of tunnel excavation operations in highly populated urban areas
especially in complex geotechnical conditions increases, the importance of the tunnel
face stability further increases. During the tunnel excavation, when driving tunnels
under difficult stress-strain conditions, special attention must be paid to the stability of
the face. The stability of the face and the core ahead of it will have a determining effect
on the stress strain response of the ground around the tunnel and this in turn will affect
the long and short term stability of the tunnel. Right determination of tunnel face
stability is directly related to the safe and accomplished construction of a tunnel. For
this reason, accurate prediction of tunnel face pressure is vital in tunnel construction.
Accurate determination of tunnel face pressure depends on many factors such as,
friction angle and permeability of the ground, cohesion, advance rate, excavation
method, unit weight of slurry or conditioned soil, tunnel diameter, overburden, and
ground water table level. Many researchers have proposed analytical approaches to
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determine the required pressure to stabilize the tunnel face. In face stability studies
limit equilibrium and limit analysis methods are two basic methods. Most of them are
based either on limiting equilibrium analysis (Horn, 1961; Broms and Bennemark,
1967; Krause, 1987; Jancsecz and Steiner, 1994; Broere, 2001; Carranza-Torres,
2004), or limiting analysis (Atkinson and Potts, 1977; Davis, et al., 1980; Leca and
Dormieux, 1990) (Mohammadi et al., 2011) The limit equilibrium method proposed
by Horn (1961) was extensively used and further expanded in a number of studies.
This method applies a static equilibrium condition between the moments and forces
acting on the soil mass. Horn (1961) 3D failure mechanism has a two compound which
are a soil wedge (lower part) and a soil silo (upper part) as it is presented in Figure 2.3.

Figure 2.3: Horn (1961) failure mechanism model. (Broere & van Tol, 2000).
Methods used to determine face support pressure can be divided into three groups:
empirical methods, analytical solutions, and numerical methods.
Empirical methods
2.4.1.1 Method of Broms and Bennemark (1967)
By several researchers, the face stability of shallow circular tunnels driven in cohesive
soils has been investigated. Broms and Bennemark has offered a solution based on
laboratory extrusion tests and field observations in excavation of undrained clay. They
suggested the stability ratio N for a vertical opening. In this solution there is no
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relationship with the overburden-to-diameter ratio. Stability ratio N to be equal to the
difference between total overburden stress and support pressure divided by the
undrained shear strength. According to Broms and Bennemark (1967), the stability
ratio N, can be expressed as follows (Mohammadi et al., 2011).
N = (qs- σT)/cu+(C+D/2). /cu

(2.1)

qs: surcharge,

σT: the minimum face support pressure,
cu: undrained shear strength,
C: overburden (cover depth),
D: diameter of excavation,

: unit weight of soil.
To calculate N value where tunnel face is stable with lower equilibrium condition, σT
is accepted as a zero in the formula above. The tunnel face stability model of the
method of Broms and Bennemark (1967) is shown in Figure 2.4.

Figure 2.4: The tunnel face stability model of the method of Broms and
Bennemark,1967 (Mohammadi et al., 2011).
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Empirically, the instability conditions are associated with a value of N ≥ 6. Therefore,
the face-stabilizing pressure σT is:

σT = .(C+D/2)+ qs -N.cu

(2.2)

Where N=6.
This method is estimating a stability ratio N. For the value of N < 6 the opening is
stable, collapse occurs if the vertical pressure is higher than 6.Cu. Safe values of the
stability factor N with corresponding states of deformation of the soil are presented in
Table 2.1 (Backus, 1998).
Table 2.1: Stability ratio N, Broms & Bennemark (1967).
N

Deformation

<1
1-2
2-4
4-6
>6

Negligible
Elastic
Elasto-plastic
Plastic
Collapse

2.4.1.2 Method of Davis et al. (1980)
This approach that uses a plain strain condition is investigated to determine facestabilizing pressure for purely cohesive material by Davit et al. in 1980. In this method,
it is possible to analysis tunnel face stability with by using radius of the tunnel (R=D/2)
in cohesive soil. Schemes of the method of Davis et al. (1980) is presented in Figure
2.5.

Figure 2.5: Schemes of the method of Davis, et al., 1980 (Mohammadi et al., 2011).
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The solution was presented for 𝐶/𝐷≤5 but it is stated that solutions may be used with
confidence when 𝐶/𝐷≤3. The stability ratio, 𝑁, developed by Broms and Bennemark
(1967), and cited by Davis et at. (1980), was used to represent tunnel stability;
𝐶
N=2+2ln ( +1)
𝑅

(cylindrical)

(2.3)

𝐶
N=4ln ( +1)
𝑅

(spherical)

(2.4)

2.4.1.3 Method of Kimura and Mair (1981)
Analyzing of a tunnel face stabilization with a small overburden (near to the ground
surface) is a crucial three dimensional problem while two dimensional modeling could
be much more easily. In order to idealization two dimensional modeling, centrifuge
tests have been accomplished by Kimura and Mair (1981) and scheme belongs to them
is shown in Figure 2.6.

Figure 2.6: Tunnel heading in soft clay (Mair & Taylor, 1996).
As a result of the two dimensional model test series show that there was good
agreement with stability solutions derived from plasticity theory. According to Broms
and Bennemark (1967), stability ratio, N, has been expressed in equation 2.1. By using
graph in Figure 2.7, critical stability ratio, Nc can be defined in terms of P/D and C/D
ratios.
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Where,
P: length of the unsupported tunnel (this value is 0 for a tunnel excavated with EPB)
C: overburden thickness,
D: tunnel diameter,

Figure 2.7: Calculation of critical stability number, Nc (Mair & Taylor, 1996).
After calculation of critical stability number, load factor, Lf can be estimated by
divided stability ratio (N) to critical stability ratio (Nc). If load factor Lf is equal or
lower than 1, then tunnel face is accepted as a stable.
Analytical solutions
2.4.2.1 Method of Atkinson and Potts (1977)
Plastic limit analysis approaches employ a plane strain condition. Required face
support pressure to minimize or prevent settlement is formulized by Atkinson and Potts
in 1977 as:
σT
2..R

=

µ
µ2 −1

(2.5)

Where,

µ=

1+𝑠𝑖𝑛∅
1−𝑠𝑖𝑛∅

R: radius of excavation,

ø=the soil friction angle.
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(2.6)

According to Atkinson and Potts (1977) face support pressure is studied for two limit
cases. While in the first case tunnel in a weightless medium under the surface load, in
the second one a tunnel in a medium having unit weight (higher than zero) without
surface loading. In the second case, two lower limit solutions are derived.
Atkinson and Potts furnished the minimal face support pressure for an unlined cavity
for dry cohesionless material. It is worth bearing in mind that both upper and lower
bound solutions are independent from relation between overburden and tunnel
diameter.
2.4.2.2 Method of Krause (1987)
Krause has calculated the required minimal support pressures for a three models
regarding the internal equilibrium of the soil in front of the tunnel face. The shear
stresses on the sliding planes is used for calculate the value of the stability pressure. To

determine the support pressures, the failure mechanisms are respectively a half circle,
a quarter circle and a half sphere as it is seen in Figure 2.8.

Figure 2.8: Circular and spherical failure mechanisms (Mohammadi et al., 2011).
In three mechanisms developed above, the biggest result for minimal support pressure
will be always calculated for quarter circle (Figure 2.8-b) (Mohammadi et al. 2011).
The equation for quarter circle is;

σT =

1
tanø

(D

𝛾
3

-𝜋

𝑐
2

)

(2.7)

Although this approach gives the highest value for minimal support pressure, it may
not always give the most appropriate result for the actual failure body. In many cases
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the half-spherical body (Figure 2.8-c) which can be calculated by using equation 2.8
will be a better representation;

σT=

1
tanø

(D

𝛾
9

-𝜋

𝑐
2

)

(2.8)

2.4.2.3 Method of Leca and Dormieux (1990)
In method of Leca and Dormieux (1990) groundwater is not included. This method is
not available for complex geological formation. The geological material surrounding
the tunnel was supposed to be uniform. Leca and Dormieux (1990) has offered lower
and upper bound solutions for drained analysis of tunnel face stability. The solution is
for both blow out and collapse mechanisms. This method investigates the problem of
the face stability of a tunnel driven in a Mohr-Coulomb material from the point of view
of limit analysis. To apply this method, some soil parameters must be in the appropriate
range such as; the effective friction should be between 20° and 45°, and effective
cohesion must be larger than zero. This method was also presented for 𝐶/𝐷≤3. The
tunnel was assumed to have a fixed lining with a free face supported by a uniform
tunnel face support pressure. Figure 2.9 represents the opening of cone that is equal to
2ø’ and its velocity V is parallel to its axis.

Figure 2.9: Conical blocks and kinematic conditions used in M1 and M2
(Mohammadi et al., 2011).
The two mechanisms M1 and M2 are shown in Figure 2.10 and Figure 2.11
respectively. While M1 is a collapse mechanism, M2 refers to blow out failure. In M1
failure is due to the collapse of one conical block.
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Figure 2.10: Failure mechanism M1 (collapse) (Mohammadi et al., 2011).

Figure 2.11: Failure mechanism M2 (upheaval) (Mohammadi et al., 2011).
According to Leca and Dormieux face-support pressure (σT) for upper bound is;

σT=NS.qs+NY.D.𝛾
Where NS and NY are non-dimensional weighting coefficients.
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(2.9)

NS =

Ny =

1
3

2
sin(𝛽−φ) 𝑅𝐸

1

cosφ cos(β+φ) 𝑅 3

3
𝑠𝑖 𝑛(𝛽−𝜑) 𝑅𝐸

1

[ 𝑡𝑎𝑛𝛼. 𝑅𝐵 + 2sinφ sin(β+φ) 𝑅 𝑐 − 2 sinφ cosα cos2 φ 𝑠𝑖 𝑛(𝛽+𝜑)
𝐴

RA =

√cos(α−φ)cos(α+φ)
cosφ

RB =

RC =

RD =

RE =

(2.10)

cosα.cos2 φ sin(𝛽+φ) 𝑅𝐴

cos(α−φ)cos(α+φ)

cos(α+φ) sin(𝛽−φ) 1/2

[

sin(𝛽+φ)

]

(2.11)

(2.12)

(2.13)

sin2φ

cosφ

𝑅𝐴

]

sin 𝛽
sin φ sin(𝛽+φ)

sin(𝛽−φ)cos(α+φ)
sin(𝛽+φ)

(2.14)

(2.15)

(2.16)

α = 49-ϕ/2

(2.17)

β = π/4 + α/2

(2.18)

Where α is the angle of sliding plane and β is a failure angle, RA, RB, RC, RD and RE
are non-dimensional factors, ϕ is a friction angle of the soil.
Note: NS is almost always smaller than NY and is equal to zero for value of ø when
C/D=0.6.
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2.4.2.4 Method of Jancsecz and Steiner (1994)
This method uses limit equilibrium analysis to determine the limit earth pressure acting
on the tunnel face. As you see in Figure 2.12 that shows three dimensional failure
scheme, this method involves two parts which are a soil wedge (lower part) and a soil
silo (upper part). By using this method, it considers the forces on a possible failure
mechanism. To investigate the force equilibrium on a soil wedge in front of the tunnel
face, the face stability model of Jancsecz & Steiner (1994) was developed. At the axis
of the tunnel face, the horizontal effective earth pressure results from the vertical
effective earth pressure of the silo acting on the horizontal surface of the wedge
(Backus, 1998). According to method of Jancsecz and Steiner (1994), these pressures
should be determined separately. Arching effects can be implemented and will yield a
lower support pressure. According to Jancsecz the arching effects should be
implemented if C/D>2. The thickness of the overburden only has influence on slip
angle, β if C/D<2. For a larger overburden the slip angle only depends on the angle of
internal friction.

Figure 2.12: 3D limit equilibrium model, Jancsecz & Steiner (1994) (Mohammadi et
al., 2011).
The vertical pressure acting on the soil wedge is calculated according to Terzaghi’s
solution.

σ’v =

𝑟 . 𝛾′ − 𝑐
𝐾𝑎 . 𝑡𝑎𝑛𝜙

. (1 − 𝑒 (

−𝐶 . 𝐾𝑎 .𝑡𝑎𝑛 𝜙
𝑟
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)

) + q0. 𝑒 (

−𝐶 . 𝐾𝑎 .𝑡𝑎𝑛 𝜙
𝑟

)

(2.19)

Where;
r: ratio of surface and circumference of horizontal plane of soil wedge
γ’: effective unit weight of soil,
c: cohesion,
C: overburden,
ϕ: internal friction angle,
β: slip angle,
Ka: active earth pressure coefficient.
Ka =1 – sinϕ

(2.20)

r = (0.5 x D) / (1+ tanϕ)

(2.21)

Since the vertical overburden pressure acting on the top of the soil wedge is also a
function of a slip angle β, in order to find out relation between horizontal and vertical
pressure, firstly the slip angle β should be estimated.
The two soil wedge equilibrium conditions,
ΣK + R.sinϕ + Ef.cosβ – ΣG.sinβ = 0

(2.22)

R.cosϕ + Ef.sinϕ + ΣG.cosβ = 0

(2.23)

The total earth pressure Ef acting on the wedge,
Ef =

𝛴𝐺.(𝑠𝑖𝑛𝛽−𝑐𝑜𝑠𝛽.𝑡𝑎𝑛𝜙)−𝛴𝐾
𝑡𝑎𝑛𝜙.𝑠𝑖𝑛𝛽+𝑐𝑜𝑠𝛽

(2.24)

The maximum earth pressure is acquired, when the differential condition below is
fulfilled;
𝑑𝐸
𝑑𝛽

=0

(2.25)

The angle between horizontal plane and soil wedge (slip angle), is the connection part
of upper and lower part of model. By solving the differential equation (2.26), variation
of slip angle β is obtained over ϕ and C/D.
𝐶
𝐷

β = function ( ; 𝜙)

(2.26)

The slip angle is shown in Table 2.2 for representative values of internal friction angle
and the ratio of overburden to excavation diameter.
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Table 2.2: Variation of β for different values of C/D and ϕ (Jancsecz & Steiner,
1994).
β
C/D
0
1
2
3

Φ=20˚

Φ=25˚

Φ=30˚

Φ=35˚

Φ=40˚

60.340
61.890
62.197
62.322

62.611
64.161
64.464
64.592

64.802
66.286
66.580
66.706

66.900
68.283
68.586
68.683

68.918
70.177
70.423
70.527

To describe the relation between horizontal and vertical pressures, Jancsecz & Steiner
have calculated a coefficient KA3 by using of the force equilibrium on the soil wedge.
When know the appropriate value of β, it is possible to define KA3 (3-dimensional earth
pressure coefficient)
𝐾𝑎

KA3 =

sin 𝛽.cos 𝛽−𝑐𝑜𝑠2 𝛽.𝑡𝑎𝑛𝜙− 1.5 𝑐𝑜𝑠𝛽.𝑡𝑎𝑛𝜙
cos 𝛽 sin 𝛽+𝑡𝑎𝑛𝜙 𝑠𝑖𝑛2 𝛽

(2.27)

K and α are defined as below;
1−𝑠𝑖𝑛𝜙+𝑡𝑎𝑛2 (45−𝜙
)
2
K=
2

α=

(2.28)

𝐶
𝐷
𝐶
1+2.
𝐷

1+3.

(2.29)

The values of the three dimensional earth pressure coefficient KA3, for representative
values of internal friction angle and the ratio of overburden to excavation diameter are
given in Table 2.3.
Table 2.3: Variation of KA3 for different values of C/D and ϕ (Jancsecz & Steiner,
1994).
KA3
C/D

Φ=20˚

Φ=25˚

Φ=30˚

Φ=35˚

Φ=40˚

0

0.386

0.31

0.248

0.199

0.159

1

0.354

0.279

0.222

0.177

0.141

2

0.348

0.273

0.217

0.173

0.138

3

0.345

0.271

0.214

0.171

0.136

KA2=tan2(45-ϕ/2)

0.49

0.41

0.33

0.27

0.22

K=(Ko+KA2)/2

0.574

0.4916

0.4167

0.349

0.287
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By using equation 2.30, the effective horizontal earth pressure at the tunnel axis
(minimum face support pressure) can be determined;

σ'T = σ'h = KA3 . σ'v

(2.30)

2.4.2.5 Suggestion of ITA (2000)
According to suggestion of The International Tunneling Association (ITA) (2000)
ground pressure, water pressure and surcharge should be considered. Since the ground
pressure can act radially on the tunnel crown or divided into the vertical and horizontal
pressure, it is significant to determine accordance with the appropriate analysis. If the
tunnel has a shallow depth, the vertical ground pressure is accepted as a uniform and
equal to overburden pressure. Where the deep tunnel, the reduced earth pressure can
be converted in accordance with the Terzaghi’s formula. On the other hand, the
horizontal ground pressure is needed to be calculated. From the crown to the bottom,
the horizontal ground pressure which should be the uniformly varying load acting on
the centroid of lining is defined as the coefficient of lateral earth pressure multiplied
by the vertical earth pressure.
Determination of the water level (if presence) has a great importance in terms of
design. If water level is located above or below the tunnel, it can have different effects
due to the hydrostatic properties of water. In addition, the road load, railway traffic
load and weight of buildings should be taken into consideration within a dead load.
Schematic view of method of ITA (2000) is illustrated in Figure 2.13.
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Figure 2.13: Reduced earth pressure calculated by Terzaghi's formula (Çopur, 2018).
Firstly, it is necessary to calculate half width of load prism;
𝐷𝑠

𝜋

Ø

bs= 2 𝑥 cot (8 − 4 )

hw=
If C ≤ 2.Ds,

𝑐 1−𝑒−𝐾0.tan(𝜙).(𝐶/𝑏𝑠 )
{𝑏𝑠.(b − ).[
]+σs .e−𝐾0.tan(𝜙).(𝐶/𝑏𝑠 }
𝑏𝑠
𝐾𝑜.tan(𝜙)

b

hw = C and σT =b.C

(2.31)

(2.32)
(2.33)

If C > 2.Ds, then consider arching effect,
To decide vertical pressure at tunnel crown it is calculated by using two different
calculations and chooses maximum result of them.
σv =max (b.hw , b.2.Ds)

(2.34)

After that it is possible to reach value of horizontal pressure at tunnel springline,
σh =K0.(σv +b (Ds/2))

(2.35)

When the tunnel is excavated under water level, ′𝑏 should be used instead of 𝑏 .
Finally, the face pressure can be calculated by using equation 2.36:

σt =σh + safety margin
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(2.36)

Where,
Ds: Shield outer diameter,
Ø: (Undrained) internal friction angle

b: Bulk unit weight of soil,
b’: Submerged unit weight of soil,
bs: half width of load prism,
C: Depth to cover to crown,
σs: Surface surcharge pressures,
σh: Lateral earth pressure at rest,
σv: Vertical soil pressure.
Safety margin is usually taken as a 20 kPa. Note that if the tunnel is excavated under
groundwater level, it is necessary to use ’b instead of b and add hydrostatic pressure
to the earth pressure (Çopur, 2018).
2.4.2.6 Method of Carranza-Torres (2004)
The method of Carranza-Torres is developed from Caqout-Kerisel method, 1956. This
method is developed for 2D circular tunnel section but it is possible to extend to 3D
spherical geometry. It takes into consideration to equilibrium condition for material.
A unit weight γ and the shear strength that is defined by Mohr-Coulomb parameters
cohesion (c) and the internal friction angle (ϕ) belong to the material. As it is seen in
Figure 2.14, while the surcharge load qs acts on the ground surface (from
infrastructures or embankments, on the other and a support pressure Ps is applied inside
the tunnel. Before the excavation horizontal and the vertical stress is equal and the
distribution of vertical stresses is lithostatic. The Caquot generalized solution for dry
conditions. The scheme of generalized form of Caquot’s model for Mohr-Coulomb
material that accounts for cylindrical and spherical cavities and a surcharge on the
ground surface is presented in Figure 2.14.
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Figure 2.14: Main design of the Caquot-Kerisel solution. (Mohammadi et al., 2011).
𝑃𝑠
=
𝛾𝐻

𝑞

𝑐

𝐻 −𝑘(𝑁𝜙 −1)
√ 𝑁𝜙
]
[
]
𝑅
𝜙 −1

[ 𝛾𝐻𝑠 + 2 𝛾𝐻 . 𝑁

− 𝑘(𝑁

1
𝐻 −𝑘(𝑁𝜙 −1)
)
[(
𝑅
𝜙 −1)−1

𝑅

𝑐 √𝑁 𝜙
𝜙 −1

− (𝐻)] − 2 𝛾𝐻 𝑁

(2.37)

Where;
R=tunnel radius,
H= axis depth from below the surface,
k= parameter that dictates the type of excavation (1=cylindrical tunnel; 2 =spherical
cavity).
It should be noted that equation 2.37 is valid only when the given Mohr Coulomb
parameters lead to a state of limiting equilibrium – the situation in which the
excavation is about to collapse. In general, the strength of the material will be larger
than the strength associated with the critical equilibrium state of the cavity. The factor
of safety FS can then be defined as “the ratio of actual Mohr-Coulomb parameters and
critical Mohr-Coulomb parameters”, as expressed in 2.38 and 2.39 (Repetto et al.
2006);
FS =
𝑁𝜙 =

𝑐
𝑐 𝑐𝑟

=

𝑡𝑎𝑛𝜙

(2.38)

𝑡𝑎𝑛𝜙𝑐𝑟

1+sin 𝜙
1−sin 𝜙

𝜋

Ø

= 𝑡𝑎𝑛2 (2 + 2 )

(2.39)

A satisfactory control of the settlements was achieved by applying the required face
support pressure Ps having a value that corresponded to the value obtained by the
method of Carranza with a FS = 2.
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Table 2.4: Overview of face support pressure methods used in this study.
Soil parameters*
Ø
c
p
3D

Year of
Publication

Method

Soil Type

Media Type

Limitation,
Specific Properties

1967

Broms and Bennemark

Cohesive soil

Homogeneous

+

-

-

+

Valid for cohesive (homogeneous) soil

1977

Atkinson and Potts

Granular soil,
dry condition

Homogeneous

-

+

-

+

independent from relation between
C/D, but related with R.

1980

Davis et al.

Cohesive soil

Homogeneous

+

-

-

+

presented for 𝐶/𝐷≤5 but might be
used for 𝐶/𝐷≤3

1981

Kimura and Mair

Cohesive soil

Homogeneous

+

+

-

+

Valid for homogeneous soil

1987

Krause

For all type ground
condition

Homogeneous

+

+

-

-

Soil conditions of overburden are not
taken into account

1990

Leca and Dormieux

Granular soil

Homogeneous

-

+

-

+

Ground water is not included. Not
available for complex formation,
it is presented for C/D≤3

1994

Jancsecz and Steiner

Granular soil,
dry condition

Homogeneous

+

+

-

+

Arching effects should be implemented
if C/D>2

2000

ITA

For all type ground
condition

Homogeneous

+

+

+

+

In shallow depth, the vertical ground
pressure is accepted as overburden
pressure

2004

Carranza-Torres

Mohr Coulomb material,
dry condition

Homogeneous

+

+

-

+

Equation is valid for situation in which
the excavation is about to collapse

*Model can/cannot include parameters that; c: cohesion, Ø: internal friction angle, p: pore pressure, 3D: three dimensional effects.
C: overburden height, D: diameter of tunnel
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2.5 Field Stress
During excavation of underground structures such as tunnels, subways, caverns etc.,
the balance of the stresses is disturbed, thus a new stress distribution occurs.
Underground stresses are divided into primary stresses that exist before excavation and
secondary stresses resulting from the excavation, which vary depending on the
dimensions of the underground structure, generally its height, the method of
excavation, stand-up time and the quality of the support provided.
The beginning of the studies on the behavior of the rock with the effect of rock pressure
dates back to the 1900s. In 1905, Heim explained that the tunnel would close in time
in very deep tunnels, so that the tunnel should take a circular shape like a pipe.
According to Koçak (2006), in the study of Heim, he emphasized that;
“If rock pressure is considered to be independent of tunnel depth, this would
be a mistake. In the tunnels excavated in limestone-claystone with a depth of
200-500 meters, the rock pressure is effective immediately and compresses the
rock in the tunnel. On a massive rock like granite, a similar situation can only
be seen after a depth of 1000 meters, after several years or more.”
In 1909, by using experience of the construction of the Simplon tunnel Brandau
realized that the stresses effecting on the tunnel wall was lower than what Heim had
expected (Koçak, 2006). Brandau combined the Heim's theory and field stress theory
based on this information. Brandau expressed as “if the thickness of the support has
not been changed in a tunnel excavated in a depth of 0-2000 meters, this indicates that
the secondary stress state remains elastic or very small part of it becomes plastic”. In
the same year, Wiessman stated that “the specific compressive strength depends not
only on the characteristics of the rock, but also on the dimensions of the rock and the
discontinuities within the complex size”. According to Wiessman a crushed rock loses
its strength, the field pressure that is carried by the rock before being yielded transfers
to the surrounding rocks and the surround of tunnel are not affected by the pressure.
Transmission of forces depends on cohesion and internal friction angle.
When a space is formed in the soil or rock mass, the load is transformed to the around
the space as a result of the material reside in the space volume is removed from the
field. This new stress distribution will be manifested by (compared to pre-excavation)
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increasing stress in some parts of, decreasing in some parts and unchanging in some
parts of the material around the excavation (Gerçek,1986). In the excavation and
construction process, the stress distribution caused by these stresses by changing the
location, direction and intensity is considered as secondary stress situation and used in
static and dynamic stability analyzes. According to the results, the precautions are
taken and the dimensioning of the structural elements can only be determined as a
result of such interactions.
The secondary stress situation, which has been stabilized in this way, is changed again
during the operation period after the construction of the underground structures, thus
the tertiary stress situation arises. Tertiary effects include artificial factors such as new
excavations, construction and changing load conditions around existing underground
structures, or natural effects such as melting, swelling, and weathering, changes in
chemistry, groundwater level and earthquakes. In this respect, each underground
structure project based on known primary conditions should be prepared in accordance
with the secondary conditions and prepared for the tertiary conditions and designed in
a descriptive way. According to Rabcewicz's research in 1944; “real” rock pressure
caused by relaxation; and rock pressure caused by the swelling of rock volume due to
physical or chemical reasons. The reason for the relaxation pressure is excavation and
the most important factor is time. The sooner an opening is closed, the smaller the
settlements. Since the rocks are not homogeneous, the rock pressure is mostly based
on geological reasons. Rabcewicz thought that it is useless to try to prevent rock
pressure with rigid materials. These elements will also be compressed by rock
pressure. The forces are so great that it must be resisted with an equivalent force that’s
why the protective zone provided by nature should be utilized to balancing force.
Secondary stresses around the underground openings are three-dimensional. The real
solution of the problem must be considered in three dimensions. However, instead of
complex three-dimensional methods in tunnel design, two-dimensional, plane unit
deformation analyzes are performed which are simpler. If the material is mechanically
linear, Hook's laws can be apply to the stress and strain behavior. The stress-strain
behavior for a linear isotropic material, can be determined by knowing two constants
which are Young’s modulus, E and Poisson’s ratio, .
The linear elasticity terms used in stress strain analysis in cartesian coordinates are
presented in Figure 2.15 for the x, y and z planes:
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x, y, z : normal unit strain,
xy, yz, zx : shear strain,
σx, σy, σz : normal stresses,
τ xy, τ yz, τ zx : shear stress.

Figure 2.15: General 3D coordinate system and stress representation (Çeçen, 2007).
The plane stress analysis, where all stresses exist on a plane, accepts stresses in the
direction perpendicular to the plane equal to zero as the boundary condition.
σz =xz =yz =0

(2.40)

Hook's law in case of plane stress;
σx =

𝐸
1−2

(x+.y)

σy =

𝐸
1−2

(y+.x)

τ xy = G xy

(2.41)

According to a physical reality observed in galleries / tunnels excavated, the magnitude
of the pressure on tunnel steel arch (Pi) is always smaller than;
σv= γ . C
which describes as an overburden pressure, where;
σv:

overburden pressure



unit weight of soil

C

overburden height
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(2.42)

𝑃𝑖

In other words,

.C

<1

(2.43)

This fact is proceeding from the presence of shear stresses, τ on the walls of the volume
defined by the collapse mechanism. This is named as an arching. Prof. M.M.
Protodiakonov is the first who explain arching case with static model by well-founded
physical bases in 1925. In western literature, this name is Prof. K. Terzaghi in 1943.
As a result of arching, pressure relaxing occurs in the top of the tunnel and stress
intensities are observed in the side walls. The magnitude of the stress density is always
greater than the overburden pressure σz. Stress changes for depth according to
Terzaghi (1943) are shown in Figure 2.16

Figure 2.16: Stress changes according to depth (Terzaghi, 1943).
The equation 2.44 is used to find the roof pressure (Pi) in tunnels excavated in both
rock mass and cohesive soil,

𝑃𝑖 =

𝐵.( −

2𝑐
)
𝐵

2𝐾0 𝑡𝑎𝑛𝜙

(1-e –K0 tanϕ 2C/B) + q.e- K0 tanϕ 2C/B

𝑏

𝜙

B=2 [2 + 𝐷. tan(45 − 2 )]
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(2.44)
(2.45)

Where;
B=wedge width,
C= depth of the tunnel,
b=width of the tunnel,
D=width of the tunnel.
K0=

σh
σv

= coefficient of the earth pressure, the ratio of horizontal stress to vertical

stress (taken as 1 generally)

σv = vertical field pressure,
σh= horizontal field pressure,
q= surcharge.
The ratio of horizontal to vertical effective stresses in soil is known as the coefficient
of earth pressure at rest, K0. This coefficients of earth pressure have been established
empirically for two different types of soil which are normally consolidated soils
(OCR=1) and overconsolidated soils (OCR>1). Some of the most commonly used
relationships for estimation of normally consolidated soils are given below in
chronological order;
Jacky (1944)
K0 = 1 – sinϕ

(2.46)

K0 = 0.95 – sinϕ

(2.47)

Brooker & Ireland (1965)

Bolton (1991)
1−sin(𝜙−11.5˚)

𝐾0 = 1+sin(𝜙−11.5˚)

(2.48)

Brick model (1992)
√2−𝑠𝑖𝑛𝜙

𝐾0 = √

2+𝑠𝑖𝑛𝜙)

The equation for overconsolidated soils is given in equation 2.50;
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(2.49)

Pruska (1973)
1 – sinϕ

𝐾0 = 1 + sinϕ

(2.50)

Terzaghi and Richart (1952) suggested that, for a gravitationally loaded rock mass in
which no lateral strain was permitted during formation of the overlying strata, the value
of K0 is independent of depth and it is given as a below. If the soil is assumed to be an
elastic material the following equation can be derived for K0 at the zero lateral
principle strain state.


𝐾0 = 1− 

(2.51)

2.6 Surface Settlement
Nowadays increasing population rapidly in cities causes many problems and one of
the most important is transportation problem. Particularly in developing cities, there
are considerable investments in transportation projects. Complex transportation
systems are being established in order to respond to the public transport requirement
in where rapid urbanization. Both the expropriation costs and the fact that the planners
do not prefer the above-ground rail transportation systems increase the demand for the
construction of underground structures for transportation purposes. The construction
of metro lines, which is the most effective solution to the transportation problem of
every developing city, requires a detailed and qualified research, examination and
measurement, especially in the urban areas.
The common features of the tunnels in the city are that they are excavated at very
shallow depths and generally on soft ground which can be defined as a soil. The main
difficulty in this type of excavation is due to the low bearing capacity and easy
deformation of the ground. Ground settlement is of greater concern for soft ground
tunnels than for rock for two reasons. The first reason is the settlements are nearly
always greater for soft ground tunnels. The other reason is typically more facilities that
might be negatively impacted by settlements exist near soft ground tunnels than near
rock tunnels. The ground properties-structure relationship is a significant field of study
and research on these days. The behavior of the soil during the tunnel excavation and
its interaction with the structures is a vital subject to be investigated. Surface
settlements should be kept under control in such areas. Soil deformations and surface
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settlements can occur because of various reasons such as inability to analyze soil
behavior well, the presence of unexpected / unpredictable weak zones or gaps in the
ground and improper improvement applications after deformations cannot be
controlled. These deformations affect the structures and can cause large or small scale
damage on the surface. Although there are a large number of sources or causes of
settlement, they can be conveniently lumped into two broad categories: those caused
by ground water depression and those caused by lost ground.
Total surface settlement includes two type of settlements such as initial (short term,
undrained) and consolidation (long term, drained) settlement. Much of the empirical
data for settlements over tunnel covers only the period where there was active tunnel
in progress. This data on the short term or (initial) settlements forms the basis of most
predictions. It is known that there can be long term component of settlement, but there
is relatively mush less data on the long term development of settlement over tunnels
than there is for short term settlement.
Estimation of ground movements during tunnel excavation is a crucial. In order to
estimation of ground movements over the past fifty years, many researchers have
developed methods. Within the scope of this section methods which describe the
surface settlement and the point of inflexion on the surface settlement curve are
presented below.
Methods used for analyzing ground settlement due to tunnel construction can be
divided into three groups: empirical methods, analytical solutions, and numerical
methods.
Empirical methods
The deformations above the tunnel known as surface settlements occur as a result of
convergence of the surface into the tunnel due to the change of field stresses after
excavation. This convergence is also known as ground loss or volume loss. It is
assumed that the volume of settlement that occurs on surface is generally equal to the
volume of ground that is flowed into the tunnel (O’Reilly and New, 1982). Surface
settlements are calculated using the semi-empirical approach of Gaussian curve theory.
The method most commonly used to predict ground movements associated with
tunneling is based on the Gaussian distribution proposed by Schmidt (1969) and Peck
(1969) (Mair & Taylor, 1996, p. 2367). These researchers argued that the shape of the
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settlement curve would be best represented by the Gaussian curve or normal
distribution curve. Then, O’Reilly and New (1982) developed the Gaussian model,
which showed that ground volume loss is dependent on ground conditions and is
represented by ground flow in the tunnel through radial direction. Thus, various semiempirical relations have been developed which give general surface settlement
behavior based on specific examples.
2.6.1.1 Gaussian curve
By using the Gaussian function of normal distribution the cross-sectional profile of
settlement can fairly well be determined for many tunnels based on ground surface
settlement measurements. Although the use of this curve has no theoretical
justification, it has been widely accepted in practice, and is recognized as an empirical
method that is nowadays extensively used in the evaluation of ground surface
settlement. Some surface settlement parameters used in empirical calculations and the
corresponding notation is presented in Figure 2.17.

Figure 2.17: Surface settlement parameters.
The theoretical ground surface settlement can be calculated using the parameters
shown in the Figure 2.17. According to O’Reilly and New, 1982;
S = Smax. 𝑒
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−𝑥2
2𝑖2

(2.52)

Where,
S: the theoretical ground surface settlement,
Smax: the maximum settlement on the tunnel centerline,
x: horizontal distance from the centerline,
i: the distance between the inflexion point of the curve and the centerline,
H: tunnel axis depth,
C: overburden.
There are various empirical estimation methods that depend on the depth of the tunnel
axis and the radius of the tunnel for the prediction of the point of inflexion (i).
For cohesive soil, shielded machine, and where H = 3-34m (O’Reilly and New, 1982);

i=0.43 * H + 1.1

(2.53)

For granular soil, shielded machine, and where H = 6-10m (O’Reilly and New, 1982);

i=0.28 * H + 1.1

(2.54)

For cohesive soil (Glossop, 1978; O’Reilly – New, 1982, 1983);

i=0.5 * H

(2.55)

For mixed soil, where H < 10m (Rankin, 1988)

i=0.25 * H

(2.56)

For cohesive soil, shielded machine (Arıoğlu, 1992);

i=0.4 * H +0.6

(2.57)

For clay, shielded machine (Schmidt, 1969; Peck, 1969);
H 0.8

i = R. ( )

(2.58)

2R

For all type of soils, shielded machine (Arıoğlu, 1992);
H 0.88

i = 0.9 ∗ 𝑅 ∗ (2R)

(2.59)

For all type of soils, (Arıoğlu, 1992);
i = 0.368 ∗ H + 2.84
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(2.60)

For all type of soils, (Herzog, 1985);
i = 0.4 ∗ H + 1.92

(2.61)

For all type of soil, (Çopur et al. 2007, Erçelebi et al. 2011);
i=

𝑖1 + 𝑖2 + 𝑖3 + 𝑖4
4

(2.62)

In the equation which is offered by Çopur et al. 2007 and Erçelebi et al. 2011;

i1 is the result of equation for cohesive soil (Glossop, 1978; O’Reilly and New, 1982,
1983), i2 is the result of equation for cohesive soil, shielded machine, and where H =
3-34m (O’Reilly and New, 1982), i3 is the result of equation for clay, shielded machine
(Schmidt, 1969; Peck, 1969), i4 is the result of equation for all type of soils, shielded
machine (Arıoğlu, 1992). i equations should be selected for the ground type to be
analyzed.
Çopur et al. 2007, Erçelebi et al. 2011 developed an approach by calculating the
arithmetic mean of these four equations.
Where;
R: Tunnel radius,
H: Tunnel axis depth.
The settlement of soil because of the tunnel construction is normally characterized by
the parameter known as the volume loss or ground loss influence factor. The volume
of the surface settlement can be evaluated by the equation 2.63.
Vs = √2𝜋.i.Smax = 2.5*i*Smax

(2.63)

The volume loss, VL, (sometimes referred to as ground loss) is the amount of ground
lost in the region close to the tunnel, primarily due to one or more of the components.
When tunnelling under drained conditions, for example in dense sands, Vs is less than
VL, because of dilation (Cording and Hansmire, 1975). When tunnelling in clays,
ground movements usually occur under undrained (constant volume) conditions, in
which case Vs = VL. Whatever the soil type, it is convenient to express the volume loss
in terms of the volume of the surface settlement trough, Vs, expressed as a percentage
fraction, VL, of the excavated area of the tunnel, i.e. for a circular tunnel (Mair &
Taylor, 1996).
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VL =

Vs

(2.64)

π.𝐷2
𝑒𝑥𝑐
4

Table below summarized the factor that influence the estimation of the volume loss,
include face loss, over excavation, pitching, ground disturbance, and tail void closure
are the components that can cause the excavated volume to be larger than the
theoretical tunnel volume (Marto et al. 2015).
Table 2.5: Relationship between volume loss (VL), construction practice, and
ground conditions (Ahmed, M. & Iskander, M. 2011).
Case

VL (%)

Good practice in firm ground; tight control of surface
pressure within closed face machine in slowly raveling or
squeezing ground

0.5

Usual practice with closed face machine in slowly raveling
or squeezing ground

1.0

Poor practice with closed face in poor raveling ground

2.0

Poor practice with closed face machine in poor (fast
raveling) ground

3.0

Poor practice with little face control in running ground

4.0

2.6.1.2 Arıoğlu & Schmidt method (after Çopur et al. 2007)
Various empirical methods have been proposed to estimate the maximum short term
settlement (Smax). One of these empirical methods is Schmidt method which is
proposed in 1969 and it is given in equation 2.65;
R2

Smax = 0.0125*K*( i )

(2.65)

In the equation 2.66, K is the percentage of ground volume loss for shield. Arıoğlu
(1992) reported that there is a well relationship between (K) and soil stability ratio (N)
for the excavation of EPB TBMs:
K = 0.87*e0.26N
N=

𝑛 𝐻+𝜎𝑠 −𝜎𝑇
𝐶𝑈

Where;
n : Unit weight of soil,
σs: Total surcharge pressure,
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(2.66)
(2.67)

σT: TBM’s face pressure,
Cu: Undrained cohesion (shear strength) of soil.
2.6.1.3 Herzog method (after Schmidt, 1985)
Herzog proposed the relations for the estimation of the Smax value for the single tunnel
and double tube in 1985 as respectively given below (Arıoğlu, 1992). While, the
equation 2.68 is mostly used for single New Austrian Tunneling Method (NATM)
tunnels, equation 2.69 is used for twin tunnels.
D2

Smax = 0.785*(n .H + σs)*( )
i.E

D2

Smax = 4.71*(n .H + σs)*((3i+a).E)

(2.68)
(2.69)

Where,
E: Young’s modulus of the soil,
a: Distance between the tunnel axes.
The reason of why results of Herzog (1985) method is high is that this empirical model
uses both NATM and shielded excavation methods together as input case data. As it
is known, in NATM, the amount of surface settlements is higher than the shielded
excavation (Erçelebi et al. 2011).
Analytical solutions
Researchers have proposed a numerous relationship by using some effective
parameters such as geotechnical strata, tunnel depth and dimensions, and the type of
the excavation. Initial conditions, the assumptions in terms of the soil conditions,
definition of the boundary and the tunnel geometry have to been simplificated in
analytical solution to find out ground surface deformations. Analytical methods are
usually based upon the assumption of elastic behavior of the soil. When using
analytical solutions, the volume loss computed is significantly reduced comparing with
interpretations of volume loss that were based on empirical methods. A large part of
the settlement is the volume loss which occurs due to the tunnel excavation. In order
to calculate settlements caused by tunnel excavation, it is very important to determine
volume losses and parameters. The selected values (parameters) are related to
experience in tunnelling, literature knowledge and soil conditions. Although the
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realistic estimation of volume losses is theoretically possible, it is quite difficult
because it contains too many parameters. Volume loss is determined by considering
the deformation and strength parameters of the ground and the rigidity and bearing
capacity of the support system. Settlements occurring on the ground during tunnelling
are generally expressed by the Gaussian curve formed in the direction of the tunnel
axis. By integrating these curves in the tunnel direction, the settlement surface is
obtained. As it is seen in Figure 2.18, Vs is the volume of settlement per unit length of
the tunnel and VL is the difference between the excavated volume and the theoretical
excavation volume of the tunnel. These two values can be thought the same, because
the difference between these values is negligible in the long term.

Figure 2.18: Gauss curve for settlement and volume loss (Hesami et al. 2013).
Volume loss VL (%) is generally expressed by the ratio of the volume of excavated
soil out of theoretical excavation volume VL, to the theoretical excavation volume of
the tunnel Vtunnel.
𝑉𝐿 (%) =

𝑉𝐿
𝑉𝑇𝑢𝑛𝑛𝑒𝑙

(2.70)

The numerical value of the volume loss depends on the ground conditions and the
tunnelling method. For rigid and over-consolidated soils, for example in London Clay,
this value is around 1-2% (Mair & Taylor, 1996). The volume loss parameter is usually
assumed to be 1% for excavation with face pressure-balanced tunnel boring machines.
Volume loss is determined separately for TBM excavation and NATM excavation.
The loss of volume due to the movement of the material to gap along the tunnel axis
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is often referred to as the tail loss. On the other hand, the volume loss resulting from
the movement of the material to the tunnel face is defined as surface loss.
2.6.2.1 Limanov’s Method (1957)
Hesami et al. (2013) states that, Limanov have presented his method based upon the
theory of elasticity using probability function to take into consideration the mechanical
behavior of the soil mass. This method was originally developed for shape of
settlement curve in mining holes based upon the Maxwell theorem.
This estimation of settlement in an isotropic soil can be reached by an elastic solution.
The Limanov's relationship for computing the maximum settlement is as follows;
Smax = (1-v2)*(P/E)*[4𝑟02 𝐻/(𝐻 2 − 𝑟02 )]

(2.71)

Where;
v: the soil Poisson’s ratio,
E: soil Young’s modulus,
r0: tunnel radius,
H: depth of tunnel centerline.
In order to determine settlement, firstly, it is needed to calculate radial loading of
circular excavation. This radial load, P (effective stress) that can be expressed as,
𝑃 = 𝜎𝑧

1+𝑘𝑟
2

(2.72)

Where;
σz :vertical stress in tunnel centerline,
kr : is lateral earth pressure.
2.7 Numerical Methods
When empirical and analytic methods fall short, numerical methods can be used. The
most commonly used numerical methods are finite element method, finite difference
method, discrete element method and boundary element method.

42

Finite element method
Finite element method is a numerical procedure for solving boundary value problems
and structural, solid mechanics problems in engineering. First using of finite elements
methods (FEM) goes back many years. The method had its birth in the aerospace
industry in the early 1950s and then with applications to structural and solid mechanics
(Kumar & Chandu, 2017). The main ideas of FEM are based on Ritz Technics which
are found in 1909. In case of apply this method, the solution part of the problem is
divided into several smaller parts in order to analyze deeply, and the expression of
function is chosen as polynomial. FEM can be used in a system which includes
complex material properties. It uses variational methods from the calculus of variations
to approximate a solution by minimizing an associated error function. This method can
be applied to all branches of math and physics such as, tension analyze, static and
dynamic elasticity problems. Processes of this method are listed below respectively;


Creation of mathematical model from physical problem



Formulate the problem



Solution domain is subdivided into smaller part which is called as a mesh. A
discrete model is constructed as follows;

For 1 dimensional;

Figure 2.19: Symbolic display of meshes for 1 dimensional.
Note: Distances between nodes could be both equal or not.
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For 2 dimensional;

Figure 2.20: Symbolic display of meshes for 2 dimensional.
For 3 dimensional;

Figure 2.21: Symbolic display of meshes for 3 dimensional.
Advantages of finite element method (FEM);


The method has a wide usage and application areas. All kinds of physical
problems can be treated by using the finite element methods.



The application of this method is wide ranged; because, the material properties
of the neighbor elements should not be same.



The shape of boundaries is insignificant. Irregularly shaped boundaries can be
approximated using elements with straight sides or matched exactly using
elements with curved boundaries.



Because of the fact that size of elements can be varied, the element grid or
mesh to be expanded or refined as the need arises.



In this method, mesh and grid variables can be automatically selected by the
program.
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Disadvantages of finite element method (FEM);


To use this method, computer program and facilities are required.



The used approximate technique in this method is statically worked.



The solution is only at the nodal points.



Needs experiment to well discretization of region in order to reach acceptable
result.



The reliability of the result can be controversial because of the truth of data.
Discrete element method

Discrete element method (DEM), which is also known as distinct element method is a
numerical method which estimates the motion and effect of a large number of small
particles. This method could also be imaginable as the simpler version of the finite
element method. For the engineering problems, this method is becoming broadly
accepted in granular and discontinuous materials, especially in granular flows, powder
mechanics, and rock mechanics. According to Cundall since DEM exhibits the same
discrete nature as soils, it can capture quite naturally complex behavior like nonlinear
stress/strain response, dilation related to mean stress, transition from brittle to ductile
behavior, hysteresis, nonlinear, strength envelopes, acoustic emission, etc. (Donze,
Richefeu & Magnier, 2008). To control the shear behavior at the contacts between the
discrete elements, Mohr-Coulomb criterion can be used. Yet, there is widespread work
on the constitutive modelling used in DEM in order to study soil. The use of this
method for the mechanical properties of the geomaterials is fast growing, and the
geotechnical applications is now almost systematic. The main working principle of
this method is that the material consists of separate, discrete particles which can be in
different shapes or have different properties. For this reason, blocky or jointed rock
masses can be an example of the application topic of the discrete element method.
Advantages of discrete element method (DEM);


By using this method, the study of micro-dynamics of powder flows becomes
more detailed than the common physical experiments.



DEM can be used to simulate a wide variety of granular flow and rock
mechanics situations. It can be used in a wide range of engineering
applications, including adhesive powders, granular flow, and jointed rock
masses.
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Disadvantage of discrete element method (DEM);
The maximum number of particles and duration of a virtual simulation is limited by
computational power. Typical flows contain billions of particles, but contemporary
DEM simulations on large cluster computing resources have only recently been able
to approach this scale for sufficiently long time (simulated time, not actual program
execution time).
Finite difference method
The finite difference method (FDM) is also one of the numerical methods which works
for the partial differential equations. The finite difference discretization scheme can be
said that the simples form of all the discretization which does not include the
topological nature of equations. The classical finite difference approach approximates
the differential operators constituting the field equation locally. Thus, the structured
grid the differential operators appearing in the main problem specification are rendered
in a discrete expression. Order of the differential operator of the original problem
formulation is specified the number of nodes which are involved, directly.
The advantages of this method are;


The method is easily understudied and implemented for simple material
relations.



In this method, approximations for the differential operator in the central node
of the considered patch is optimized.
Boundary element method

The boundary element method (BEM), which is also known as the boundary integral
equation method is a kind of modern numerical technique. This method is getting
popular by the last 30 years. For the engineering analysis, the boundary element
method became an alternative solution method to the traditional computational
methods.
Fictitious stress method (FSM) and displacement discontinuities method (DDM) are
the two main boundary element methods. Both of these boundary methods depend on
the elasticity theory. For this reason, their main working principles and the
formulations are similar to each other; however, their application areas are different.
For instance, while FSM is used for calculate the stress around excavated opening,
DDM is used for modelling of rock mass which includes discontinuities.
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By using BEM, there might be converged to the more actual solutions than using other
numerical analysis methods. The most important advantage of this method is its unique
ability which provides a complete solution in terms of boundary values only, with
substantial savings in modelling effort (Kuriyama & Mizuta, 1993).
2.8 Design Criteria of RS2 Software
RS2 is used in this study as a numerical modeling software. RS2 is a 2D elasto-plastic
analysis program which uses the finite element method as numerical methods.
Complex, multi-stage models can be easily created and quickly analyzed tunnels in
weak or jointed rock, underground powerhouse caverns, open pit mines and slopes,
consolidation, foundations, embankments, dynamic analysis, much more by using RS2
which is a software produced by Rocscience.
Rocscience explain briefly their evolution;
“Since 1987, the Rock Engineering Group at the University of Toronto has
developed and distributed geomechanics software, fulfilling a need for more
reliable, easy-to-use 2D and 3D analysis and design tools in the mining and
civil engineering industries. Under the leadership of Dr. Evert Hoek and Dr.
John Curran our first suite of programs evolved from work by various graduate
students over the years. The development of these initial programs was
supported in part by the Canadian Mining Industry along with the provincial
and federal governments.” (Rocscience, n.d.)
Development in computer technology has made it possible to solve geotechnical
problems by numerical methods in a short time, as in other engineering problems. In
these methods, the behavior of continuous physical systems expressed by differential
equations is analyzed by numerical methods. The most effective and systematic of
these developed numerical methods is the finite element method (Keskin, 2009)
In the finite element method, a continuous system is modeled as a system consisting
of a finite number of elements and nodes which are connecting these elements. The
main system to be solved is divided into finite elements, then the equations are written
and combined for an element, thus system equations are obtained by integrated
(Civelek, 2011).
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The first step is to divide the problem into subregions called elements and transform it
into a finite element network of these elements. The required degree of freedom should
be taken into account when choosing the element type. In two-dimensional problems,
finite elements usually consist of triangular or rectangular elements, and these
elements are connected by nodes. Each element in the network model is connected to
other elements adjacent to it by means of nodes, and the suitability of displacements is
provided only at points. Therefore, it is necessary to use a large number of elements to
get accurate results.
There are two types of analysis in RS2 which are axisymmetrical and plain strain
analysis and their view are presented in Figure 2.22. An axisymmetric analysis allows
that analyze a 3-dimensional model which is rotationally symmetric about an axis.
Although the input is 2-dimensional, the analysis results apply to the 3-dimensional
problem. It is important to choose plane strain or axisymmetrical according to the type
of problem. In 2-dimensional program, when surface settlement is considered, plain
strain analysis can be used but if the stress component which one normal to the support
face is needed, then axisymmetric analysis is more effective.

Figure 2.22: Approaches view of plane strain and axisymmetric analysis.
A plane strain model assumes that the excavations are of infinite length in the out-ofplane direction, and therefore the strain in the out-of-plane direction is zero
(Rocscience, 2018).
In axisymmetric analysis the axis of rotation is always the x = 0 (vertical) axis as it is
indicated in Figure 2.23. The model must always be mapped to fit this convention,
regardless of the actual orientation of the excavation. Because of the symmetry, only
“half” of the problem needs to be defined.
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Figure 2.23: Simple axisymmetric models and representation of cylindrical tunnel of
4 m radius, 28 m overburden height (Rocscience, 2018).
By splitting the main body into smaller finite solution body, FEM abbreviates a
boundary conditions problem in mechanics. During the generation of the finite element
meshes, the main body is divided into two-dimensional triangular or quadrilaterals
elements and mesh types can be chosen as a graded, uniform, or radial. RS2 has two
different triangle elements consisting of 3 and 6 nodes, and two different quadrilaterals
elements consisting of 4 and 8 nodes. While calculation of the displacement of any
point between these nodes, some interpolation functions which are called as a shape
functions are applied. Deformation of continuum body is signified in Figure 2.24.
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Figure 2.24: Deformation of continuum body (Rocscience, 2018).
The displacement vector U has components (u, v, w) and is equal to R’- R. The
deformations might be characterized by assigning a displacement vector to each point
of the body. Displacement vectors set for all points of the body is named as a
displacement vector field. When evaluated in fully this field, deformed state of the
body is being defined. Displacement vector is illustrated in Figure 2.25.

Figure 2.25: Illustration of displacement vector U (Rocscience, 2018).
In RS2 (FEM) models, the displacement field having two units of part; straining and
rigid body motion. For separation of straining from rigid body, firstly it is needed that
define a displacement gradient matrix, ∇U that contains partial derivatives of U.
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(2.73)

However, these partial derivatives are influenced by rigid rotations, they are not
affected by rigid translations. Elimination of the influence of rotations requires use of
what is known as the symmetric part of ∇U (Rocscience, 2018). The symmetric part,

ε (also known as the strain matrix), has the definition;
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The symmetry of the strain matrix can be seen from the fact that
1

𝜕𝑢

𝜕𝑣

1

𝜕𝑢

𝜕𝑤

1

𝜕𝑣

𝜕𝑤

𝜀𝑥𝑦 = 𝜀𝑦𝑥 = 2 ( 𝜕𝑦 + 𝜕𝑥 )
𝜀𝑥𝑧 = 𝜀𝑧𝑥 = 2 ( 𝜕𝑧 + 𝜕𝑥 )
𝜀𝑦𝑧 = 𝜀𝑧𝑦 = 2 ( 𝜕𝑧 + 𝜕𝑦 )

(2.75)
(2.76)
(2.77)

As it is stated by Rocscience (2018), the diagonal components of ε, which are known
as extensional strains, describe changes in length per unit length along the coordinate
directions.
Material type can be set as an elastic or plastic. In elastic type of material, failure
criterion parameters which are entered will only be used for the calculation and
plotting of strength factor within the material. Although an elastic material cannot
"fail", the failure envelope allows a degree of overstress to be calculated. In plastic
type of material, the strength parameters which are entered will be used in the analysis

51

if yielding occurs. This is unlike elastic materials, where the strength parameters are
only used to obtain values of strength factor, but do not affect the analysis results (i.e.
stresses and displacements are not affected) (Rocscience, 2018).
Failure criterion
In RS2, nine different models are used to model the behavior of the soil and rock mass.
The following strength criteria are available in RS2 for defining the strength of the
rock mass or soil:


Mohr-Coulomb



Hoek-Brown



Generalized Hoek-Brown



Drucker-Prager



Cam-Clay



Modified Cam-Clay



Discrete Function



Mohr-Coulomb with Cap



Softening-Hardening Model

The models and the parameters used in these models are summarized below.
a) Mohr-Coulomb
Mohr-Coulomb model is the most common model in the context of geomaterials and
in particular soils (e.g. Owen and Hinton 1980, Pietruszczak 2010). The specification
of this model and its yield criterion typically involves Coulomb’s hypothesis, which
postulated a linear relationship between shear strength on a plane and the normal stress
acting on it (Rocscience, 2018).
𝜏 = 𝑐 − 𝜎𝑛 tan ∅

(2.78)

Where, τ is the shear strength, σn is the normal stress, c is the cohesion and Ø is the
internal friction angle.
For the Mohr-Coulomb criterion you must define the parameters which are; cohesion,
friction angle and tensile strength. If the pore pressure is not considering in the
analysis, then the cohesion and friction angle are total stress parameters. If the pore
pressure is considering, then cohesion and friction angle are effective stress
parameters. If the material type is chosen as plastic, then it is necessary to define
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dilation angle and residual values of cohesion, friction angle and tensile strength
(Rocscience, 2018).
b) Hoek-Brown
Hoek-Brown failure criterion is the most common failure criterion used for rock
masses. The Hoek-Brown strength criterion in RS2, refers to the original Hoek-Brown
failure criterion (Hoek & Bray, 1981), described by equation 2.79:
0.5

𝜎′

𝜎1′ = 𝜎3′ + 𝜎𝑐𝑖 (𝑚𝑏 𝜎 3 + 𝑠)

(2.79)

𝑐𝑖

Where;
mb: a reduced value (for the rock mass) of the material constant mi (for the intact rock)
s, a: constants which depend upon the characteristics of the rock mass,
σci: uniaxial compressive strength (UCS) of the intact rock pieces,
σ’1, σ’3: the axial and confining effective principal stresses respectively.
Note that this is a special case of the Generalized Hoek-Brown criterion, with the
constant a = 0.5. The original Hoek-Brown criterion has been found to work well for
most rocks of good to reasonable quality in which the rock mass strength is controlled
by tightly interlocking angular rock pieces. For lesser quality rock masses, the
Generalized Hoek-Brown criterion can be used (Rocscience, 2018).
c) Generalized Hoek-Brown
For the Generalized Hoek-Brown criterion the parameters such as the intact uniaxial
compressive strength (UCS) of the rock and parameters mb, s and a must be defined.
If the material type is chosen as a plastic, then it is necessary to define dilation
parameter and residual values of mb, s and a. The Generalized Hoek-Brown strength
criterion is described by the equation 2.80;
𝜎′

𝑎

𝜎1′ = 𝜎3′ + 𝜎𝑐𝑖 (𝑚𝑏 𝜎 3 + 𝑠)
𝑐𝑖

(2.80)

d) Drucker-Prager
This model is intended to model cohesive geological materials that exhibit pressuredependent yield, such as soils and rocks. The Drucker-Prager strength parameters are
tensile strength, q parameter and k parameter. q and k are material properties in RS2
accept peak values and residual values for these two parameters. This means that after
the initial yielding the strength of the material instantly drops from its peak state to a
lower residual state. If the material is chosen as a plastic, it is necessary to define
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dilation parameter, q (residual) and k (residual). It is noted that in order to calculate
equivalent Drucker-Prager parameters based on Mohr-Coulomb parameters, equation
2.81 and equation 2.82 are used (Rocsicence, 2018):
𝑞=

sin ∅
1
3

(2.81)

√1+ 𝑠𝑖𝑛2 ∅

𝑘=

c cos ∅
1
3

(2.82)

√1+ 𝑠𝑖𝑛2 ∅

Where,
c: cohesion,
Ø: internal friction angle.
For non-associated flow (0 dilatancy);
q = sinØ

(2.83)

k = cosØ

(2.84)

e) Cam-Clay & Modified Cam-Clay
The Cam-Clay and modified Cam-Clay models are an elastic plastic strain hardening
models that are based on Critical State theory and the basic assumption that there is a
logarithmic relationship between the mean stress and the void ratio. Specification of
the Cam-Clay model requires five material parameters, and the initial state of
consolidation. These five material parameters are lambda (), kappa (), critical state
line (CSL) slope (M), specific volume (N or Gamma), elastic parameters. Lambda is
the slope of the normal compression (virgin consolidation) line and critical state line.
Kappa is the slope of a swelling (loading-unloading) line. There are two possible
methods for defining the specific volume parameter. The N parameter defines the
specific volume of the normal compression line at unit pressure. The Gamma ()
parameter defines the specific volume of the CSL at unit pressure. The choice of
parameter can be selected by the user in the Cam-Clay Options dialog. There are two
possible methods for defining the initial state of consolidation. The Overconsolidation
Ratio (OCR) is the ratio of the previous maximum mean stress to the current mean
stress. Or Preconsolidation Pressure (Po) can be specified. The choice of parameter
can be selected by the user in the Cam-Clay Options dialog (Rocscience, 2018).
The Modified Cam-Clay strength model in RS2 has the same input parameters as the
Cam-Clay model, but uses the Modified Cam-Clay equations. The detailed
information can be handled from Theory Overview section of Rocscience.
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f) Discrete Function
The Discrete Function option allows to define Mohr-Coulomb shear strength
parameters (cohesion, friction angle) at a grid of discrete points within a material. The
shear strength at any point within the material is then interpolated from the data at the
grid points. This allows to define any type of strength distribution within a material.
Elastic modulus can also be defined at the discrete grid points (Rocscience, 2018).
g) Mohr-Coulomb with Cap
This model is an extension to the elasto-perfect-plastic Mohr Coulomb model. The
addition is a cap yield surface that closes the elastic domain in stress space (𝑝 − 𝑞) on
the hydrostatic (𝑝) axis. With the help of cap, the densification/compaction of material
can be simulated. This model could be an alternative to Cam Clay model in a sense
that both models can simulate the compaction of material and limit its shear strength.
The advantage for the Mohr Coulomb with cap mode is that it will not have the issues
that the Cam Clay model has when the stress state is above the critical state line on the
dry side of the yield surface (Rocscience, 2018).
h) Softening Hardening Model
Experimental evidence indicates that the plastic deformation in soils starts from the
early stages of loading. To capture such a behavior in a constitutive model the typical
elasto-perfect plastic models are not adequate. To simulate such behavior constitutive
models that utilize a hardening law after initial yielding are required. The model can
utilize up to three yield surfaces that includes deviatoric (shear), volumetric (cap) and
tension cut off (Rocscience, 2018).
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3. INVESTIGATION OF MAXIMUM SURFACE SETTLEMENT AND
REQUIRED FACE SUPPORT PRESSURE WITH DIFFERENT
PARAMETRIC CALCULATIONS
3.1 Introduction
Due to the fact that excavation of tunnels in unfavorable geotechnical conditions
becomes widespread in urban areas, the significance of maintaining tunnel face
stability is getting more important. It is also important to be able to determine the
surface settlement amount that may occur due to wrong face support pressure and other
reasons. For these reasons, it is necessary to predict the face support pressure and
surface settlement amount more accurately in feasibility and design stage of a project.
The correct evaluation of these to avoid face instability and minimizing the effects on
surface depends on a number of factors such as internal friction angle, cohesion, unit
weight, tunnel diameter, tunnel depth, Young’s modulus and Poisson’s ratio. In order
to determine effects of these parameters on required face support pressure and surface
settlement amount in EPB TBM tunneling method, a number of numerical analyses
are created and performed in this study. On the other hand, some of the empirical and
analytical approaches given in the previous section to calculate face support pressure
and magnitude of surface settlement are examined by considering their restrictions.
Their limitations or specific properties also should be considered during the
calculation. According to literature review average reference geotechnical parameters
for both granular soil and cohesive soil are accepted to be able to perform an
optimization as a result of the analysis and to determine the effect of each parameter
more clearly. Furthermore, all analyses are performed in dry conditions. During these
analysis, all parameters are kept constant as in reference model and only the parameter
that wanted to be examined is varied. While determining the field stresses used in the
calculations, the approaches offered by Jacky (1944) and Terzaghi and Richart (1952)
are used considering both the angle of internal friction and Poisson’s ratio respectively.
In order to determine field stress equation 2.46 and equation 2.51 are considered. As a
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numerical method, RS2 software is used in this study and establishment of it is
presented in following section.
3.2 Establishment of FEM Model (RS2 Software) for Face Support Pressure and
Surface Settlement Predictions
RS2 is a software produced by Rocscience uses finite element method. In this study
RS2 software (license no.: 17331-001) which belongs to TTS Engineering and
Architecture Co. Ltd. is used by courtesy of this company. The RS2 software includes
3 program modules such as model, compute and interpret. Model is the pre-processing
module used for creating and editing the problem with; model boundaries, support, insitu stresses, boundary conditions, material properties, and finite element mesh. Before
defining the problem in the analysis program, it is necessary to adjust the general
settings in the software according to preference. There is a “Project Settings” dialog in
the Analysis menu. In “General” tab, axisymmetric or plane strain can be chosen as an
analysis type. There are two types of analysis in RS2 which are axisymmetrical and
plain strain analysis. An axisymmetric analysis allows analyzing a 3-dimensional
model which is rotationally symmetric about an axis. Although the input is 2dimensional, the analysis results apply to the 3-dimensional problem. While
axisymmetric analysis type is used to determine face support pressure, plane strain
analysis type is used to investigate surface settlement amount. Solver type is stated as
Gaussian elimination and the units are selected as metric, stress as MPa as shown in
Figure 3.1. There is also a ‘Stages’ tab that stage number is determined. Every process
of excavation and construction could be designed part by part by using stages. If it is
necessary, the number of stages can be arranged up to required level.
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Figure 3.1: General project settings on RS2.
In addition, probabilistic analysis, strength reduction factor, groundwater properties
and stress analysis (that includes number of iterations, tolerance and convergence type)
can be set on “project settings” tab.
Since the two-dimensional version of the program is used, the geometry to be studied
is determined firstly and the working area is drawn. If it is desired to get the correct
result as accurately as possible by using the numerical method, it is necessary to make
realistic modeling. The line of boundaries that are already drawn in AutoCAD are
imported to RS2 as a “.dxf” file since it is easier to edit lines in AutoCAD. After that,
mesh type and boundary conditions need to be specified for the analyzed tunnel. The
model shown in Figure 3.2 uses a graded mesh composed of three-noded triangular
elements and number of nodes on external is set as 200.
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Figure 3.2: Defining of mesh set-up on axisymmetrical analysis.
Boundary conditions are applied for axisymmetric analysis it is shown in Figure 3.3.
While axisymmetrical analysis is used to investigate required face support pressure,
plain strain analysis is used to investigate surface settlement in this study.

Figure 3.3: Boundary conditions for axisymmetric analysis.
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General view of plain strain analysis with mesh setup tab and applied boundary
conditions for surface settlement estimations is presented in Figure 3.4. Detail of the
boundary conditions for plane strain analysis is shown in Figure 3.5.

Figure 3.4: General view of plain strain analysis with boundary conditions and mesh
for surface settlement estimations.

Figure 3.5: Boundary conditions for plane strain analysis for surface settlement
estimations.
After the model is created paying attention to the geometric properties of the tunnels
and the overburden height, the material properties which will be used in the analysis
can be defined. A single material is used in this that’s why only one material properties
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are set for reference model. Depending on the variable examined, only that variable is
changed and analyzes are carried out while keeping other parameters constant. Unit
weight of the soil, internal friction angle, cohesion, Young’s modulus and Poisson’s
ratio are entered in. Failure criterion model is chosen as "Mohr-Coulomb” in RS2 since
internal friction angle and cohesion are two of the parameters which are investigated
in terms of effects on required face support pressure and surface settlement. Since an
EPB tunnel is modeled in the analysis, concrete feature having 30 cm thickness is
entered to reflect the segments. Field stresses are determined appropriately for each
model and entered to software. Finally, surface settlement amount or face support
pressure is calculated and evaluated with the “Compute” and “Interpret” commands
respectively.
3.3 Parametric Studies on Face Support Pressure
In this section, the examination of effects of all parameters are made on an individual
basis. During these analysis, all parameters are kept constant as in reference model and
only the parameter that wanted to be examined is changed. While some analytical and
empirical methods are valid for a granular soil, some methods are valid for a cohesive
soil. For this reason, calculations are done separately for granular and cohesive soils.
Some methods can be used for both cohesive and granular soils therefore they are
included in both parametric studies. Some effective parameters are different for
granular and cohesive soils. Consequently, these parameters are presented in the
following sections. In the numerical models, the presence of underground water can
not be taken into consideration due to the axisymmetric analysis. For the same reason,
surcharge load is accepted as a zero in parametric studies on face support pressure.
This RS2 model indicates that tunnel has 20 m overburden height and 6.5 m diameter.
It was determined to take into account the 4 diameter (26 m) in front of and 4-diameter
(26 m) behind the tunnel face while creating the boundaries as seen in Figure 3.6.

62

Figure 3.6: Model for calculation on RS2 to determine required face support
pressure.
After geotechnical parameters are set and boundaries are created, vertical earth
pressure is applied to tunnel face in order to determine required face support pressure
in RS2. This pressure is gradually increased or decreased, thus trying to reach the
minimum value which ensures not displace into the tunnel, and this value is considered
the required face support pressure. This face support pressure value is calculated as
300 kPa for the model in Figure 3.6 and this pressure is seen as applying tunnel face.
Three dimensional solution type of the model in Figure 3.6 can be thought as in Figure
2.22. However, it should be stated that a face support pressure of around 20 kPa should
be added to the one estimated here for a safer operation in practice. Example result of
RS2 model to calculate required face support pressure is illustrated in Figure 3.7.
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Figure 3.7: Example of displacements on tunnel face where face support pressure is
300 kPa.
The results which are calculated from empirical, analytical methods offered by
researchers in order to estimate the required face support pressure values and the
results of numerical modelling are compared to establish a relationship between them.
Investigation of parameters on face support pressure for cohesive soil
As it is summarized in literature review, in order to determine face support pressure
there are some proposed approaches which are valid for cohesive and granular soils
separately. When investigating the effect of parameters on face support pressure for
different approaches, soil is examined in two different types such as cohesive and
granular soil. Geotechnical parameters for these types of soils are chosen based on
literature. The reference model used for cohesive soils has the basic geotechnical
parameters as given in Table 3.1.
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Table 3.1 : Basic geotechnical parameters assumed for cohesive soils.
Ø (˚)
10

c (kPa)
25

(kN/m3)

D (m)

C (m)

E (MPa)

K0

v

20

6.5

20

25

0.63

0.3

Ø: internal friction angle, c: cohesion, :unit weight of soil, D:diameter of a tunnel,
C: overburden height, E: Young’s modulus, v: Poisson’s ratio

K0 value is obtained by calculating the arithmetic mean of equation 2.46 and equation
2.51. By using the reference model which having geotechnical parameters as listed
above, required face support pressures are calculated for every parameters by using
both numerical and analytical approaches separately. Since overburden is assumed as
constant while tunnel diameter is changing, C/D ratio also changes in the investigation
parts of tunnel diameter. This procedure is same while investigate to tunnel depth. This
method is applied for the parameters listed in Table 3.2;
Table 3.2: Ranges of parameters are used in analysis of face support pressure for
cohesive soils.
c (kPa)

(kN/m3)

D (m)

C (m)

E (MPa)

v

25
30
35
40
45
50

17
18
19
20
21
22

5
6.5
10
15

5
10
15
20
25
30

25
50
75
100
150
200

0.2
0.25
0.3
0.35

75
100

23

35
40
45
50

c: cohesion, :unit weight of soil, D:diameter of a tunnel,
C: overburden height, E: Young’s modulus, v: Poisson’s ratio

While other reference parameters are kept constant, investigated parameters are
changed to all values of related columns as it is listed in Table 3.2.
Methods of Krause (1987) includes three types of approaches in order to calculate face
support pressure. In the calculations, the method for quarter circle is used. Results of
numerical analyzes in order to calculate required face support pressure for cohesive
soils are presented in Appendix A.

65

3.3.1.1 Investigation of cohesion
Cohesion can be defined as the resistance against shear stress in the shear plane due to
the attraction between the mineral molecules forming the rock or soil material under
zero normal stress. Cohesion is one of the most important effective factors for required
face support pressure. Besides numerous two dimensional numerical analyzes,
analytical and empirical methods have been carried out in order to enrich the review.
Many researchers have carried on studies within this scope and offered approaches
having a cohesion parameter. The undrained shear strength is critical factor for face
support pressure (Backus, 1998). By using different cohesion values and holding other
variables constant computation runs are performed to see the effect of cohesion on
required face support pressure. In the values selected as reference, the ratio of the
overburden height to the diameter of the tunnel is higher than 2. According to ITA
(2000) approach, there are two methods to calculate required face support pressure
which can be classified for situations such as “C/D ≤ 2” and “C/D>2”. Arching effect
is considered when overburden height is greater than twice diameter of tunnel. The
overburden height is taken as 20 m, and the tunnel diameter is taken as 6.5 m in the
calculations. The results are summarized in Table 3.3 and Figure 3.8.
Table 3.3: Estimations of face support pressure for different cohesion values for
cohesive soils (D: 6.5 m, v: 0.3).
Face Support Pressure σT (kPa)

Parameters
c

Ø
(˚)

E
(MPa)


(kN/m3)

C
(m)

Broms &
Bennemark

Krause

ITA
(2000)

Carranza
-Torres

FEM

25

315

23

266

159

300

30

285

0

260

143

300

35

255

0

253

127

300

225

0

247

111

300

(kPa)

40

10

25

20

20

195

0

241

95

300

50

165

0

234

79

300

75

15

0

234

0

300

100

0

0

234

0

300

45
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Figure 3.8: Required face support pressures for different cohesion values according
to different approaches for cohesive soils.
Considering the results in Table 3.3, as the cohesion value increases, the face support
pressure decreases for all methods except FEM. In the axisymmetric model of FEM,
face pressures are closely associated with field stress. But cohesion is not the parameter
in the methods to calculate field stress in this study. That’s why the required face
support pressure values of FEM don’t change despite cohesion increases. However, it
doesn’t mean that face support pressure values are not affected by cohesion in FEM
analysis. It is related to the chosen method in FEM. This is a disadvantage of
investigate to effect of cohesion by using a two-dimensional analysis. In the case of
calculated face support pressure reaches the value that is smaller than zero is accepted
as a zero. As it is shown in Figure 3.8, the biggest change on face support pressure
values belong to Broms & Bennemark (1967), and the method of ITA (2000) is the
least affected one by cohesion change. It can be seen in the Table 3.2 and graph in
Figure 3.8 that tunnel face becomes stable after 50 kPa cohesion value on Carranza
Torres (2004) method and 75 kPa cohesion value on Broms & Bennemark (1967)
method. To provide a cleaner graph, face support pressure values corresponding to
cohesion values greater than 50 kPa are not included in the Figure 3.8. In addition,
according to methods of Krause, it is seen that tunnel face becomes stable after 25 kPa
value of cohesion. In the method of ITA (2000) it is necessary to choose maximum
one of “b.ho” and “b.2.Ds” to calculate vertical pressure and horizontal pressure is
calculated from vertical pressure as explained in the previous section. For greater
cohesion values than 50 kPa, “b.2.Ds” becomes greater than “b.ho”. For this reason,
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results of ITA (2000) methods are not affected from the cohesion values for greater
than 50 kPa.
3.3.1.2 Investigation of unit weight
Almost all research studies to determine face support pressure show that unit weight
is another significant parameter. In order to illustrate the effect of unit weight, some
analyses are performed with different unit weight value, while remaining parameters
are kept constant during numerical, empirical and analytical analysis. Selected unit
weight values are; 17, 18, 19, 20, 21, 22, 23 kN/m3 for all different approaches.
In ITA (2000) method, there are two types of approaches for different tunnel axis
depths. The condition of C>2D is the critical point. In the analysis for ITA (2000), the
ratio of overburden to tunnel diameter is higher than two. It means arching affect is
considered in ITA (2000) method. Field stresses are calculated for every different unit
weight and incorporate into analysis. The results obtained from analytical and
numerical methods are presented in Table 3.4 and Figure 3.9.
Table 3.4: Estimations of face support pressure for different unit weight values for
cohesive soils (D: 6.5 m, v: 0.3).
Face Support Pressure σT (kPa)

Parameters

(kN/m3)

17
18
19
20
21
22
23

Ø
(˚)

10

E
(MPa)

25

c
(kPa)

25

C (m)

Broms &
Bennemark

Krause

ITA (2000)

CarranzaTorres

FEM

20

245
268
292
315
338
361
384

0
0
11
23
35
48
60

226
239
252
266
280
292
305

123
135
147
159
171
183
195

250
265
280
300
310
325
340
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Figure 3.9: Required face support pressures for different unit weight according to
different approaches for cohesive soils.
Figure 3.9 shows that, required face support pressure values increase depending on
increasing soil unit weight. All methods have similar curves of slope but the values of
FEM and Broms & Bennemark (1967) method are higher than others. Slope of FEM
are nearly similar to methods of ITA (2000) although results are not exactly same.
Furthermore, in Krause (1987) method, tunnel face is seen as stable for 17 and 18
kN/m3 value of unit weight.
3.3.1.3 Investigation of Young’s modulus
Young’s modulus is the stiffness of the material. It can be defined shortly as a ratio of
the stress to the strain in a material in the linear elasticity regime of a uniaxial
deformation. Young’s modulus is also called as an elasticity of the material. In the
calculations, Young’s modulus is varied as 25, 50, 75, 100, 150 and 200 MPa in order
to investigate its effect.
It is noticed that the methods used in the calculation of required face support pressure
do not include Young’s modulus. For this reason, required face support pressure results
are calculated only by using FEM. The obtained results for different Young’s modulus
values are given in Table 3.5.

69

Table 3.5: Estimations of face support pressure for different Young’s modulus
values for cohesive soils (D: 6.5 m, v: 0.3).
Face Support Pressure σT (kPa)

Parameters
E (MPa)

Ø (˚)

C (m)

c (kPa)

(kN/m3)

FEM

25

300

50

295

75

10

20

25

20

292

100

290

150

287

200

285

Table 3.5 and Figure 3.10 show that there is an inverse relationship between increasing
Young’s modulus value and required face support pressure. However, the decrease is
quite limited compared to the face support pressure.

Figure 3.10: Required face support pressures for different Young’s modulus values
(FEM) for cohesive soils.
3.3.1.4 Investigation of Poisson’s ratio
Poisson’s ratio is another significant parameter considered by researchers in order to
estimate required face support pressure. In order to determine effects of Poisson’s
ratio, the values are taken are 0.2, 0.25, 0.3 and 0.35.
It is clearly seen that Poisson’s ratio is not used in the methods which are offered by
many researchers to determine required face support pressure. For this reason,
investigation is performed only by FEM to research effect of Poisson’s ratio. The
results obtained are summarized in Table 3.6 and Figure 3.11.
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Table 3.6: Estimations of face support pressure for different Poisson’s ratio values
for cohesive soils (D: 6.5 m, E: 25 MPa).
Face Support Pressure σT (kPa)

Parameters
v
0.2
0.25
0.3
0.35

Ø (˚)

10

C (m)

20

c (kPa)

(kN/m3)

FEM

20

250
275
300
320

25

Figure 3.11: Required face support pressures for different Poisson’s ratio values
(FEM) for cohesive soils.
Table 3.6 shows that there is a positive linear relationship between Poisson’s ratio
value and required face support pressure. As it is illustrated in Figure 3.11 increase of
Poisson’s ratio causes increase of required face support pressure. Increasing the
Poisson’s ratio values from 0.2 to 0.35 leads the results to increase by approximately
30%.
3.3.1.5 Investigation of tunnel diameter
Some calculations are performed for a different tunnel diameter such as 5, 6.5, 10, 15
m with constant overburden height (20 m) to illustrate effect of tunnel diameter on
face support pressure. Changing tunnel dimeter with constant overburden height
changes C/D ratio.
Numerous researchers have carried on a studies to determine required face support
pressure and offered an approach having a tunnel diameter parameter. By using
different tunnel diameter values required face support pressures are calculated
according to analytical, empirical methods, and FEM. In the case of calculated face
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support pressure reaches the value that is smaller than zero is accepted as a zero which
means that face is stable. The results are summarized in Table 3.7 and Figure 3.12.
Table 3.7: Estimations of face support pressure for different tunnel diameter values
for cohesive soils (20 kN/m3, v: 0.3).
Face Support Pressure σT (kPa)

Parameters
D
(m)

5
6.5
10
15

Ø
(˚)

10

E
(MPa)

25

c
(kPa)

25

C (m)

20

C/D

Broms &
Krause
Bennemark

ITA
(2000)

Carranza
-Torres

FEM

4.0
3.1
2.0

300
315
350

0
23
155

239
266
350

148
159
181

285
300
320

1.3

400

344

420

186

350

Figure 3.12: Required face support pressures for different tunnel diameter values on
different approaches for cohesive soils.
It is shown in Figure 3.12 that increasing in tunnel diameter value from 5 m to 15 m
in other words decreasing of C/D ratio changes the required face support pressure
along increasing direction. But it should be noted that, if C/D ratio decrement is
occurred by increasing of tunnel diameter, this situation leads to increasing of face
support pressure. The results of ITA (2000) method have highest value for 15 m
diameter while FEM’s and Broms & Bennemark (1967)’s results are higher till the 10
m diameter. The required face support pressure results of FEM are similar to method
of Broms & Bennemark (1967). In ITA (2000) method, there are two types of
approaches for ratio of overburden to tunnel diameter. The condition of C>2D is the
critical point. Since the overburden height is 20 m in these models, the result of
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approach turns into calculated for the one that is offered without considering arching
zone on higher than 10 m tunnel diameter. It seems that Carranza-Torres (2004)
method is less sensitive method in evaluating the effect of tunnel diameter.
3.3.1.6 Investigation of tunnel depth
The last soil parameter investigated in this study in terms of effects on face support
pressure for cohesive soils is tunnel depth in other words overburden. The overburden
height values from 5 m to 50 m increased by 5 for required face support pressure
determination, are used in methods for a constant tunnel diameter of 6.5 m. As the
previous calculations, in these analysis rest of the parameters for the models are kept
as constant with reference model too.
The importance of the tunnel depth is explicated in previous studies of thesis. As it is
mentioned in literature review, overburden height is significant in terms of arching
effect which is offered by ITA (2000). In the reference model having a tunnel diameter
is 6.5 m, tunnel depth is a 20 m. According the methods of ITA (2000), C>2D is a
critical point in order to creation arching zone. That’s why the graph of ITA (2000)
increases rapidly till the C=15 m, then increases again with a lower slope as it is seen
in Table 3.8.
Table 3.8: Estimations of face support pressure for different overburden heights for
cohesive soils (20 kN/m3, v: 0.3).
Face Support Pressure σT (kPa)

Parameters
C (m)
5
10
15
20
25
30
35
40
45
50

Ø (˚)

10

E (MPa) c (kPa)

25

25

D (m)

C/D

6.5

0.8
1.5
2.3
3.1
3.8
4.6
5.4
6.2
6.9
7.7

ITA
(2000)
105
210
234
266
309
350
388
424
458
489

Broms &
Bennemark
15
115
215
315
415
515
615
715
815
915

FEM
110
170
235
300
360
420
485
550
610
670

Table 3.8 indicates increasing of face support pressure values depends on different
overburden height for methods of ITA (2000), Broms & Bennemark (1967) and FEM.
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Increasing of overburden height while tunnel dimeter keep constant leads to increasing
of C/D ratio. These results obtained are presented as a graph in Figure 3.13.

Figure 3.13: Required face support pressures for different tunnel depth values
according to different approaches for cohesive soils.
Required face support pressure results show that an increase on tunnel depth changes
the results noticeably. In method of ITA (2000), there is a very high increase up ratio
until the 2D overburden height and then there is a slowly increase with the effect of
arching. Moreover, as the C/D ratio of tunnel increases, the required face support
pressure value increases, but this rise is slower than the part of having lower value than
2 for C/D ratio because of this method takes into account to arching effect. But it
should be noted that, if C/D ratio increment is occurred by increasing of overburden
height, this situation leads to increasing of face support pressure. While the result of
calculated required face support for Broms & Bennemark method is lower till the 20
m overburden height, it has highest results for every overburden height value after 20
m. The method of Krause is not affected from changing of tunnel depth even though
it is affected by tunnel diameter.
3.3.1.7 Summary for cohesive soils
The face support pressure values are examined in order to investigate effects of
parameters representing the cohesive soil. By changing these parameters in a certain
range, it is examined how it affects the result for different approaches. These examined
parameters are assumed as cohesion, unit weight, Young’s modulus, Poisson’s ratio,
tunnel diameter and tunnel depth. While the change of parameters affected the results
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remarkable in some approaches, it doesn’t change the result or change slightly in some
approaches. The percentage of parameters effect required face support pressure for all
approaches are presented in Table 3.9.
Table 3.9: Percentage of parameters effect on face support pressure for all methods
investigated in cohesive soil.
Face Support Pressure Values, σT (kPa)
Broms &
Bennemark
(1967)

Krause
(1987)

ITA (2000)

CarranzaTorres
(2004)

FEM

Max

315

23

266

158

300

Min

-135

-645

234

-80

300

28%

60%

5%

67%

0%

Max

384

60

305

194

340

Min

245

-14

226

123

250

9%

7%

12%

20%

11%

Max

-

-

-

-

300

Min

-

-

-

-

285

Cohesion (kPa)
Percentage
Unit weight
(kN/m3)

Percentage
Young’s modulus
(MPa)

Percentage
Poisson’s ratio

2%

Max

-

-

-

-

320

Min

-

-

-

-

250

Percentage
Tunnel diameter
(m)

9%

Max

400

344

420

186

350

Min

300

-34

239

142

285

6%

33%

27%

13%

8%

Max

915

-

489

-

670

Min

15

-

105

-

110

Percentage
Tunnel depth (m)
Percentage

57%

56%

70%

As it is shown in Table 3.9 tunnel depth is the most effective parameter on face support
pressure whereas cohesion is the less effective one for FEM. It seems that changing
cohesion doesn’t affect the result, but it might be wrong to evaluate it that way. It is
related with field stress and it should be noted that this is a disadvantage of calculating
using a two-dimensional analysis for a problem that needs to be evaluated in three
dimensions. In the methods of ITA (2000) it is possible to see similar parameter effects
on face support pressure with FEM. While most effective parameter is tunnel depth,
less one is cohesion. But this situation is different for other methods. In the method of
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ITA (2000) the vertical earth pressure at the tunnel crown is based on Terzaghi’s
formula. According to Terzaghi (1946) rock within surrounded tunnel becomes
loosened during excavation and moves toward the opening. It was assumed that the
loosened rock behaves as granular material. The method of ITA (2000) have offered
for all type of soil even though Terzaghi’s (1946) formula is valid for granular soil and
method of ITA (2000) is based on Terzaghi’s equation. This may be reason of cohesion
that being less effective parameters for the method of ITA (2000). That’s why it is
thought that using of the ITA (2000) method in cohesive soils may be misleading.
It is seen that arching effect has a significant role to reduce face support pressure in
the method of ITA (2000). According to ITA (2000) arching zone was occurred where
C/D is greater than 2. For this reasons most effective parameters to calculate required
face support pressure are tunnel diameter and tunnel depth in ITA (2000) method. It is
clearly seen that tunnel depth is most effective parameters for method of Broms &
Bennemark (1967) too in the analysis which is performed with assumed materials as
it is presented in the beginning of this chapter. The method of Broms & Bennemark
(1967) includes a number of parameters but it is very important to determine the
cohesion value correctly in this method. In the methods of Krause (1987) and
Carranza-Torres (2004), most effective parameter on face support pressure is cohesion
by contrast with FEM and method of ITA (2000). Moreover, the tunnel diameter is a
parameter that has a crucial effect on the result for the method of Krause (1987)
regardless of the overburden height. Table 3.9 shows that FEM is the method that
achieves results by using the most parameters. Krause (1987) and Carranza-Torres
(2004) methods do not contain parameter for tunnel depth while this is the most
influential parameter in other methods. Therefore, there is concern about the reliability
of these methods.
Investigation of parameters on face support pressure for granular soil
The reference model which is used for granular soil having basic geotechnical
parameters as given in Table 3.10.
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Table 3.10 : Basic geotechnical parameters assumed for granular soils.
c (kPa)
0

Ø (˚)
30

(kN/m3)

D (m)

C (m)

E (MPa)

K0

v

18

6.5

20

25

0.46

0.3

Ø: internal friction angle, c: cohesion, :unit weight of soil, D:diameter of a tunnel,
C: overburden height, E: Young’s modulus, v: Poisson’s ratio

K0 value is obtained by calculating the arithmetic mean of equation 2.46 and equation
2.51. By using the reference model having geotechnical parameters as listed above,
required face support pressures are calculated for each parameter by using both
numerical and analytical approaches separately. This method is applied for all
parameters that are listed in Table 3.11;
Table 3.11: The table for parameters which are used in analysis of face support
pressure for granular soil.
Ø (˚)
20
25
30
35
40

(kN/m3)

D (m)

C (m)

E (MPa)

v

17
18
19
20
21
22

5
6.5
10
15

5
10
15
20
25
30

25
50
75
100
150
200

0.2
0.25
0.3
0.35

23

35
40
45
50

Ø: internal friction angle, :unit weight of soil, D:diameter of a tunnel,
C: overburden heights E: Young’s modulus, v: Poisson’s ratio

While other reference parameters are kept constant, investigated parameters are
changed to all values of related columns as it is listed in Table 3.11.
Results of numerical analyzes in order to calculate required face support pressure for
granular soils are presented in Appendix B.
3.3.2.1 Investigation of internal friction angle
There are a number of parameters that affecting required face support pressure and
internal friction angle is one of them. When the literature data presented previously are
examined, the importance of the internal friction angle is clearly seen. In addition to
these literature studies, a number of two dimensional numerical modelling studies have
been carried out in order to enrich the review.
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Numerous calculations are performed by using different internal friction angle values
when keeping other variables constant in order to evaluate the effect of internal friction
angle on required face support pressure. When it is decided to choose internal friction
angle values, it is aimed to both have a visible effect in analytical methods and remain
within the reasonable values within the scope of the literature. The parameters used in
analytical and numerical modelling and consequently the required face support
pressure results obtained are presented in Table 3.12 and Figure 3.14.
Table 3.12: Estimations of face support pressure for different internal friction angles
for granular soils (D: 6.5 m, v: 0.3).
Face Support Pressure σT (kPa)

Parameters
Ø
(˚)

20
25
30
35
40

c
(kPa)

0

E
(MPa)

25


(kN/m3)

18

C
(m)

Atkinson
& Potts

Krause

Leca &
Dormieux

Jancsecz & Steiner

20

76
57
44
34
27

107
84
68
56
47

25
18
14
10
7

53
36
25
18
14

Table 3.12 (Continuation): Estimations of face support pressure for different
internal friction angles for granular soils (D: 6.5 m, v: 0.3).
Face Support Pressure σT (kPa)

Parameters
Ø
(˚)

20
25
30
35
40

c
(kPa)

0

E
(MPa)

25


(kN/m3)

18

C
(m)

ITA (2000)

Carranza-Torres

FEM

20

197
193
190
186
184

111
76
50
33
22

230
215
200
185
165

Considering the results in Table 3.12 and Figure 3.14, as the internal friction angle
value increases, the face support pressure value decreases. This correlation seems on
all methods.
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Figure 3.14: Required face support pressures for different internal friction angles
according to different approaches for granular soils.
When Figure 3.14 is examined, the slopes of the curves are similar with slight
differences in all approaches. In addition, the face support pressure values which are
calculated by using FEM and method of ITA (2000) are very high in comparison with
other empirical and analytical (theoretical and/or semi-theoretical) methods. On the
other hand, this graph indicates that ITA (2000) and Leca & Dormieux are less
sensitive for angle of internal friction than the other empirical and analytical methods
while method of Carranza-Torres (2004) is more sensitive.
3.3.2.2 Investigation of unit weight
In order to illustrate the effect of unit weight, some analyses are performed with
different unit weight values. Remaining parameters are kept constant, while numerical,
empirical and analytical analysis are performed. Selected unit weight values are; 17,
18, 19, 20, 21, 22, 23 kN/m3 for all different approach.
Unit weight is an effective parameter to estimate required face support pressure. A
number of methods which are offered to calculate face support pressure include unit
weight in the equations of them. The results which are obtained from analytical and
numerical methods are presented in Table 3.13 and Figure 3.15.
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Table 3.13: Estimations of face support pressure for different unit weight values for
granular soils (D: 6.5 m, v: 0.3).
Face Support Pressure σT (kPa)

Parameters

(kN/m3)

17
18
19
20
21
22
23

Ø
(˚)

30

E
(MPa)

25

c
C
(kPa) (m)

0

20

Atkinson &
Potts

Krause

Leca &
Dormieux

Jancsecz &
Steiner

41
44
46
49
51
53
56

64
68
71
75
79
83
86

13
13
14
15
16
17
17

24
25
27
29
30
31
33

Table 3.13 (Continuation): Estimations of face support pressure for different unit
weight values for granular soils (D: 6.5 m, v: 0.3).
Face Support Pressure σT (kPa)

Parameters

(kN/m3)

17
18
19
20
21
22
23

Ø
(˚)

30

E
(MPa)

25

c
C
(kPa) (m)

0

20

ITA (2000)

Carranza-Torres

FEM

181
190
198
207
216
225
235

48
50
53
56
59
62
64

185
200
210
220
230
240
250

In Krause (1987) method there are three types of approaches in order to calculate face
support pressure. The results belong to the equation for quarter circle in Krause
method. Table 3.13 and Figure 3.15 enable analyzing the influence of different soil
unit weight values with other constant parameters on required face support pressure
but the graph in Figure 3.15 makes it easier to analyze.
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Figure 3.15: Required face support pressures for different unit weight according to
different approaches for granular soils.
The Figure 3.15 shows that, required face support pressure values increase depending
on increasing soil unit weight. All methods have similar curves of slope but the values
of FEM and ITA (2000) are higher than others. Slope of FEM are nearly similar to
methods of ITA (2000) although results are not exactly same. Furthermore, Leca &
Dormieux (1990) method is seen that it is least affected by unit weight change.
3.3.2.3 Investigation of Young’s modulus
Young’s modulus is also called as an elasticity of the material. In the calculations,
Young’s modulus are chosen as a 25, 50, 75, 100, 150 and 200 MPa in order to
investigate its effect.
It is noticed that the methods used in the calculation of required face support pressure
do not include Young’s modulus. For this reason, required face support pressure results
are calculated only by using FEM. The obtained results for different Young’s modulus
values are given in Table 3.14 and Figure 3.16.
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Table 3.14: Estimations of face support pressure for different Young’s modulus
values for granular soil (D: 6.5 m, v: 0.3).
Face Support Pressure σT (kPa)

Parameters
E (MPa)

Ø (˚)

C (m)

c (kPa)

(kN/m3)

FEM

25

200

50

195

75

30

20

0

18

193

100

192

150

191

200

190

Table 3.14 shows that there is an inverse relationship between increasing Young’s
modulus value and required face support pressure. However, it is seen that effect of
elasticity is quite limited for the given ranges of the data (mostly around 5%).

Figure 3.16: Required face support pressures for different Young’s modulus values
for granular soils (FEM).
3.3.2.4 Investigation of Poisson’s ratio
The last factor investigated in this study in terms of effects on face support pressure is
Poisson’s ratio. In order to determine effects of Poisson’s ratio, the values are taken
are 0.2, 0.25, 0.3 and 0.35.
It is clearly seen that Poisson’s ratio is not used in the methods which are offered by
many researchers to determine required face support pressure. For this reason,
investigation is performed only for FEM to research effect of Poisson’s ratio. The
results obtained are listed in Table 3.15 and Figure 3.17.
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Table 3.15: Estimations of face support pressure for different Poisson’s ratio values
for granular soils (D: 6.5 m, E: 25 MPa).
Face Support Pressure σT (kPa)

Parameters
v

Ø (˚)

C (m)

c (kPa)

(kN/m3)

0.2
0.25
0.3

FEM
160

30

20

0

18

0.35

180
200
220

Table 3.15 shows that there is a positive linear relationship between Poisson’s ratio
value and required face support pressure.

Figure 3.17: Required face support pressures for different Poisson’s ratio values for
granular soils (FEM).
As it is illustrated in Figure 3.17 increase of Poisson’s ratio causes increase of required
face support pressure. Increasing the Poisson’s ratio values from 0.2 to 0.35 leads the
results to increase by approximately 38%.
3.3.2.5 Investigation of tunnel diameter
Tunnel diameter is another considerable parameter to estimate required face support
pressure. Some calculations are performed for a different tunnel diameter such as 5,
6.5, 10, 15 m with constant overburden height (20 m) for a granular type soil in order
to investigate effect of it on face support pressure.
In order to determine required face support pressure a number of researchers have
carried on studies and offered an approach having a tunnel diameter parameter. By
using different tunnel diameter values, required face support pressures are calculated
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according to analytical, empirical methods, and FEM. In the case of calculated face
support pressure reaches the value that is smaller than zero is accepted as a zero. The
results are summarized in Table 3.16 and Figure 3.18.
Table 3.16: Estimations of face support pressure for different tunnel diameter values
for granular soils (18 kN/m3, v: 0.3).
Face Support Pressure σT (kPa)

Parameters
D
(m)

5
6.5
10
15

Ø
(˚)

30

E
(MPa)

25

c
C (m)
(kPa)

0

20

C/D

Atkinson &
Potts

Krause

Leca &
Dormieux

Jancsecz &
Steiner

4.0
3.1
2.0
1.3

34
44
68
101

52
68
104
156

10
14
21
31

21
25
36
46

Table 3.16 (Continuation): Estimations of face support pressure for different tunnel
diameter values for granular soils (18 kN/m3, v: 0.3).
Face Support Pressure σT (kPa)

Parameters
D
(m)

5
6.5
10
15

Ø
(˚)

30

E
(MPa)

25

c
C (m)
(kPa)

0

20

C/D

ITA (2000)

Carranza-Torres

FEM

4.0
3.1
2.0
1.3

175
190
238
380

40
50
71
92

190
200
215
235

The face support pressure results on Table 3.16 and Figure 3.18 show the influence of
tunnel diameter values for each method separately.

Figure 3.18: Required face support pressures for different tunnel diameter values on
different approaches for granular soils.
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It is shown in Figure 3.18 that increasing in tunnel diameter value from 5 m to 15 m,
changes the required face support pressure along increasing direction. It can be
emphasized that decreasing of C/D ratio leads to increasing of result of required face
support pressure. The results of ITA (2000) method have highest value after 6.5 m
while FEM’s results are higher than that of ITA method till the 6.5 m. In ITA (2000)
method, there are two types of approaches for different tunnel axis depths. The
condition of C>2D is the critical point. Since the overburden height is 20 m in these
models, the result of approach turns into calculated for the one that is offered without
considering arching zone on higher than 10 m tunnel diameter. It seems on graph, Leca
& Dormieux (1990) method has lower values for all type of diameter which is
investigated and it is less sensitive method in evaluating the effect of tunnel diameter.
3.3.2.6 Investigation of tunnel depth
Tunnel depth is another significant parameter for granular soil as same with cohesive
soil which is considered by varied researchers in order to estimate required face
support pressure. The overburden height values from 5 m to 50 m increased by 5 are
used in parametric studies to calculate required face support pressure in granular soil.
As the previous calculations, in these analysis rest of the parameters for the models are
kept as same with reference model too.
The importance of the tunnel depth is explicated in previous part of this study. As it is
mentioned in literature review, overburden height is significant in terms of arching
effect which is offered by ITA (2000). In the reference model having a tunnel diameter
is 6.5 m, overburden height is a 20 m. According the methods of ITA (2000), C>2D is
a critical point in order to creation arching zone. That’s why as it is seen in Table 3.17
the graph of ITA (2000) increases till the C=10 m, then it suddenly falls and then
increases again. Table 3.17 indicates increasing changes of face support pressure
values depends on different overburden height for methods which consider tunnel
depth parameter. These values are presented as a graph in Figure 3.19.
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Table 3.17: Estimations of face support pressure for different overburden heights for
granular soils (18 kN/m3, v: 0.3).
Face Support Pressure σT (kPa)

Parameters
C (m) Ø (˚) E (MPa)
5
10
15
20
25
30
35
40
45

30

25

c (kPa)

0

D (m)

0.8
1.5
2.3
3.1
3.8
4.6
5.4
6.2
6.9

Jancsecz &
Steiner
15
21
24
25
27
27
27
27
27

ITA
(2000)
95
190
162
190
216
240
262
281
300

7.7

27

314

C/D

6.5

50

FEM
75
120
160
200
240
280
325
365
405
450

Figure 3.19: Required face support pressures for different tunnel depth values
according to different approaches for granular soils.
Required face support pressure results show that an increase on tunnel depth changes
the results for FEM and ITA (2000) noticeably. Increasing of C/D ratio causes
increasing of obtained face support pressure. In method of ITA (2000), there is a very
high increase up ratio until the 10 m and then there is a sudden decrease with the effect
of arching. Moreover, as the depth of the tunnel increases, the required face support
pressure value increases, but this rise is slower than the part of 5-10 m. While the
calculated required face support pressure results of FEM have lower value than ITA
(2000) till the 15 m, after that result of FEM have higher value because of considering
arching effect of ITA (2000). Rate of change for method of Jancsecz & Steiner (1994)
is much slower than method of ITA (2000) and FEM.
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3.3.2.7 Summary for granular soils
The face support pressure values are examined in order to investigate effects of
parameters representing the granular soil. By changing these parameters in a certain
range, it is examined how it affects the result for different approaches. These examined
parameters are assumed as cohesion, unit weight, Young’s modulus, Poisson’s ratio,
tunnel diameter and tunnel depth. While the change of parameters affected the results
remarkable in some approaches, it doesn’t change the result or change slightly in some
approaches. The percentage of parameters affecting required face support pressure for
all approaches are presented in Table 3.18.
Table 3.18: Percentage of parameters effect on face support pressure for all methods
investigated in granular soil.
Face Support Pressure Values, σT (kPa)

Internal Friction
Angle (˚)

Atkinson&Potts
(1977)

Krause
(1987)

Leca&Dormieux
(1990)

Jancsecz&Steiner
(1994)

Max

75

107

25

53

Min

27

46

7

14

37%

33%

42%

46%

Max

56

86

17

34

Min

41

64

13

25

12%

12%

9%

11%

Max

-

-

-

-

Min

-

-

-

-

Max

-

-

-

-

Min

-

-

-

-

Max

101

156

31

46

Min

34

52

10

21

51%

55%

49%

29%

Max

-

-

-

27

Min

-

-

-

15

Percentage
Unit weight
(kN/m3)

Percentage
Young’s
modulus (MPa)

Percentage
Poisson’s ratio

Percentage
Tunnel diameter
(m)

Percentage
Tunnel depth
(m)

Percentage

14%
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Table 3.18 (Continuation): Percentage of parameters effect on face support pressure
for all methods investigated in granular soil.
Face Support Pressure Values, σT (kPa)

Internal Friction Angle
(˚)

ITA (2000)

Carranza-Torres
(2004)

FEM

Max

197

111

230

Min

184

22

165

3%

57%

10%

Max

235

64

250

Min

181

48

185

11%

10%

10%

Max

-

-

200

Min

-

-

190

Percentage
Unit weight (kN/m3)
Percentage
Young’s modulus
(MPa)

Percentage
Poisson’s ratio

2%

Max

-

-

220

Min

-

-

160

Percentage

10%

Max

380

92

235

Min

175

40

190

42%

33%

7%

Max

314

-

450

Min

95

-

75

Tunnel diameter (m)
Percentage
Tunnel depth (m)
Percentage

44%

61%

As it is shown in Table 3.18 tunnel diameter is the most effective parameter on face
support pressure whereas unit weight is the less effective one for method of Atkinson
& Potss (1977), Krause (1987) and Leca & Dormieux (1990). These methods do not
include parameter for tunnel depth. Especially considering the importance of the
arching effect, it is thought that considering the diameter of the tunnel regardless of
the tunnel depth does not give accurate results. Internal friction angle is the most
effective parameters for method of Jancsecz & Steiner (1994) and Carranza-Torres
(2004). Unit weight is the less effective parameters for method of Jancsecz & Steiner
(1994) and Carranza-Torres (2004) which are offered to calculate required face
support pressure in granular soil. In the methods of ITA (2000) it is possible to observe
same most effective parameters on face support pressure with FEM. While less
effective parameters are internal friction angle and Young’s modulus for ITA (2000)
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and FEM respectively, the most effective one is tunnel depth for both as it is seen in
Table 3.18. According to ITA (2000) arching zone was occurred where C/D is greater
than 2. For this reasons most effective parameters to calculate required face support
pressure are tunnel diameter and tunnel depth in ITA (2000) method. In particular,
using of these sensitive parameters incorrectly in that calculation may causes the
results obtained from those methods to be far from the actual values.
3.4 Parametric Studies on Maximum Short Term Surface Settlement
In this section, the examination of effects of all parameters are made on an individual
basis. During these analysis, all parameters are kept constant as in reference model and
only the parameter that wanted to be examined is changed. In case of adding
underground water to the RS2 model, some parameters such as the elastic module
shaped around the bulk modulus, porosity value, static pore water pressure etc. are also
included in the system and complex material properties must be defined. For this
reason, in these analyzes carried out with multiple variables, groundwater is not taken
into account. In addition, surcharge load is accepted as a zero in parametric studies on
surface settlement predictions. Geometry and boundary conditions of model to
calculate maximum undrained surface settlement are shown in Figure 3.20.

Figure 3.20: Geometry and boundary conditions for calculation on RS2 to determine
maximum undrained surface settlement.
This RS2 model indicates that tunnel has 20 m overburden height and 6.5 m diameter.
It was determined to take into account 100 m length of surface. While determining the
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width and height of the model, the impact region of the tunnel excavation is foreseen
and the values accepted in this way would be sufficient.
After geotechnical parameters are set and boundaries are created, number of stage is
increased to 2 in RS2. First stage represents the in-situ condition, second stage
represents excavation and support (installation of segments). Since RS2 plane strain
analysis type is a two dimensional analysis, face pressure effect could not be reflected
in the analysis. Thus, it is assumed that there is no volume lose from tunnel face. Only
the settlements occurred due to radial displacement is considered. After tunnel
excavation, surface settlement continues as long as soil is consolidated. In this study,
the settlements due to consolidation are neglected and undrained-short-term
settlements in other words initial settlements are considered.
Example result of RS2 model to calculate maximum undrained surface settlement is
illustrated in Figure 3.21. Finally, the results which are calculated from empirical and
analytical methods offered by researchers in order to estimate the surface settlement
values and the results of numerical modelling are compared to establish a relationship
between them for reaching accurate value.

Figure 3.21: Example of displacements on tunnel face where face support pressure
300 kPa.
Since there are not different approaches for granular and cohesive soil in order to
determine maximum undrained surface settlement, single homogenous soil type is
considered. Assumed basic geotechnical parameters used in parametric calculations
are listed in Table 3.19.
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Table 3.19: Basic geotechnical parameters assumed for parametric studies on
maximum short term surface settlement.
c (kPa)
15

Ø (˚)
20

(kN/m3)

D (m)

C (m)

E (MPa)

K0

v

20

6.5

20

25

0.5

0.3

Ø: internal friction angle, c: cohesion, :unit weight of soil, D:diameter of a tunnel,
C: overburden height, E: Young’s modulus, v: Poisson’s ratio

By using the reference model having geotechnical parameters and geometrical
properties as listed above, maximum undrained surface settlement values are
calculated for each variable by using both numerical, empirical and analytical
approaches separately. These calculations are performed for all parameters which are
listed in Table 3.20. Since overburden is assumed as constant while tunnel diameter is
changing, C/D ratio also changes in the investigation parts of tunnel diameter. This
procedure is same while investigate to tunnel depth. Results of numerical analyzes in
order to calculate maximum undrained surface settlement are presented in Appendix
C.
Table 3.20: The table for parameters which are used in analysis of maximum surface
settlement.
Ø (˚)
10
15
20
25
30

35
40

c (kPa)

(kN/m3)

D (m)

C (m)

E (MPa)

v

15
20
25
30
35
40

17
18
19
20
21
22

5
6.5
10
15

5
10
15
20
25
30

25
50
75
100
150
200

0.2
0.25
0.3
0.35

45
50

23

35
40
45
50

Ø: internal friction angle, c: cohesion, :unit weight of soil, D:diameter of a tunnel,
C: overburden heights E: Young’s modulus, v: Poisson’s ratio

While other reference parameters are kept constant, investigated parameters are varied
to all values of related columns as it is listed in Table 3.20.
There are other parameters which are used in the calculation of some approaches such
as TBM’s face pressure and surcharge load. Since these parameters does not belong to
all approaches, they are not listed above. The TBM’s face pressure is accepted as a
400 kPa and surcharge load is assumed as 0 kPa.
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Finally, the results calculated from empirical, analytical methods offered by
researchers in order to estimate maximum undrained surface settlement and the results
of numerical modelling are compared to establish a relationship between them to
reaching accurate value. These results are presented in the following sections.
Investigation of internal friction angle
There are several parameters affecting surface settlement and internal friction angle is
one of them. The importance of the internal friction angle is presented in literature
review. In addition to these literature studies, a number of two dimensional numerical
modelling studies carried out in order to enrich the review in this study.
Considering the analytical approaches described in detail within the literature review,
internal friction angle is not used in any approach to estimate surface settlement. For
this reason, only finite element method is used while studying the effect of internal
friction angle on surface settlement and results are presented in Table 3.21.
Table 3.21: Estimations of maximum undrained surface settlements for different
internal friction angles (v: 0.3).
Maximum Undrained Surface
Settlement, Smax (mm)

Parameters
Ø (˚)

c
(kPa)

E
(MPa)


(kN/m3)

D (m)

C (m)

FEM

15

55

20

16

25
30

15

25

20

6.5

20

11
6

35

4

40

1

The graph for relation between maximum undrained surface settlement and internal
friction angle is given in Figure 3.22.
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Figure 3.22: Maximum undrained surface settlements for different internal friction
angles.
As it is seen in Figure 3.22, there is inverse relationship between internal friction angle
and the surface settlement. While the internal friction angle increases surface
settlement decreases.
Investigation of cohesion
Cohesion is one of the most important effective factors for determining surface
settlement. Besides many two dimensional numerical analyzes, analytical and
empirical methods have been carried out in order to enrich the review.
To estimate relationship between cohesion and surface settlement TBM’s face pressure
value is taken as 400 kPa in the method of Arıoğlu & Schmidt (after Çopur et al. 2007).
Maximum undrained surface settlement values which are obtained by using equation
of Arıoğlu & Schmidt (after Çopur et al. 2007) and FEM are presented in Table 3.22
and Figure 3.23.
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Table 3.22: Estimations of maximum surface settlement for different undrained
shear strength (cohesion) values (v: 0.3).
Maximum Undrained Surface
Settlement, Smax (mm)

Parameters
Ø
(˚)


(kN/m3)

Arıoğlu & Schmidt Method
(after Çopur et al. 2007)

FEM

15

35

16

20

26

12

25

22

9

20

6

19

3

40

18

2

45

17

2

50

16

1

c
(kPa)

30
35

20

E
(MPa)

25

20

D (m)

C (m)

6.5

20

Figure 3.23: Maximum undrained surface settlements for different cohesion values.
As it is seen Figure 3.23, there is inverse relationship between cohesion and the surface
settlement amount. While the cohesion values increases surface settlement decreases.
Although FEM and Arıoğlu & Schmidt Method (after Çopur et al. 2007) show
different values, they have a similar slope in the graph. It is found that results of FEM
for surface settlement amount are smaller than the results of Arıoğlu & Schmidt
Method. It should be noted that the method of Arıoğlu & Schmidt Method is very
sensitive for changing value of TBM face pressure and surcharge load.
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Investigation of unit weight
Almost all research studies to determine surface settlement amount show that unit
weight is another significant parameter. In order to illustrate the effect of unit weight,
some analyses are performed with different unit weight values. Remain parameters are
kept constant as in the reference model, while numerical, empirical and analytical
analysis are performed. Selected unit weight values are; 17, 18, 19, 20, 21, 22, 23
kN/m3 for all different approach.
As in the previous evaluation sections, surface settlement amounts are investigated by
changing the parameter which is under research. Herzog (1985) offers two methods to
estimate surface settlement amount. One of this method is for single tunnel, the other
one is for twin tunnels. Since the reference model includes single tunnel, the method
for single tunnels offered by Herzog (1985) is evaluated. The graph for results which
are listed in Table 3.23 is presented in Figure 3.24.
Table 3.23: Estimations of maximum undrained surface settlement for different unit
weight values (D: 6.5 m, v: 0.3).
Maximum Undrained Surface Settlement,
Smax (mm)

Parameters

(kN/m3)

17
18
19
20
21
22
23

Ø (˚)

20

E
(MPa)

25

c (kPa)

15

C (m)

Arıoğlu & Schmidt Method
(after Çopur et al. 2007)

Herzog
(1985)

FEM

20

10
16
23
35
52
78
117

47
50
52
55
58
61
63

3
6
12
16
25
38
53
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Figure 3.24: Maximum undrained surface settlements for different unit weight
values.
As it is shown in Figure 3.24 as long as unit weight value increases, maximum surface
settlement amount increases. Graph for Herzog (1985) is almost linear, however
results of FEM and Arıoğlu & Schmidt Method (after Çopur et al. 2007) exponential
increase. Changing of unit weight from 17 to 23 leads to increase maximum surface
settlement approximately 10 cm for Arıoğlu & Schmidt Method (after Çopur et al.
2007), while this value is around 5 cm and 2 cm for FEM and method of Herzog (1985)
respectively.
Investigation of Young’s modulus
Young’s modulus is also called as an elasticity of the material. In the calculations,
Young’s modulus are chosen as a 25, 50, 75, 100, 150 and 200 MPa in order to
investigate its effect.
Young’s modulus is another significant factor for estimation of surface settlement
amount. Some researcher offered a method that includes Young’s modulus to
determine surface settlement. Maximum undrained surface settlement values for
different Young’s modulus obtained from different approaches are presented in Table
3.24 and Figure 3.25.
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Table 3.24: Estimations of maximum undrained surface settlement for different
tunnel depth values (D:6.5 m, v: 0.3).
Maximum Undrained Surface Settlement,
Smax (mm)

Parameters
E
Ø (˚) C (m)
(MPa)
25
50
75
20
20
100
150
200

c (kPa)

15


(kN/m3)

Limanov (1957)

20

20
10
7
5
3
2

Herzog
(1985)
55
27
18
14
9
7

FEM
16
9
6
5
4
3

As it is seen in Table 3.24, increasing of Young’s modulus causes decrease of surface
settlement amount.

Figure 3.25: Maximum undrained surface settlement for different Young’s modulus
on different approaches.
While there are big differences between the results at low Young’s modulus value, this
difference is getting be closer as the Young’s modulus reaches higher value such as
150 and 200 MPa. But for all Young’s modulus values, Herzog (1985)’s method has
bigger surface settlement value than others.
Investigation of Poisson’s ratio
The last factor investigated in this study in terms of effects on surface settlement is
Poisson’s ratio. In order to determine effects of Poisson’s ratio, the values are taken
are 0.2, 0.25, 0.3 and 0.35.
As in the previous section Poisson’s ratio is not used in the methods which are offered
by many researchers to determine surface settlement. Maximum undrained surface
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settlement for different Poisson’s ratio obtained from FEM are listed in Table 3.25 and
Figure 3.26.
Table 3.25: Estimations of maximum undrained surface settlement for different
Poisson’s ratio values (D: 6.5 m, E: 25 MPa).
Maximum Undrained
Surface Settlement Smax, mm

Parameters
v
0.2
0.25
0.3
0.35

Ø (˚)

20

C (m)

20

c (kPa)

(kN/m3)

FEM

20

3
11
16
20

15

Results show that maximum undrained surface settlement increase from 3 mm to 20
mm caused by increase of Poisson’s ratio from 0.2 to 0.35

Figure 3.26: Maximum undrained surface settlement amounts for different Poisson’s
ratio values (FEM).
Figure 3.26 shows that increasing of Poisson’s ratio from 0.2 to 0.35 leads to almost 2
cm increasing of maximum undrained surface settlement.
Investigation of tunnel diameter
The following considerable parameter to estimate maximum surface settlement is
tunnel diameter. In order to illustrate effect of tunnel diameter, some calculations are
performed for a different tunnel diameter such as 5, 6.5, 10, 15 m with constant
overburden height (20 m).
There have been a number of studies for prediction of maximum undrained surface
settlement. In the literature review part of this study, it can be seen that, approaches to
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find out surface settlement amount include the tunnel diameter. By changing tunnel
diameter value, some calculations are performed and reach the surface settlement
results for methods of different researches and FEM. The obtained results are shown
in Table 3.26.
Table 3.26: Estimations of maximum undrained surface settlement for different
tunnel diameter values (20 kN/m3, v: 0.3).
Maximum Undrained Surface Settlement,
Smax (mm)

Parameters
D
(m)
5
6.5
10
15

Ø
E
(˚) (MPa)

20

25

c
C
(kPa) (m)

15

20

C/D

Arıoğlu & Schmidt
Method (after Çopur
et al. 2007)

4.0
3.1
2.0
1.3

21
35
82
185

Herzog Limanov
(1985)
(1957)

33
55
130
293

12
20
49
118

FEM

12
16
19
52

Variation of maximum undrained surface settlement based on tunnel diameter is listed
above for different researchers and FEM. The same values are presented in a Figure
3.27 as a graph.

Figure 3.27: Maximum undrained surface settlement for different tunnel diameter
values on different approaches.
The influence of tunnel diameter on surface settlement is demonstrated in Figure 3.27.
As it is seen clearly, surface settlement values increase depending on increasing tunnel
diameter. Decreasing of C/D ratio based upon increasing of tunnel diameter leads to
increasing of maximum undrained surface settlement. Especially as the ratio of C/D
reaches lower than 2 with increasing of tunnel diameter, the difference of results
between all methods getting be higher. While this effect is more powerful on Herzog
(1985), it is less on FEM. But it should be noted that the changing tunnel diameter
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effects each method almost in the same way. The tunnel diameter affects the inflexion
point as well as the surface settlement. The method of Arıoğlu & Schmidt Method
(after Çopur et al. 2007, Erçelebi et al. 2011) includes 4 different approaches to
calculate inflexion point. Even though only two of these equations are related with
diameter directly, inflexion point result changes for different tunnel diameter and it
considered in the estimations performed by using of Arıoğlu & Schmidt Method in
this study.
Investigation of tunnel depth
Tunnel depth in other words overburden is another significant parameter considered
by varied researchers in order to estimate surface settlement amount. The overburden
height values from 5 m to 50 m for surface settlement curve increased by 5 are used in
each method. As the previous parametric studies, in these analysis rest of the
parameters for the models are kept as same with reference model.
Surface settlements amounts are calculated for different overburden heights from 5 m
to 50 m. An approaches for Arıoğlu & Schmidt (after Çopur et al. 2007), Herzog
(1985), Limanov’s method and FEM includes excavation depth effect to calculate
vertical displacement on the surface (surface settlement). But result of parametric
studies with chosen geotechnical parameters reaches very high values on Arıoğlu &
Schmidt Method (after Çopur et al.2007). The result of this method for 50 m
overburden height is 1144 m, and this value is far from reality that’s why results for 5
m to 25 m overburden height are presented in the Table 3.27. The graph in Figure 3.28
which show the relation between tunnel depths and maximum surface settlement
amounts is presented.
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Table 3.27: Estimations of maximum undrained surface settlement for different
overburden values (20 kN/m3, v: 0.3).
Maximum Undrained Surface Settlement,
Smax (mm)

Parameters
C
(m)
5
10
15
20
25

Ø
E
(˚) (MPa)

20

25

c
(kPa)

15

D
(m)

C/D

Arıoğlu & Schmidt
Method (after Çopur
et al. 2007)

Herzog
(1985)

Limanov
(1957)

FEM

6.5

0.8
1.5
2.3
3.1
3.8

0
1
6
35
197

20
31
43
55
67

66
37
26
20
17

5
7
11
16
30

Table 3.27 indicates increasing changes of maximum surface settlement amount
depends on tunnel depth for all methods. There is an inverse relationship between
overburden height and maximum undrained surface settlement value for Limanov’s
method. As long as C/D ratio increases, maximum undrained surface settlement
decreases for Limanov’s (1957) method.

Figure 3.28: Maximum undrained surface settlement for different overburden height
on different approaches.
Increasing of C/D ratio based upon increasing of overburden height causes increase of
maximum undrained surface settlement for all methods except Limanov’s (1957)
method. Especially as the ratio of C/D reaches higher value than 2, maximum
undrained surface settlement increases exponentially in Arıoğlu & Schmidt method.
The Figure 3.28 illustrates that the most affected method is Arıoğlu & Schmidt Method
(after Çopur et al. 2007) by the change of tunnel depth. The change of maximum
undrained surface settlement obtained from this method is very small until 20 m depth
but after this depth it increases suddenly in exponential behavior. Results of the method
Herzog (1985) is higher than other method till the 20 m, but after this overburden
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height, Arıoğlu & Schmidt Method (after Çopur et al. 2007) reaches highest value in
comparison with other methods. FEM is the less sensitive method for varying
overburden height.
Summary for calculation of maximum undrained surface settlement
Each approach is examined separately in order to analyze effects of parameters to
determine surface settlement amount in each method. Percentage of parameters effect
on surface settlement for all methods is listed in Table 3.28.
Table 3.28: Percentage of parameters effect on surface settlements for all methods
investigated.
Maximum Undrained Surface Settlements, Smax (mm)
Arıoğlu & Schmidt Method
(after Çopur et al. 2007)
Internal
Friction
Angle (˚)

Herzog’s
method (1985)

Limanov’s
Method (1957)

FEM

Max

55

Min

1

Percentage

25%

Max

35

16

Min

16

1

Percentage

4%

7%

Cohesion
(kPa)

Unit
weight
(kN/m3)

Max

117

63

54

Min

10

47

3

22%

4%

24%

Max

185

293

118

52

Min

21

33

12

12

34%

70%

62%

19%

Max

197

67

66

30

Min

0

20

17

5

40%

13%

28%

11%

Max

55

20

16

Min

7

3

3

13%

10%

6%

Percentage
Tunnel
diameter
(m)

Percentage
Tunnel
depth (m)

Percentage
Young’s
modulus
(MPa)

Percentage
Poisson’s
ratio

Max

20

Min

3

Percentage

8%
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As it is seen in Table 3.28, internal friction angle is used only in FEM in order to
calculate surface settlement. For this reason, if ground type of soil is granular, it is
necessary to consider FEM to predict maximum undrained surface settlement.
Moreover, it is the most effective parameters while Young’s modulus is less effective
one for FEM. In Arıoğlu & Schmidt Method (after Çopur et al. 2007) most effective
parameter is tunnel diameter as it is same in other methods such as Herzog’s method
(1985) and Limanov’s (1957) method. The less effective parameters are different for
these three method. Cohesion is the less effective parameter for Arıoğlu & Schmidt
Method, unit weight is less effective one for Herzog’s method to calculate surface
settlement amount. In addition, Young’s modulus is less effective parameter for
Limanov’s method in the same way as FEM.
Decreasing of C/D ratio based upon increasing of tunnel diameter leads to increasing
of maximum undrained surface settlement. Especially as the ratio of C/D reaches lower
than 2 with increasing of tunnel diameter, the difference of results between all methods
getting be higher. Increasing of C/D ratio based upon increasing of overburden height
causes increase of maximum undrained surface settlement for all methods except
Limanov’s (1957) method. Since the method of Limanov (1957) having a few
parameters as compared to other methods, it would be insufficient to evaluate this
method alone even though some results of this method are so close to results of FEM.
Effect of unit weight for Arıoğlu & Schmidt Method and FEM is significant therefore
it is crucial to determine unit weight of soil to predict maximum undrained surface
settlement.
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4. DISCUSSIONS
In this study, the parameters affecting the face support pressure and surface settlements
are investigated. Many researchers have performed detailed studies and developed
some approaches. These approaches include many parameters and have their own
specific features. In addition to analytical and empirical methods, by using FEM the
parametric studies are performed to see how these parameters affect the results and the
relationship of the approaches with each other by taking these limitations into
consideration. The results obtained are summarized in the previous part of this study.
It is aimed to compare these results with similar studies conducted in the literature in
this section.
4.1 Validation of Numerical Modeling
A sample problem solved by FEM in literature is solved again in this study in order to
assess and verify the accuracy and therefore applicability of RS2 program. Obtained
results from the calculations of face support pressure and surface settlement are
compared with literature to validate RS2.
Validation of numerical modelling to calculate face support pressure
In order to validate RS2 to calculate face support pressure, some comparisons are made
with similar studies in literature. In the study of Chakeri (2012), face support pressure
was investigated at EPB tunneling method. Numerical analysis was performed with
FLAC3D based on finite difference method. There were four soil types in geological
section of investigated cross section of working area. Investigated area belongs to
north-south line (from Shohada station to Azadi station) of Esfahan metro line.
Weighted averages of geotechnical properties of formations are taken into
consideration in order to apply them to the axisymmetric model of RS2. Assumed
geotechnical parameters of soil is presented in Table 4.1.
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Table 4.1: Geotechnical properties of working area.
Soil Formation

C (m)

c (kPa)

Ø (˚)

E (MPa)

n
(kN/m3)

v

Homogenous soil

7

16

28

38

18

0.33

c: cohesion of soil, Ø = Internal friction angle, E = Young’s modulus, n = unit weight of soil,
C = Overburden height, v = Poisson’s ratio, Diameter of tunnel: 6.6 m

FEM analysis to predict required face support pressure is performed with
axialsymmetric model. By using properties in Table 4.1, model which is created in
RS2 is presented in Figure 4.1.

Figure 4.1: Created model on RS2 (axisymmetric model) with mesh.
Calculated required face support pressure by using RS2 is illustrated in Figure 4.2.
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Figure 4.2: Created model on RS2 (axisymmetric model) with mesh.
Result of RS2 and obtained results in study of Chakeri (2012) are presented in Table
4.2.
Table 4.2: Comparison of predictions for required face support pressure for different
methods.
Prediction Methods

Required Face Support Pressure

FLAC3D (FDM)

95 kPa

Actual data

91 kPa

RS2 (FEM)

98 kPa

While the result of FLAC3D was shown as 95 kPa, by using the RS2 required face
support pressure is calculated as 98 kPa. Chakeri (2012) have stated that actual data
belongs to related area for face support pressure was 91 kPa. According to results,
calculations of required face support pressure by using RS2 (axisymmetric model) give
close results to actual data.
Validation of numerical modelling to calculate surface settlement
In order to validate RS2 to calculate undrained maximum surface settlement, a
problem defined in study of Çopur et al. (2007) is solved by using RS2 with the same
geotechnical and geometrical properties. In the study of Çopur et al. (2007) prediction
of surface settlements was made by Plaxis which uses finite element method. Plaxis
finite element program, empirical (semi-theoretical) and analytical methods were

107

employed to predict the surface settlement. These methods were Arıoğlu (1992) and
Schmidt (1969), Loganathan (1998) and Herzog’s (1985). Even though parametric
studies in this study are performed for tunnel having a single tube, validation is made
for two tubes since case study was performed for two tubes. The right tunnel was first
excavated and supported with segments, then left one was excavated and supported in
the same way. Same processes are applied in this part of study to compare accurately.
Geotechnical properties of working area are presented in Table 4.3.
Table 4.3: Geotechnical properties of working area.
Soil
Formation

Depth
(m)

N30

SU
(kPa)

Ø (˚)

E
(kPa)

n
(kN/m3)

dry
(kN/m3)

PI
(%)

Permeability
(m/day)

Filling

2.5

10

13

20

8000

19.8

13.8

-

1.0

Hard clay

4.0

20

85

9

51000

18.2

12.7

33

1.0x10-4

Dense sand

5.0

35

40

35

24000

19.0

13.5

-

0.5

Very dense
sand

3.0

64

50

35

30000

19.5

15

-

0.25

Stiff clay

Invert

45

150

12

90000

18.6

14

45

1.0x10-4

N30 = Standard Penetration Test value (SPT), SU = Undrained shear strength, Ø = Internal friction angle,
E = Young’s modulus, n = unit weight of soil , n = dry unit weight of soil, PI = Plasticity Index

Diameter of excavation was 6.5 m and thickness of segments was 30 cm. There was a
groundwater level on 4.5 m below the surface. In analysis Mohr-Coulomb failure
criterion was applied. By using these properties, model which is created in RS2 is
presented in Figure 4.3.

Figure 4.3: Created model on RS2 (plain strain model) with mesh.
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Surcharge load is applied as a 20 kPa. Surface settlements occurred due to tunneling
is shown in Figure 4.4.

Figure 4.4: Maximum undrained surface settlement after excavation of two tubes.
Results which were calculated in the study of Çopur et al. (2007) and results of RS2
are shown in Table 4.4.
Table 4.4: Comparison of predictions for maximum undrained surface settlement for
different methods.
Prediction Methods

Maximum Undrained Surface Settlement

Plaxis 2D (FEM)

20.2 mm

Schmidt (1969) (eq. 2.65)

17.1 mm

Arıoğlu (1992) (eq. 2.67)
Herzog (1985) (eq. 2.68)

58.7 mm

Actual data

14.4 mm

RS2 (FEM)

22.5 mm

By using the RS2, maximum undrained surface settlement is found as 22.5 mm while
the result of Plaxis 2D was shown as 20.2 mm. The difference is around 2 mm. Çopur
et al. (2007) have stated that finite element method gave more realistic results than
other empirical or analytical methods to calculate short term surface settlements. As it
is seen in this comparison, results of RS2 are close to result of Plaxis 2D since both of
them uses finite element methods. It means that RS2 gives more accurate results than
empirical and analytical methods for calculation of maximum undrained surface
settlement.
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4.2 Comparison of Obtained Results and Literature Studies for Face Support
Pressure
As a result of parametric studies, some inferences are made and summarized. These
results are realized by considering the parameters assumed within the scope of this
study. Many similar studies which were performed both for similar purposes and as
part of different purposes are carried out. It should be emphasized that the studies are
performed for the same purpose but with different parameters and different
geometrical tunnel features. Mohammadi et al. (2011) have investigated tunnel face
stability in soft ground in urban tunneling by EPB shield. They have used most of the
available methods which are investigated in this study and compared the obtained
results with actual data from Tehran metro line. Geotechnical properties of project area
represent granular soil, cutterhead diameter was 9.16 m and overburden height was
13.8 m and 22.5 m for two different stations. The analytical methods which were
compared with actual result of EPB shield TBM are methods of Atkinson & Potts
(1977), Krause (1987), Leca & Dormieux (1990) and Carranza-Torres (2004). Since
method of Carranza-Torres (2004) is used for shallow tunnels, it is not considered in
cover depth of 22.5 m. Result of all these analytical methods were lower than the actual
results. However, the highest result was obtained with Atkinson & Potts (1977) method
while the lowest one with Leca & Dormieux (1990). As it is seen in Table 3.18, method
of Atkinson & Potts (1977) gives higher results than method of Leca & Dormieux
(1990) in this study. This comparison shows that the method of Atkinson & Potts
(1977) gives closer result to actual result in comparison with method of Leca &
Dormieux (1990).
In the study of Backus (1998), tunnel face stability was investigated in Dutch Soil. The
methods of Atkinson & Potts (1977), Broms & Bennemark (1967), Davis et al. (1980),
Jancsecz & Steiner (1994), Krause (1987), and Leca & Dormieux (1990) were
investigated in the study of Backus. Evaluations were made separately for clay
(cohesive oil) and sand (granular soil). According to result of Backus, the methods are
listed as follows from the giving highest to the lowest values; Broms & Bennemark
(1967), Krause (1987), Jancsecz & Steiner (1994), Atkinson & Potts (1977), Leca &
Dormieux (1990) and Davis et al. (1980). A similar relationship can be seen in the
results of the parametric analyzes performed within this study. Considering the
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relevant comparison tables, it is noticed that there is a similar ranking. While Broms
& Bennemark (1967) method gives higher values, method of Krause (1987) follow it
through lower values. There is minor difference between this study and research of
Backus. In this study the results of Atkinson & Potts (1977) are higher than the results
of Jancsecz & Steiner (1994) generally, on the other hand according to Backus results
of Jancsecz & Steiner (1994) are higher than Atkinson & Potts (1977). The obtained
results from Leca & Dormieux (1990) method are mostly the lowest value.
In the method of Broms & Bennemark (1967), instability conditions are associated
with at least the value of N=6. Therefore, coefficient of cohesion is 6 while calculating
required face support pressure as it is seen in equation 2.2. So method of Broms &
Bennemark (1967) is most sensitive method in evaluating effect of cohesion in this
study as in other studies in literature.
In the method of ITA (2000) the vertical earth pressure at the tunnel crown is based on
Terzaghi’s formula. According to Terzaghi (1946) rock within surrounded tunnel
becomes loosened during excavation and moves toward the opening. It was assumed
that the loosened rock behaves as granular material. The method of ITA (2000) have
offered for all type of soil even though Terzaghi’s (1946) formula is valid for granular
soil and method of ITA (2000) is based on Terzaghi’s equation. That’s why the method
of ITA (2000) may give mostly higher results than other empirical or analytical
methods.
A comparison is made on the results obtained using different approaches above. Since
a proper literature study is not found, it could not be compared with a similar study in
which the effect of the parameters in each approach is examined.
4.3 Comparison of Obtained Results and Literature Studies for Maximum
Undrained Surface Settlement
As the accurate prediction of surface settlements is significant especially in urban
tunneling, many researches have been performed within this subject. In this study
parametric studies are carried out using different approaches to predict maximum
undrained surface settlements. It is aimed to compare the literature studies similar
approaches used in this study. In the study of Çopur et al. (2007) it was summarized
that the numerical method (with the acceptance of a certain volume loss) gave more
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sensitive results than the semi-theoretical and analytical methods in the prediction of
short term surface settlements. Results shows that Herzog (1985)’s method gave higher
results compared to all methods and actual data. While the results of Arıoğlu &
Schmidt Method (after Çopur et al. 2007) and FEM was closer to actual data, there
was a remarkable difference between their results and Herzog (1985)’s results. When
the graphics illustrated in the previous sections examining the surface settlements are
considered, it is seen that Herzog (1985) method generally give higher results than
other methods in this study too. The method of Arıoğlu & Schmidt (after Çopur et al.
2007) was developed for tunnel boring machines (TBM). In addition, this method
includes unit weight and undrained shear strength of soil, TBM’s face pressure,
surcharge load, the distance between inflection point of curve and tunnel centerline,
tunnel radius, tunnel axis depth parameters. The fact that this method contains many
inputs increases its reliability compared to other empirical or analytical methods. It is
emphasized in the study of Çopur et al. (2007), the result of the method of Arıoğlu &
Schmidt (after Çopur et al. 2007) and FEM were the closest to actual data in short term
settlement predictions. The change rate of the results obtained from FEM and method
of Arıoğlu & Schmidt (after Çopur et al. 2007) against the variables is similar even
these results are not very close in this thesis study. As it is seen in validation of
numerical modelling to calculate maximum undrained surface settlement, calculations
made by RS2 (FEM) give closer results to actual data.
Chakeri and Ünver (2013) offered a new equation for estimating the maximum surface
settlement above tunnels excavated in soft ground. In the scope of that study, they
performed a number of analysis (3D-Finite Difference (FD) Method) and indicated
percentage of parameters affecting on maximum surface settlement. According to
Chakeri and Ünver (2013) tunnel diameter was the most important factor in the
prediction of maximum surface settlement value in 3D-FD model. It was claimed that
decrease in tunnel diameter from 12.15 to 6.15 m leads to a reduction of nearly 80 %
in the maximum surface settlement value. It was noted that there was a direct relation
between unit weight, tunnel depth, tunnel diameter, surcharge load and maximum
surface settlement. It was also remarked in the same study that there were inverse
relationships between cohesion, internal friction angle, Young’s modulus, Poisson’s
ratio and maximum surface settlement. Within the scope of this thesis the findings
obtained coincide with the study of Chakeri and Ünver (2013). There are also some
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differences, such as the difference of the most important parameter affecting the
surface settlement. According to Chakeri and Ünver, in order to predict surface
settlement, the most important factor was tunnel diameter, on the other hand it is
emphasized in this study that internal friction angle and tunnel depth are the most
important parameters for FEM and Arıoğlu & Schmidt Method (after Çopur et al.
2007) respectively even though effect of tunnel diameter is also considerably for these
two methods. In addition, tunnel diameter is the most important parameters to calculate
surface settlement value for the method of Herzog (1985) and Limanov’s. It is thought
that the reason for the different effect rates of the parameters on results of this study
and Chakeri & Ünver’s study are due to the difference of 2D-FEM and 3D-FD analysis
and the use of different parameter variable ranges.
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5. CONCLUSIONS
It is significant to make accurate estimation of the face support pressure and
accordingly the maximum surface settlement in urban tunneling in feasibility stage.
Urban tunneling is mostly performed with EPB TBMs due to having many advantages.
Estimation of the required face support pressure and control of the surface settlements
are among the most critical problems in EPB tunneling. There are some different
parameters affecting both face support pressure and surface settlement. Many
empirical and analytical methods have been developed depending on some of these
parameters. In this study, it is aimed to investigate the effect of each parameter on each
selected method and compare the results obtained from these methods. In parametric
calculations, some of the empirical, analytical and numerical methods are used to
estimate required face support pressure and maximum short term surface settlement
for this purpose. Geotechnical parameters of the soil and geometric dimensions of the
tunnel are assumed based on literature and these values are accepted as certain
properties of the reference model. Some ranges have been determined for the
parameters and effects of these changes in these ranges on the results are examined for
all methods considered in this study. Then, the results of the empirical, analytical and
numerical methods are compared and validated based on the literature data.
In this study, RS2 finite element method is used as numerical tool. It is a 2D elastoplastic analysis program. There are two types of analysis in RS2 that are plane strain
and axisymmetric. While plane strain analysis is used for surface settlement parametric
studies, axisymmetric analysis is used in parametric studies in order to determine face
support pressure. Mohr-Coulomb is chosen as a failure criterion in the analyses. As
geotechnical parameters, cohesion, unit weight, internal friction angle, Young’s
modulus and Poisson’s ratio of soil are entered as the material parameters. Segments
are defined as a liner in RS2. Analyses are modelled with mesh of 3 noded triangular
elements and graded type. Field stress is calculated for every model depending on the
changing parameters.
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Parametric studies on face support pressure show that it is important to distinguish
whether the ground is cohesive or granular and evaluations and method selection
should be based on ground characteristics. The method of Broms & Bennemark (1967)
mostly give the highest result for cohesive soil. Method of Krause (1987) includes
three types of approach such as “half sphere”, “half circle” and “quarter circle”. In
calculations, the approach for quarter circle is used. Results of parametric studies
belonging to Krause (1987) give the lowest results in analysis of cohesive soil.
Obtained values of face support pressure for granular soils from the method of Leca &
Dormieux (1990) are compatible with the method of Jancsecz & Steiner (1994).
Results of these two methods have the lowest values in calculations for granular soils.
In the graphs of face support pressure values for granular soil, it is noticed that the
slope of the lines belonging to the method of Atkinson & Potts (1977), Jancsecz &
Steiner (1994), Leca & Dormieux (1990) and Carranza-Torres (2004) are similar when
investigating the effects of internal friction angle, unit weight and tunnel diameter. In
the method of ITA (2000), C/D=2 is a critical point in terms of arching effect. It is
observed that arching zone has a positive effect on the results when the ratio of cover
thickness to the tunnel diameter is more than twice. Considering all parametric studies
performed to determine face support pressure, the method of ITA (2000) and FEM are
compatible. But it should be noted that using of the ITA (2000) method in cohesive
soils may be misleading since this method is based on Terzaghi’s (1946) equation for
granular soils even though the method of ITA (2000) is offered for all type of soil.
Herzog (1985) method used for estimation of maximum surface settlement gives
higher results compared to the other methods. The reason of this might be that this
empirical model uses both New Austrian Tunneling Method (NATM) and shielded
excavation methods together as input. As it is known, in NATM, the amount of surface
settlements is higher than the shielded excavation. The method of Herzog (1985) is
consistent in itself, but using this model in tunnels excavated with TBM prevents a
high accuracy estimate. Young’s modulus effect is very high in the method of Herzog
(1985). In order to make a proper calculation in this approach, the Young’s modulus
must be determined very well in laboratory studies. Increases of unit weight, tunnel
diameter and overburden height exponentially increase the maximum short term
surface settlements in parametric studies. The variations of maximum surface
settlement values with Young’s modulus obtained from the FEM are compatible with
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the results of Limanov’s method with the assumed parameters in this study. For
variations of maximum surface settlement values with tunnel depth, the results of
Limanov’s method are different than other approaches. As tunnel depth increases,
surface settlement values are decreasing according to Limanov’s (1957) method while
it is increasing for other approaches with assumed geotechnical parameters. When
considering the effect of arching, it is thought that Limanov’s (1957) approach gives
misleading results.
Tunnel depth, internal friction angle and cohesion of soils are the most important
parameters in calculating face support pressure considering all methods examined in
this study. On the other hand, tunnel depth and tunnel diameter are the most effective
parameters for analytical and empirical methods to determine maximum surface
settlement. Percentages of each parameters affecting surface settlements estimated by
FEM is close to each other. Internal friction angle, tunnel diameter and unit weight are
the most effective ones to calculate maximum surface settlement by using FEM.
Main results of the study can be summarized as below:


It is not possible to apply some empirical and analytical methods to every
project and it is necessary to pay attention to sensitivity of parameters within
the used methods.



The method of Broms & Bennemark (1967) includes a number of parameters
but it is very important to determine the cohesion value correctly in this
method.



Using the ITA (2000) method in cohesive soils may be misleading.



Krause (1987) and Carranza-Torres (2004) methods do not contain tunnel
depth parameter while this is the most influential parameter in other methods.
Therefore, there is a concern about the reliability of these methods.



Result of parametric studies belong to Krause (1987) give the lowest results in
analysis of cohesive soil. Obtained values of face support pressure for granular
soil calculations from method of Leca & Dormieux (1990) are compatible with
method of Jancsecz & Steiner (1994). Results of these two methods have the
lowest values in calculations for granular soil.
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Herzog (1985) method used for estimation of maximum surface settlement
gives higher results compared to the other methods.



Information of only increasing or decreasing C/D ratio is not sufficient for
making an inference to determine its effect on surface settlement or face
support pressure. The result may vary depending on which parameter changes.



Tunnel depth, internal friction angle and cohesion of soil are the most
important parameters in calculating face support pressure considering all
methods examined in this study. On the other hand tunnel depth and tunnel
diameter are the most effective parameters for analytical and empirical
methods to determine maximum surface settlement.



Especially using of sensitive parameters incorrectly in estimations may cause
results to be far from the actual field values.

Parametric calculations performed within the scope of this study are based on some
assumptions and the results are made in accordance with these supposed properties.
There are other parameters such as surface load, underground water condition, having
different geological layers that are not investigated in this study. It should be noted
that different results can be obtained by taking these parameters into account.
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APPENDIX A: Face support pressure calculations for cohesive soil by using FEM
APPENDIX B: Face support pressure calculations for granular soil by using FEM
APPENDIX C: Surface settlement calculations by using FEM
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Appendix A
Investigated variable: Cohesion

Figure A.1 : Face support pressures for cohesion values: 25 kPa

Figure A.2 : Face support pressures for cohesion values: 30 kPa
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Figure A.3 : Face support pressures for cohesion values: 35 kPa

Figure A.4 : Face support pressures for cohesion values: 40 kPa
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Figure A.5 : Face support pressures for cohesion values: 45 kPa

Figure A.6 : Face support pressures for cohesion values: 50 kPa
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Figure A.7 : Face support pressures for cohesion values: 75 kPa

Figure A.8 : Face support pressures for cohesion values: 100 kPa
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Investigated variable: Unit weight

Figure A.9 : Face support pressures for unit weight values: 17 kN/m3

Figure A.10 : Face support pressures for unit weight values: 18 kN/m3
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Figure A.11 : Face support pressures for unit weight values: 19 kN/m3

Figure A.12 : Face support pressures for unit weight values: 20 kN/m3
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Figure A.13 : Face support pressures for unit weight values: 21 kN/m3

Figure A.14 : Face support pressures for unit weight values: 22 kN/m3
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Figure A.15 : Face support pressures for unit weight values: 23 kN/m3
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Investigated variable: Tunnel diameter

Figure A.16 : Face support pressures for tunnel diameter: 5 m

Figure A.17 : Face support pressures for tunnel diameter: 6.5 m
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Figure A.18 : Face support pressures for tunnel diameter: 10 m

Figure A.19 : Face support pressures for tunnel diameter: 15 m
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Investigated variable: Overburden height

Figure A.20 : Face support pressures for overburden height: 5 m

Figure A.21 : Face support pressures for overburden height: 10 m
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Figure A.22 : Face support pressures for overburden height: 15 m

Figure A.23 : Face support pressures for overburden height: 20 m
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Figure A.24 : Face support pressures for overburden height: 25 m

Figure A.25 : Face support pressures for overburden height: 30 m
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Figure A.26 : Face support pressures for overburden height: 35 m

Figure A.27 : Face support pressures for overburden height: 40 m
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Figure A.28 : Face support pressures for overburden height: 45 m

Figure A.29 : Face support pressures for overburden height: 50 m
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Investigated variable: Young’s modulus

Figure A.30 : Face support pressures for Young’s modulus value: 25 MPa

Figure A.31 : Face support pressures for Young’s modulus value: 50 MPa
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Figure A.32 : Face support pressures for Young’s modulus value: 75 MPa

Figure A.33 : Face support pressures for Young’s modulus value: 100 MPa
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Figure A.34 : Face support pressures for Young’s modulus value: 150 MPa

Figure A.35 : Face support pressures for Young’s modulus value: 200 MPa
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Investigated variable: Poisson’s Ratio

Figure A.36 : Face support pressures for Poisson’s ratio value: 0.2

Figure A.37 : Face support pressures for Poisson’s ratio value: 0.25

142

Figure A.38 : Face support pressures for Poisson’s ratio value: 0.3

Figure A.39 : Face support pressures for Poisson’s ratio value: 0.35
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Appendix B
Investigated variable: Internal Friction Angle

Figure B.1 : Face support pressures for internal friction angle values: 20˚

Figure B.2 : Face support pressures for internal friction angle values: 25˚
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Figure B.3 : Face support pressures for internal friction angle values: 30˚

Figure B.4 : Face support pressures for internal friction angle values: 35˚
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Figure B.5 : Face support pressures for internal friction angle values: 40˚
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Investigated variable: Unit weight

Figure B.6 : Face support pressures for unit weight values: 17 kN/m3

Figure B.7 : Face support pressures for unit weight values: 18 kN/m3
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Figure B.8 : Face support pressures for unit weight values: 19 kN/m3

Figure B.9 : Face support pressures for unit weight values: 20 kN/m3
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Figure B.10 : Face support pressures for unit weight values: 21 kN/m3

Figure B.11 : Face support pressures for unit weight values: 22 kN/m3
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Figure B.12 : Face support pressures for unit weight values: 23 kN/m3
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Investigated variable: Tunnel diameter

Figure B.13 : Face support pressures for tunnel diameter: 5 m

Figure B.14 : Face support pressures for tunnel diameter: 6.5 m
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Figure B.15 : Face support pressures for tunnel diameter: 10 m

Figure B.16 : Face support pressures for tunnel diameter: 15 m
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Investigated variable: Overburden height

Figure B.17 : Face support pressures for overburden height: 5 m

Figure B.18 : Face support pressures for overburden height: 10 m
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Figure B.19 : Face support pressures for overburden height: 15 m

Figure B.20 : Face support pressures for overburden height: 20 m
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Figure B.21 : Face support pressures for overburden height: 25 m

Figure B.22 : Face support pressures for overburden height: 30 m
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Figure B.23 : Face support pressures for overburden height: 35 m

Figure B.24 : Face support pressures for overburden height: 40 m
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Figure B.25 : Face support pressures for overburden height: 45 m

Figure B.26 : Face support pressures for overburden height: 50 m
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Investigated variable: Young’s modulus

Figure B.27 : Face support pressures for Young’s modulus value: 25 MPa

Figure B.28 : Face support pressures for Young’s modulus value: 50 MPa
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Figure B.29 : Face support pressures for Young’s modulus value: 75 MPa

Figure B.30 : Face support pressures for Young’s modulus value: 100 MPa
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Figure B.31 : Face support pressures for Young’s modulus value: 150 MPa

Figure B.32 : Face support pressures for Young’s modulus value: 200 MPa
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Investigated variable: Poisson’s Ratio

Figure B.33 : Face support pressures for Poisson’s ratio value: 0.2

Figure B.34 : Face support pressures for Poisson’s ratio value: 0.25

161

Figure B.35 : Face support pressures for Poisson’s ratio value: 0.3

Figure A.36 : Face support pressures for Poisson’s ratio value: 0.35
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Appendix C
Investigated variable: Internal Friction Angle

Figure C.1 : Surface settlement for internal friction angle values: 15˚

Figure C.2 : Surface settlement for internal friction angle values: 20˚
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Figure C.3 : Surface settlement for internal friction angle values: 25˚

Figure C.4 : Surface settlement for internal friction angle values: 30˚
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Figure C.5 : Surface settlement for internal friction angle values: 35˚

Figure C.6 : Surface settlement for internal friction angle values: 40˚
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Investigated variable: Cohesion

Figure C.7 : Surface settlement for cohesion values: 15 kPa

Figure C.8 : Surface settlement for cohesion values: 20 kPa
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Figure C.9 : Surface settlement for cohesion values: 25 kPa

Figure C.10 : Surface settlement for cohesion values: 30 kPa
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Figure C.11 : Surface settlement for cohesion values: 35 kPa

Figure C.12 : Surface settlement for cohesion values: 40 kPa
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Figure C.13 : Surface settlement for cohesion values: 45 kPa

Figure C.14 : Surface settlement for cohesion values: 50 kPa
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Investigated variable: Unit weight

Figure C.15 : Surface settlement for unit weight values: 17 kN/m3

Figure C.16 : Surface settlement for unit weight values: 18 kN/m3
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Figure C.17 : Surface settlement for unit weight values: 19 kN/m3

Figure C.18 : Surface settlement for unit weight values: 20 kN/m3
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Figure C.19 : Surface settlement for unit weight values: 21 kN/m3

Figure C.20 : Surface settlement for unit weight values: 22 kN/m3
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Figure C.21 : Surface settlement for unit weight values: 23 kN/m3
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Investigated variable: Tunnel diameter

Figure C.22 : Surface settlement for tunnel diameter: 5 m

Figure C.23 : Surface settlement for tunnel diameter: 6.5 m
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Figure C.24 : Surface settlement for tunnel diameter: 10 m

Figure C.25 : Surface settlement for tunnel diameter: 15 m
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Investigated variable: Overburden height

Figure C.26 : Surface settlement for overburden height: 10 m

Figure C.27 : Surface settlement for overburden height: 15 m
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Figure C.28 : Surface settlement for overburden height: 20 m

Figure C.29 : Surface settlement for overburden height: 25 m
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Investigated variable: Young’s modulus

Figure C.30 : Surface settlement for Young’s modulus value: 25 MPa

Figure C.31 : Surface settlement for Young’s modulus value: 50 MPa
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Figure C.32 : Surface settlement for Young’s modulus value: 75 MPa

Figure C.33 : Surface settlement for Young’s modulus value: 100 MPa
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Figure C.34 : Surface settlement for Young’s modulus value: 150 MPa

Figure C.35 : Surface settlement for Young’s modulus value: 200 MPa
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Investigated variable: Poisson’s Ratio

Figure C.36 : Surface settlement for Poisson’s ratio value: 0.2

Figure C.37 : Surface settlement for Poisson’s ratio value: 0.25
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Figure C.38 : Surface settlement for Poisson’s ratio value: 0.3

Figure C.39 : Surface settlement for Poisson’s ratio value: 0.35
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